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ABSTRACT

Reverse channel connections typically connect $teains to steel hollow sections columns:
the channel legs are welded to the column face ttwed channel web is bolted to a
conventional endplate on the beam side. From pusvgiudies, this connection appears to
have the best combination of desirable featuresmfice loading: moderate construction
cost, ability to develop catenary action and exe&lnhigh ductility through deformation of
the web channel.

This paper presents the experimental results ariassof tests at both ambient and elevated
temperatures on reverse channel component in ten3ioe work intends to enhance the
experimental research started in COMPFIRE projectassess the non-linear behaviour of
this component in tension and to establish a wmiatiip between force, displacement and
temperature.

The current work is in the framework of the reshargroject ImpactFire
PTDC/ECM/110807/2009, which is focused on charaaéon of the behaviour of steel
connections when subjected to accidental load$, asémpact and fire.

Keywords: Connection; Elevated temperature; Reverse-chak&nelplate.

INTRODUCTION

The use of steel hollow sections in the steel ¢angbn has been increasing in the last years,
because their advantages such is construction spechl and aesthetical appealing and
better fire resistance than conventional open @estiHowever, connecting to hollow sections
can be complicated and therefore expensive asmtidei of these sections is not accessible.
There were proposed several solutions for beanoimamn connections where the joint is
performed through plates welded to the column. ddv@mon solutions for beam-to-column
joints use bolted connections through of attachswemded to the steel profile of the column;
an example is the fin plate connection by usintpbdlate welded to the column wall. Other
alternative joint configuration is the web cleannection, where a single or double angle
sections are welded to the column wall. Recentiyinareasingly popular option is the use of
the reverse channel connection. Reverse channakctians typically connect steel beams to
steel hollow sections columns: the channel legsvelded to the tubular column face and the
channel web is bolted to the endplate on the badm &rom previous studies (Ding and
Wang, 2007), it appears to have the best combmatialesirable features under fire loading:
moderate construction cost, ability to develop atg action and extremely high ductility
through deformation of the web channel. These tesue in agreement with the results of the
experimental program, performed at the UniversitySbeffield in order to evaluate the
robustness of different types of connections to posite columns (Huangt al, 2012).
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Moreover, in fire design for structural robustnegbg, demand for connection performance to
prevent fracture is very high.

Recently, in the framework of the RFCS COMPFIREjgety which the main focus was to

characterize the behaviour of steel joints betwstel beams to concrete filled tubular
columns under natural fire loading, a series ofed#éint types of channel sections under
tension and compression was tested at the Uniyars{foimbra.

The current paper presents a complementary expetamstudy on a series of tests at both
ambient and elevated temperatures on reverse dhaongonent in tension. The work

intends to enhance the experimental research dgtart€ompfire project, to assess the non-
linear behaviour of this component in tension amekdtablish a relationship between force,
displacement and temperature. This work is in treméwork of the research project
ImpactFire PTDC/ECM/110807/2009, which is focusedcbaracterization of the behaviour
of steel connections when subjected to accideogald, such as impact and fire.

STRUCTURAL DETAILS AND GEOMETRICAL PROPERTIES

The studied reverse channel components are baitt & steel hollow section (SHS 200) cut
lengthwise (Fig. 1). The web of the reverse chamndlolted to the end plate through two
bolts M24, grade 10.9 partial threaded. Three s®/ehannel dimensions are considered:
SHS 200x200x8; SHS 200x200x10 and SHS 200x200xh2sd dimensions are chosen in
order to allow a comparison with the test resuétdgrmed during Compfire project (Lopes

al. 2012). The tested sections in Compfire were $tekbw sections SHSx200 cut lengthwise
with 8, 10 and 12 mm thickness only at ambient teragre.

