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ABSTRACT

Scnu:-rigid m,mthli?n con.ccp.l has been s'ludi.cd in the lau_:sl decade either with the theoretical analysis
or with the cx!'xrnmf\la'l works. Th_c publications are starting to grow up significantly however most of
the researches arc.llnul%-d 1o typical h‘ul-mllcd sections as beams. The study on partial-strength
connection In semi-continuous design is not much proposed due to its complicated behavior and
analysis compared to simple connection design, however it gives more economics beams in size and
weights. The analysis of ‘semi-conti including the moment resistance of *partial-
strength” connections in plastic hinge has been mentioned by the Eurocode 3 for designing steel frames.
Joints comprising of semi-rigid and partial strength connections with a new design of beam profile
section known as Trapezoid Web Profiled (TWP) sections were proposed and the behavior
characteristics of connections were studied. Some regular joints that always be used for the
connections of TWP beam sections are simple joints; fin, double angel web cleat, and partial depth
flexible end-plate while flush end plate and extended end plate are the most probable connection to be
used for partial strength joints. Compared to simple joint, partial strength joint contributes to initial

moment capacity that can make the deflection of beam becomes smaller and decrease in sagging

moment of the mid span up to 30 % because of hogging moments on the connections. In addition,

using partial strength connections in Trapezoid Web Profiled beam section will enhance further the

moment capacity of the joints. In this paper, two full-scale sub-assemblage tests of semi-rigid beam-to-

column connections are reported. Trapezoid Web Profiled sections were adopted as beams conne‘cted

to Universal Column (UC) whilst Flush End Plate (FEP) and Extended End P[atc (EEP) con_necuons

were used as partial strength joints. The experimental set-up and instrumentations are cxplau,ed and

described in detail based on Eurocode 3 and British Standard (BS) 5950 - 2000, the experimental

behavior is analyzed based on the test results and the structural behavior of these semi-rigid

connections and partial strength joints are discussed.

i i joi i-rigi ion, Trapezoid Web
Keywords: Full scale testing, partial strength joints, semi rigid connection,
Profiled (TWP) section, pin joint, Flush End Plate (FEP), Extended End Plate (EEP),
Universal Column (UC) section.

1. INTRODUCTION ised of beams
Conventional building frames, either braced or un—blrac;(i.xlfsua”y comprised of bear
and columns assembled and arranged in ‘r e 2

between the beam and column is either assur'm?d on Elnncg;llw:::i::i:;‘%?c:‘;ggnml
the beam is transferred to the column, or rIE:d’ .::dc;: the E de (EC) 3 (ENV

transfer exists, Alternatively, as has been emphas ) f desi;
1993-1-1: 2002) [1}, building frames could be des'lg.ned A sem‘n'vrll:f.h:cm;wd ilﬁ:

utilized a condition between the simple and ‘"S'd gonlgn,. ften adopted (o show
the construction of a whole frame, the term semi-continuous IS olJ B e padiinat
that some continuity does exist between the beam ond Soliiee cl;(lra information ©
design approaches, simple and rigid, semi-rigid design requires
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characterize the joint to be

used for the f, A

; sthicconts ame, ;

joint in semi-continuoysg Construction gre th THe most {Mportant characteristics ofa
€ rotat

strength, and the ductiljt rotatj : ional stiffess or rigidi
Y (rotation Capacity). gidity, the

In simple design, connections gre
assumed noy to h:
ave g

design, connections are assumed to pe N 1Y moment, whjlst in rigid

b s ble to i %
However, it 1S recognized that fhe real behayior ?)(;'h;c\.'c full momen continuity,
between the pinned and rigid joints, [ designj Jomt of a frame js located

scvlli-f“"{i““"““ construction, guides anq grncl;::érzci mU“I~Slorcy e s
specification [1] where i offers
designing multi-storey frames, Bg 5950-1:
Construction Institute publications P183, p2g

2. RESEARCH DEVELOPEMENTS
Many researches have been done in the fi
The use of semi-rigid connections to conpect be: -

from the yielding of smaller sizes of beams [3]. Th?;niz (lizccgmn;czfga::o'r”m w(:
in the mid-span as a result from the end moment developed. The subject of scmi-ri]?ilzj
connections has been extensively researched upon since 1980’s; and noticeable Wo%ks
on their behavior were carried out mostly by researchers such as Nathercot, Chen
Aggarwal, Bjorhovde and Jaspart. It was in 1992 hq EC3 has been published with o

result of the study indicates that by using semi-continuous design, the percentage of
savings in weight of steel used ranging from 2.38% to 11.95%, Weynand er. al in

studies have shown some possible benefits from the use of the concept of semi-rigid
joints. The results indicate that possible savings due to semi-rigid design can be 5% to
9% in case of braced frames [5]. Further more, the price of plates to build up ll}e
section at the moment is far cheaper than the price of rolling the steel billet as in
producing Universal sections,

As proposed in this study, Trapezoid Web Profiled (TWP) section car} '[’)e,c"t"ﬂdé:n?
as anew innovative product of steel section. Being a hybrid section fa ";a: e
Plates, this section offers several advantages including lighter sections d:l e
thinner corrugated web. The significant works on its behavior l(trasgz;){xa e
1eb) was started by Sherman. D and Fisher J [6] in 1971. Elgaa b
in 1996 studied the shear and buckling capacities of the Sccnonfs;h lslc:ctions. Current
[8] also carried out some works on the CaPHCities, am.i Sryielhg :izns in combination
fesearches on the matter revolve around the application of the sec

with other element.

advantages offered by the semi- Ci Cl and TWP sections. this
ections an y
5 Vi 2 he semi l'lgld Onn

aper j i ibe the i tention
Paper is presented to explain and to deseri ; . Particular atte
strength J!‘)Ji"!S using Ti ragezoid Web Profiled Secno? i 35;:: 'lr)]enm and its influence
Was taken at the effects of mid-span deflection of a long

O the moment resistance of the joints.



3. TESTING ARRANGEMENTS AND PROCEDURES

I:'{ll’\\.nh‘ tests with the test rig was designed and erected with usi |

height 1”‘*" "“1"“' spans of 6 m. Serious cares were taken and Sl?gl o 3. n
was !11;|.t\~ in setting the rig due to a total occupied length of o carefu con5|derat|qn
consists of clmpncl sections pre-drilled with 22 mm holes foreb; [;:'ne uetos: e f1g
sections were fastened and bolted to form loading frames. wh~°] ing purposes. The
secured to the laboratory strong floor.  Figure | L b ;]werc subsequently
experimental work for the sub-frame tests, illustrating the . Il w0
carried oml_ ']I‘hc height of the column was proposed 3 n% wiihst(};; %czfnt:;a:‘vg}kg WE(IS
represent the height of a storey in a typi m to
on the 6 m beam using a hydrgulicjagll?l:lalllzr::;?dd_ssgzﬁlal;:znxés"([:‘he loaddvtfas applied
point load using a spreader of 1.8 m spreading distance. This disl::!cc:/im Isrll:ﬁ awhwhlol;

the standard distance of one third of the |
en TRy
Gocatee gth of the beam so that a bending situation

Boacing

000
000
000

Strong Floor

Figure 1: Testing arrangemen

In placing the test specimen for each arrangement, the column at one end was placed
first by bolting the base plate to the strong base on the strong floor. Tightening of the
bolts was done using a torque wrench and maintained throughout the experimental
programs for consistency. Then, the 6 m beam with the welded end plates was lifted
and bolted to the column’s flange. Next, the other column was placed and bolted to
the end plate welded on the other end of the beam. Finally, the second column was
securely fastened to the strong floor by bolting the base plate of the column to the
strong base. During the process, careful action was taken in making sure that all
specimens were in alignment by using a bubble leveler. Figure 2 shows the actual
full-scale sub-assemblage test in the rig with the instruments and equipments.