J SIS

SHS 200xt

Fig. 1 Geometry of specimens: a) connection gegmbjrReverse channel section

REVERSE CHANNEL DESIGN

A typical reverse channel beam-to-column connec¢tsuject to moment and axial force is
divided into three major zones: tension, shearampression. In each zone is identified the
active components (Fig. 2a) based in the compomathod from Eurocode 3 part 1-8: (1)
beam flange and web in compression; (2) boltsmsita; (3) end-plate in bending; (4) beam
web in tension; (5) bolts in bearing; (6) boltsshear; (7) welds; (8) reverse channel in
bending; (9) reverse channel in compression; (d@)nen wall in bending; (11) column side
walls in shear; (12) column side walls in transeetension; (13) column side walls in
compression. The components (1) to (11) are extelysdefined and characterized in the
Eurocode 3 part 1-8. The component (10) are ndudied in the Eurocode 3 part 1-8 but, is
dealt with in CIDECT Report 5BP-4/05 (Jaspetral, 2005) and includes the failures modes:
I) shear strength of the tube wall adjacent to @) punching shear through the tube wall;
(iii) yielding of the tube wall using a yield linmechanism (Kurobanet al., 2004). The
components (8) and (9) are not covered in thealitee, even though reverse channel presents
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some features that are similar to the column weiwen wall in bending or in compression.
Fig.2b) presents the load transfer mechanism inréiverse channel joint under negative
moment.
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Fig. 2 Reverse channel connection active component
This paper is focused on the study of reverse aflasomponent in tension, which is one the
relevant component and one of the main sourcefofm@tions in the joint. The failure of the
joint can be result of two different mechanismsaloand global. The proposed joint to be
study presented failure by local mechanism. Int#msion zone two main active components
are: bolts in tension and RHS in transverse ten$ton the resistance of bolts in tension was
used the prescribed in the CIDECT Annex A.10 and R#1S in transverse tension the

prescribed in the Annex A.32, for both local andbgll mechanism. Table 1 presents the
design values for each component.

Table 1 — Resume of the design values.

Bolts RHS tension
Tension Punching shear Local failure Global failure Foi (KN)
(KN) (KN) (KN) (KN)
RC-8 317.2 937.3 144.2 149.1 144.2
RC-10 317.2 937.3 220.4 230.4 220.4
RC-12 317.2 937.3 310.1 328.2 310.1

Where: F; — analytical plastic load;

MECHANICAL PROPERTIES

In order to characterize the mechanical propedfestructural steel and bolts, tensile tests at
ambient temperature, 450 °C and 600 °C were prsliqerformed, whereas for bolts only
ambient temperature tests were considered. Theldetests on structural steel were
performed according NP EN 10002-1, (2006) for ambiemperature tests) and NP EN
10002-5, (1992) for elevated temperature testsedting furnace controlled by a Mannings
power unit was used for the elevated temperatwsts.tdhe tensile test layout for elevated
temperature tests is depicted in Fig. 3.

Fig. 4 depicts the tensile test results at amlaentelevated temperature. From the analysis of
the curves can be concluded that: (i) reductiothefyield strength and the Young’'s modulus
with the increase of the temperature; (ii) the diled) plateau does not exists at both ambient
and elevated temperature; (iii) the strain hardgmirocess slow down when the temperature
rises; softening can be observed in some testtegated temperature. During the ambient
temperature tests on SHS 200x10, slipping of tkpldcement transducer was observed and
the plastic extension may not have been correctigisured.

IRF'2013 3



4™ International Conference on Integrity, Reliabilipd Failure

KEY:

1 - Grip.

2 — Movable part of furnace.

3 — Fixed part of furnace.

4 — Horizontal support.

5 — Support of the extensometer.
6 — Power cable of furnace.

7 — Vertical support.

8 — Tensile test machine control.
9 — Cooling system.

a) b)
Fig. 3 Layout for elevated temperature tensile t@sschematic; b) view of the furnace open.
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Fig. 4 Tensile test results for: a) SHS 200x8; HES200x10

The bolt testing were carried out according EN [&8-1 (2009) procedures; a SERVOSIS
tensile testing machine with 1000kN capacity wasduslhe experiments comprised three
tests for M24 grade 10.9. Each bolt was testecemsion, under displacement control in a
custom made holder with a load axially applied lestw the head and a nut in a suitable
fixture. The engineering stress-strain curves aedested bolts after failure are shown in Fig.
5. All the bolts failed by fracture in the threadamhe.