Afier the instrumentation system had been set-up and the specimen had been securely
located in the rig, the data collection software in the computer was checked to make
sure that all channels connecting to the instruments on the specimen iudic&‘lled'. a
properly working condition. The correction factors from calibration and gauge factors



ij‘e software prior to each test. A further check on
d out by lo 4 speci 7 )
. by loading the specimen to a load of about 20
then unloading the specimen back down In
ues from the instruments were rec ived and

1 t0 enable all the components in the
to commencing the test. The load

and testing arrangements.

the load based om the moment resistance of the
acity of the beam. were made prior to the tests, and
g sequences. Furtherm: in accordance with the

L _(6000+300) _
200 200

31.5mm (1)

hen loaded up to two-thirds of the theoretically calculated moment

and was expressed in term of point load applied for easier monitoring.
of 5 kN were adopted since a not so high value of moment of resistance
expected. Afier reaching the two-third value, the specimen was unloaded

¢ the instrumentation system, the specimen was loaded as described
#ove, but the load applied was not restricted to the two-thirds value. Instead, the
5 was father loaded until there was a significantly large deflection of the beam
rved. The load application was continually applied after this poim.but the
- ts were controlled by the deflection instead of the load as before. A
Seflection of 2 mm was adopted as a suitable increment for this stage- This pmc_edure
"2 continued until the specimen had reached its “failure’ condition, of until the
€xisting of the situation that required the test 1o be concluded. The “failure condition




was deemed to be reached when any of the situations oceurred, a significant reduction

of the applied load being attained or q noteworthy increase in the deflection of the
beam being loaded. ;

The failure mode that might cause the above

indicated in the followings;

1. The development of shear deformation o
surrounding area of the connection,

2. The development qf local buckling on the bottom flange
around the connection due to the compressive action aloy

3. The development of local buckling on the top fl
the mid-span zone due to the compressive action along the top flange.

4. Sudden yielding of the end plate around the top ﬂ:\ngE of a beam d:e to the
tensile action along the flange as mentioned in the SCI publication, mode
1.

5. Sudden yielding of the end plate around the top flange of a beam due to the
tensile action along the flange coupled with the yielding of the critical
bolts. The critical bolts are the bolts below the top flange of a beam as in
the case of flush end plate connections, and above and below the top flange
of a beam as in the case of extended end plate connections. This failure
mode is referred to as Mode 2 in the SCI publication.

6. Sudden yielding of the critical bolts only. This failure mode is the worst
ones that should be avoided and known as Mode 3 in the SCI publication.

7. The deformation of the web in the vicinity of the contra flexural points of
negative and positive moment due to trapezoid form of web.

situations to occur could be analyzed as

n the web of the beam in the

3

of a beam in the
along the flange.
ange of the beam around

Due to the longer beam used in these sub-assemblage frame tests, the following failure
modes could be occurred.

I. The development of local buckling on the bottom flange of a beam in the
around the connection due to the compressive action along the flange.

2. Sudden yielding of the end plate around the top flange of:a beam due tp_lhe
tensile action along the flange coupled with the yielding of the critical
bolts, mode2.

3.1 Specimens

There 'Las no specific requirement available with the 'kﬂ\g‘h of a TWP bcw}‘l tol_bt:
used as the specimen. However, in order to make certain that the mnd-SP“nfd? 'ccel::r
could have significant impacts on the connections at both cn_ds. the length o(.sm Oll; 4
Was chosen besides the length represents a standard span in gcr}cml gmc l\c,em two
construction of multi-storey braced frame. As mentioned ‘enrh‘er. t ;N ;‘ehe first
arrangements of full-scale sub-assemblage tests C,O"d“cwd tn:this. Stds ement was
arrangement was utilizing a flush end plate connection, and. th otl&er zlnr‘r: ns%ze and the
uilizing an extended end plate connections, The ben‘m size, end pla £ comparison.
diameter of bolts for both tests were kept the same for the purpass ¢ bla I; frame
Table | shows the test matrix for the two artangements in these sub-assemblag

lesty



Table 1: Test matrix for the sub-assemblage frame tests

] \’n.h‘l [ ““Zl‘.'{{yslil\‘ Column Size | Connection Bolt | End [ Bolt
‘; Name { I ue Types Row | Plate

| (T-
’ — SRt
cavein | i 3(6- | 200x12 [ M20
| o) &Y 4)
L : 450x160x50.2/12/4 | 305x308x118 | LT
{I.DR:(“_]]‘ e 2‘(;)! 200512 [ M20