St

(MPa) M24 gradel0.9
1400
1200 : T ~
1000 ; i

—Test 1
800
a —Test 2 b
) 600 / —Test 3 )
400
200
o Strain| (%)
0 0.005 0.01 0.015 0.02 0.025

Fig. 5 Bolt test: a) engineering stress-strain earfor bolts; Wésted bolts.
DESCRIPTION OF THE EXPERIMENTAL PROGRAMME

The experimental programme comprised twelve testsewerse channel components with
three different thickness (t = 8, 10 and 12 mm) Hmwde different temperature8 £ 20 °C,
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500 °C and 600 °C). At ambient temperature, tweresfce tests were performed for each
reverse channel thickness.

Test procedure

The ambient temperature tests were performed bydaahlic actuator under displacement
control (0.02 mm/s) applied in the column at pdijt When the load is applied, the column
rotates around the hinge (2) and the load is teared to the specimen, placed between the
hinges (3) and (4), up to collapse of the revetsmnnel. The specimen was welded by its
flange to a rigid plate 400 mm x 400 mm x 30 mmegbggrade S355 which is bolted to the
reaction structure. The test layout is presente#fign 6a). In the Fig. 6b) are depicted the
details of the reverse channel test.

The elevated temperature tests were performed ansteps; first, heating of the specimens
with a heating rate of 300 °C/h (thermal expangsibthe specimens was allowed); when the
specimen temperature reached the target (500 °600r°C), the temperatures remained
constant and the monotonic mechanical load waseabfih the same way as in the ambient
temperature tests). The thermal load was reprodusid) an electric furnace purposely built
for these tests; it consists in a rectangular lweced with two Flexible Ceramic Pads (FCP)
heaters, controlled by a Mannings 65kVA power uartd two layers of 25 mm thickness
ceramic fiber blanket for the thermal insulationatins, 2012).
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Fig. 6 Schematic of layout: a) plan view; b) detaif the testing device (plan and cut).

The main requirements of instrumentation were tasuee the distribution of internal forces,
the deformed shape of the reverse channel and tatape (elevated temperature tests). The
displacements were measured by displacement treesd(LVDTSs) (Fig. 7a); uniaxial strain
gauges (SG) FLA-6-11 and 3-element rosette (R) TIMRA 5-11 were used to measure
strains inside the channel and in the both welgs (f) and the bolt elongation was measured
through strain gauge TML BTM 6-C with strain linuip to 0.5%.

During the elevated temperature tests, the temesin the specimens were assessed with
thermocouples type K, inside and outside the reveasannel. The displacements were
measured in the same points as the previous amigiemerature tests, except the poiat D
that was not accessible. Thermocouples wire (witw thermal expansion) brought the
measurements fromiDDs, D4, Ds and By to the LVDT located outside of the furnace. No
strain gauges were considered at elevated temperatu
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Bottom view
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Fig. 7 Instrumentation of the specimens: a) dignaent transducers; b) strain gauges.

TEST RESULTS
Ambient temperature tests

The reverse channel tensile tests results (Figsi&)ws analogous behaviour: the strengths
(plastic and ultimate strengths) increase with therease of the thickness but without

compromising the deformability capacity. The pasiit stiffness decreases with the increase
of the thickness; a reduction of 12 % and 22 %biseoved from RC-8 to RC-10 and RC-12,

respectively. In Fig. 8, RC refers to reverse cledythe first number is the thickness (8, 10 or
12 mm) and the last number is the number of the tes

S opce (KN) RC-8-1
—RC-8-2
600 RC-10-1
RC-10-2
-RC-12-1
RC-12-2

500
400

300 / /

200 /fx’f -

100
/ Displacemant
0 {mm}
0 W 20 30 40 50 60 TO BO 80

Fig. 8 Tensile tests at ambient temperature, digpieent taken from point D2 (Fig. 5a).

After the tests, the two observed failure modes e excessive yielding around the bolt
holes with bolt pull-out; the excessive yieldingand the bolt holes with bolt failure in some
specimens (RC-10-1 and RC-12). The fracture obthleis due the interaction of tension and

bending in the bolts, Fig. 6a). Fig. 9b) to Fig) pdesent the deformed specimens after the
test.
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a) b) c) d)
Fig. 9 Deformed specimens after the test: a)thmeark b) RC-8-1; c) RC-10-1; d) RC-12-1

The experimental plastic load is found by a bilmapproximation of the force-deformation
curve, based on the slope of initial and post-ligtiffness, as proposed by Jaspart (Jaspart,
1991). Concerning the strength, the experimentasti load is lower than the analytical
strength in all tests. However, the maximum appleads reached in the tests are much
higher than the analytical strength (Table 2). @oning stiffness, an increase for the initial
stiffness and a slight reduction for post-limitfsiess were observed with the increase of the
thickness of the reverse channel; the ratio of maxn forcevs plastic force decreases from
3.3 for RC-8 to 2.5 for RC-10 and to 1.8 for RC-This feature is in agreement with the
connection demand performance to prevent fractack ta reach levels of high ultimate
resistance. The ductility observed in the RC-8stesid in the RC-10-1 is similar and reached
a maximum vertical displacement after failure adq.x= 80 mm. In the remaining tests
the maximum displacement was lower, limited bylib# failure, but after experiencing large
deformations in the reverse channel.

Table 2 — Results of the tests.

FRd, exp Ke,test KpI, test
Fpl,an (KN) (KN) Fmax (KN) ApI (mm) AFmax (mm) (KN/mm) (KN/mm)

Test 1 133.7 404.7 1.12 58.1 119 6.57
RC 8 144.2

Test 2 121.1 406.5 0.92 53.3 131.6 6.48

Test 1 217.4 570 1.11 44.02 195.8 7.5
RC10 220.4

Test 2 218.7 570 1.31 66.2 166.7 6.6

Test 1 308 591.2 1.15 53.24 267 5.8
RC12 310.1 .

Test 2 309.1 5286 1.44 37.08 214.3 5.9

Where: lrqexp— Experimental plastic loady, — vertical displacement in point D2;,,, — Vvertical displacement for,k, at
point D2; K esi— experimental initial stiffness; J¢est — experimental post-limit stiffnessvalues obtained when the bolt
failure occurs.

The transverses and longitudinal deformations ensiiecimens after the tests are presented
in the Fig. 10: the deformations decreases graglfralin the center (B to the edges (Dand

D3). The thinner specimen reaches large deformatiotise edge than thicker specimens. As
the thickness increases also is noted an incrdae gradient in the longitudinal direction.
The same conclusion can be done by the analysteeopost limit results obtained from
different locations (Pvs D3). In the transverse section for the thinner sesti@eformations
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are mainly located in the vicinity of the bolts,edthe excessive yielding. However, with the
increase of the thickness increases the membréea ahd the gradient decreases.

Fig. 10 Deformation distribution in the specimeasRC-8; b) RC-10; ¢) RC-12.

Elevated temperature tests

The tests at elevated temperature are depictedgidilFto Fig. 13. The presented force—
displacement responses are based on the displaceraasured at pointdand B. Although
the load reaches the same value, the vertical atisptent is lower at pointsDbecause is
located in the edge of the reverse channel, se€lBign legend of Fig. 11, ID corresponds to
the previously mentioned, but E refers to the gdiated values for P
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Fig. 11 Tensile tests for RC-8 at ambient and etxl/gemperature.

Force (KN)
600

500

400

300 +/

200

100

—RC-10-1-D2-20 °C
RC-10-1-D3-20 °C

—RC-10-D2_E-500 °C
| —RC-10-D3-500 °C

! —RC-10-D2_E-600 °C
RC-10-D3-600 °C

Displacement

25 30 35 40 45 0 (™M

Fig. 12 Tensile tests for RC-10 at ambient andatktemperature.
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Fig. 13 Tensile tests for RC-12 at ambient andatkxy temperature.