The information obtained from isolated tests of both
used as the control behavior, Subsequently, the
scale tests could be compared and correlated for thorough understanding. Careful
consideration was taken in choosing the arrangements since the expcrin\.cn( could
only be managed to be conducted one each. The selection and design of both
arrangements were based on the following aspeots;

types of connections was
results obtained from these full-

1) 'l‘hc_‘ lcngth_ol' the beam was taken to be six meters,  This length was
believed suitable to sustain and provide a moment of resistance to the joint
as predicted without jeopardizing the mid-span deflection limit of 12200 to
1./360 (as specified in SCI),
The section chosen for the beam was TWP 450 x 160 x 50.2/14/4. The
moment capacity Mc, of this section was calculated to be 375.6 KNm of
which brought about a mid-span point load approximately 341.4 kN over a
0.7L free span (sagging region). This load was considered reasonable as
the limit of the applied load of the beam.
The geometry of the flush and extended end plate connections selected was
deemed suitable to be connected to the width and depth of the beam section
chosen. In addition, the top and bottom rows of bolts of the connections
were deemed adequate for providing the resistances (especially the moment
resistance) required.

2

3

~

In both tests, the beams were supported from lateral torsional buckliqg by using‘
an intermediate bracing placed at every quarter point along the beam. The size of
the column is UC 305 x 305 x 118 kg / m. The geometry ofti‘w (]ush end plate
connection and the extended end plate connection are illustmt‘cd in figure 1 (a) tu}d
(b) and designated as FS-F2R20P1 and FS-E2R20P1 respectively as mentioned in
Table 1,

Soming T, | Perkembangan Baja Ber Lingkungan
& "
HeMmarang, 23 Juni 2007




150

90
7

253

a) Flush End-Plate. b) Extended End-Plate

Figure 3: Geometry of connections: (a) Flush end plate and (b) Extended end plate

3.2 Instrumentation System

The instrumentation system adopted for the experimental investigation was
designed to acquire all the necessary measurements and important data that would
be required to determine the behavior characteristics of the connections. Table 2
lists the instruments that were used in the tests along with the respective amounts
and nearest units. The locations and arrangement of the instrumentation system
for data acquisition are shown in the schematic representation of figure 4.

Table 2: Details of Instruments used in the sub-frame tests

Name Type Amount Accuracy Remarks
1. Load Cell - lyh[/)ﬂ_, 1 unit 0.01 kN Calr; T;;sou;;l up
IMN
2. Linear -50 6 units
Displacement mm 6 units 0.01 mm
Transducer -100 1 unit
mm
-200
e 50| Convertedto |
3. Rotational - 2 units f _’ﬂr_ﬂ_dlﬂ___
Inclinometer Digital | o ——— = direct?ons
4 Sirain Gauges | -FRA i 0.01 pe ,M
-FCA 5/6 pieces . _ 1 direction
- FLA !fu;igc_ei—/—J
MY 5} 7




With the exception of the rotational inclinometer,

ted directly to and in tum monitored by ﬂka.l;e:f“ﬂ:‘er?::q devices were
system named Kyowa Data Logger. Capable of monitoring up o 50 chamt 1.
data logger was controlled through a desktop computer. Readings from the load cell,
strain gauges and Low Voltage Displacement Transducers cers (LVDT) were recorded via
the data logger on 1o the hard disk of the computer.

H\\ewr themanonal\‘almofdkbemnandcohmummdedwﬁm
the dig Dl i climometers.  This is because the
m“mdoe\no(ha\ethecambalm of connecting to the data logger. At the time
of experiment, the new unlmomemsmdaedmdtdmcap-bih) have not been
delivered yet. Ome inclinometer was mounted midway at the web of the beams at a
@stance of about 100 mm from the face of the column flange. This inclinometer
provided the rotational values of the beam, g, upon loading. The other inclinometer
was placed at the centre of the column panel shear thus provided the rotational values
ofthe column, ¢ The overall rotation of the joint, ¢ was then taken as the difference
tetween ¢, and g The default units for the measured rotation of the inclinometers
were degree, and therefore, the values had to be converted to the standard units of m-
rudians using the conversion factor; )

¢=éb"¢c
I° = 17.46032 mrad 3)
—
_f_
ISm
ESm I 1L8m .'
l L=6m
@ - inclinom eter
)1‘ - tramsducers

ms»mmorqw“"‘" i .



LVDT were placed at several specified locations for il )
along the beam and column, Four types of LVDT mnnuﬁ‘:s:mnﬁ “"?l," displacements
used in this experiment: the 25 mm, 50 mm, 100 mm undc2u(;8 Py TML, Jopan wers
25 mm and 50 mm transducers were used o measure Ismnll t mm‘ lrnns_ducers, The
such as the beam’s deflection cloge (o the face of (he "lmedlum displacements
granslation,  Whilst the 100 and 200 mm were used (o b L colu{nn‘s
which occurred further up towards the middle oflhle hemnlslm'?lurel Ll dcﬂccnol"s,
on the beam by using a single inlet hydraulic jack and m::r;;;ure(;el oads were applied
capacity of 1000 kN. Figure 5 shows (he locations of (he i;lcli, )y. Ion.d cells wnrh‘n
the hydraulic jack, the load cell, and strajn gauges in the sul)—l‘r"lom.m.:rbf I,h.': LVDTs,
thirteen of LVDTs used in the tests altogether, Fnr-mc“:'lrlin.'l:.jls. Ihere were
displacements of the specimens, strain Bauges of types line‘;r lunﬁ ltm Sllmll-s.cu!c
were placed at several locations on the beams, column, end plu;c&; nnI:;'?: (‘:nd rmc""
of the bolts. Shown in Plate 2 (a) and (b) are the flush end hluu; ‘c«)nnclcli(:c VK;":W
extended end plate connection respectively with strain gauges and inclil:u‘:'m-“c.
attached.  Figure 6 show the drawing location of bolts and flush end-plate lhlul:l:::
used in the experiments,

3.3 Parameters

In order to make a significant comparison, the type of connections selected for the
tests were the flush end plate and the extended end plate, The geometry of the two
connections was identical except that there were two additional bolts on the extended
part of the extended end plate connection,

The full-seale tests were conducted using a six meter length beams so as o observe
the influences of the mid-span deflection on the behavior of the connections which is
influences by the moment resistance, the rotational rigidity, and the ductility,

200
0
(e
.|l e
| |
| |
e[|
. ®

G2 game position on
& P

hattam Aanma

Figure 6: Locations and types of strain gauges
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4 DISCUSSION OF THE RESULTS

The results of the experiments were focused on the deflection at id

Joads applied to the beam. The maximum results of deflection are :\;‘;Span rhy
For FEP connection, the maximum deflection recorded from expcrimcnt“ Iln Tablc 4
was 23 mm at applied maximum load of 230 KN, whereas for EEp cona Wd-span
maximum deflection at mid-span was recorded as 31 mm at applied Ioadn;:ggglg«‘lc
The ratio of applied load versus deflection for FEP is 10 whereas for EEP is 122 Th'
result showed that the EEP connection which known to be stiffer than thc FE;
connection has contributed to a lesser deflection than the FEP connection as expected
[8]. The result of the experiment was also focused on the moment resictanciccand
rotation of the connections that associated with the mid-span deflection and applied
load. Results of the two full-scale tests are shown in Table 3, whereas figure 7 shows
the connection of FEP and EEP used in the specimens. The results in Table 3 are
recorded from the graph of load versus deflection of mid-span as shown in figure § (a)
and (b) and the graph of load versus rotation of the cennection as shown in figure 9 (a)
and (b) where the graph was plotted up to failure of the specimens. &

The failures of the full-scale testing specimens were due to the buckling on the bottom
flange of the beam around the connection as discussed in this paper. The moment
resistance of the FEP and EEP connections has been recorded earlier in other tests
[7](8]. These tests were conducted for an isolated beam-to~column connection where
the purpose of the tests is to determine the moment resistance and rotation of the
connections. The results of these tests are shown in Table 3 and the graphs of moment
versus rotation are shown in figure 10 (a) and (b) for FEP and EEP connection
respectively.  The connections possessed a ductility characteristic with a rotation
capacity of 25 mrad for FEP and 30 mrad for EEP. The minimum moment connection
capacities, on the other hand, are 79.7 kNm for FEP which is 0.21 Mex and 131.7
KNm for EEP which is 0.35 Mecx. From the experiment results, the moment
connection (Mc) values are recorded as 135 kNm for FEP connection and 253 kNm
for EEP connections. This shows that the EEP connection can carry more load than
the FEP connection.

IR
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Table 3: Test l\'v\ull of Full-Scale Sub /\f\"\'(‘lll'\lﬂ“p Trapezoid Wel Profiled
(TWP) beam to Universal Column Co e

nnection
Reference

FS-F2R20p1 FS-K2R20P1
I'ype of Connection FEP EEP

Universal Column (UC) 305 x305x 118 305x305x 118
Trapezoid Web Profiled Beam 450 x 160 x 50.2 450 X 160 x 50.2

Moment t'np‘;wil_\.(kNm) 375.6 375.6

Beam Load Capacity (kKN) 341.4 341.4

Defection Capacity (mm) 31.5 31.5

Rotation Capacity (mrad) 25 30

Moment Conn minimum 79.7 131.7
(KNm)

Rotation at Failure Exp (mrad) 5.80 6.10
Maximum Load Exp (kN) 230 380
Deflection Maximum Exp 23 31

(mm)
Ratio Load to Deflection 10 12.3

Spreader Load to Column (m) 2.2 2.2
Moment Connection Exp 135 253

(kNm)
Moment at mid-span (kNm)  (379.5-135) = 244.5 (627 -253) =374
Max Strain* (ue) 4700 11000
End-plate buckling  End-plate buckling on
Failure Mode on top flange at top flange at connection
connection and yielding of end-
plate

* At one location only as checking place.

e AL
.. " D ate
() Flush End-Plate (b) Extended BghH1s

- 2tendsd
Figure 7: a) Flush end plate connection and b) l"\“;:dl"‘ms
\ ' stare ing ations.

with strain gauges and inclinometers instatiatl

end-plate connection
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Figure 8 (a) and (b): The Graph of Load versus deflection for FEP and EEP

r<,, — e ‘*“—ﬁ:—' %

P vs Rotation - FEP

P vs Rotation - EEP

Rotation(mRad) RoutionmRad)

Figure 9 (a) and (b): The Graph of Load versus rotation for FEP and EEP

Moment-Rotation Curve - FEP Moment-Rotation Curve - EEP

3000
F2500 —
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Iwo.c
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Rotation (mRad)

Figure 10 (a) and (b): The Graph of Moment versus rotation for FEP and EEP

5. CoONCLy
: SIONS : i
'"»lhis study, it can be concluded that it is possible to determine the[:::;:az::t :Ialg:\ ! 'g
3' edand"d end-plate connection is more than flush end plate col
“itions as mentioned in the followings; i
’ . ¢ the mon
"¢ moment capacity of the extended end plate isl amtli([)}s]zeg?‘;bfloxtendod eh
Capacity of the flush end plate connection because ¢ Jo fnte bt GE R
Plate connection is more than the stiffiess of flush ehr:‘;pth i SO beM R
: lll‘w failure of end-plate connection has been Ieae !
" failure of other predicted parts.




The failure modes for both tests are due to the buckling of end-plate at top flange
the beam. This shows that the bending moment induced in that area has causgd
the buckling of the end-plate to occur before typical mode of failure of the
connection occurs.
4. Partial strength joints using TWP sections can provide sufficient moment capacity
and rotational capacity for the design of semi-continuous construction.
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