The displacement Dwas predicted based on the ambient temperaturdtgethrough a

polynomial regression that was calcul

ated usingrdt® D,/D3 vs force (Fig. 14a)). The

results present a coefficient of correlatiof) for the equations larger than 98 %. Fig. 14b)

presents a comparison of the results

. the valu®ofmeasured during the tests and D

predicted by @ measurements. Good agreement is observed. Thidwbgy was used for
predicted D in all tests at elevated temperature. Table 3 @egpthe results of the tests.
Concerning the ductility, the deformation capacigcreased for 500 °C, but an increase was

observed for 600 °C, which is in accord
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= Polyn. regression (Displacement D2/D3)
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a)

ance withrttaterial behaviour.
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300 :
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- -D2 Prediction based on D3

/ ‘

‘ Displ‘hceme-
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40
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10 15 20 30 35 45

b)

25

Fig. 14 Estimation of the displacement at D2 paitpolynomial regression: b) comparison.

Table 3 — Results of the tests.

W A () (R e
Amb. temp. 133.7 404.7 1.12 58.1 119 6.57
RC-8 500°C 108.4 312.94 0.97 61.63 111.5 3.49
600 °C 70.34 199.7 1.15 56.5 60.7 1.95
Amb. temp. 217.4 570 1.11 44.02 195.8 7.5
RC-10 500 °C 159.7 296.2 0.93 22.85* 170.2 6.25
600 °C 109.4 201 0.77 34.4* 141.7 257
Amb. temp. 308 591.4 1.15 53.24* 267 5.8
RC-12 500 °C 205.1 315 1.1 37.6* 204.1 3
600 °C 158.9 189 0.95 49.7* 166.7 0.6
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The results of the tests show a reduction of thestm strength with the increase of
temperature of 14% and 45 % respectively for R@8-&nd RC-8-600. A reduction of the

maximum applied load was also measured: 23 % fof8FS00 and 50 % for RC-8-600.

Concerning to the initial stiffness, a reduction/d¥% and 48 % respectively for RC-8-500 and
RC-8-600 was observed, while the post-limit stifseexhibited greater reduction, 46 % for
RC-8-500 and 70 % for RC-8-600.The behaviour of R@-10 and RC-12 were similar

concerning the strength and maximum applied loaxt. tRe initial stiffness and post-limit

stiffness, reductions are also observed with theegse of temperature.

The results at elevated temperature showed thatdijction of the strength capacity; ii)

reduction of the initial stiffness; iii) decreasktloe post-limit stiffness. The reduction of post-
limit stiffness is more evident for 600 °C temparatranges. The bolt failure was observed in
almost tests after the specimens had experiencgd teeformations. The bolt failure occurs
due the interaction of tension and bending in tlésband also due to the pronounced
decrease in the strength in the bolts compared thighsteel;, for example, at 600°C, the
reduction of the strength for bolts is 80 % whie $teel is only 50%.

COMPARISON WITH COMPFIRE RESULTS

Previous tests were also compared and discusshdheitresults obtained in the experimental
campaign performed in the framework of the RFCS G®MWRE project. Fig. 15 to Fig. 17
compare of the results of tensile tests for revetsennel RC-8; RC-10 and RC-12. The
results obtained for RC-8 and RC-10 are in agreereerthe initial and post-limit stiffness.
Concerning to the strength, the results for RCsilts are higher than those obtained in the
Compfire tests. The main reason for these diffezsrs related to the yield strength of the
steel used in Compfirey £ 346 MPa and in the current tests=f500 MPa (Fig. 4a). The
ductility were similar in the tests, was observediracrease in the ductility in the tests when
compared with the observed in the Compfire teshd@ming the failure modes, in Compfire
excessive yielding in the bolt hole was observedlirtests; by the other hand, bolt failure
happened in the current tests for RC-10-2 and RC-12

Force (KN) —RC-8-1
450 —RC-8-2

400 m - -RC-8-COMPFIRE
350

300 /_ ‘ ‘
250 SRAa B S
200 A :

150
100
50
0

\ Displacement
‘ (mm)

0 10 20 30 40 50 60 70 80 90 100

Fig. 15 Tensile test comparison RC-8 mm.
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0 10 20 30 40 50 60 70 80 90

Fig. 16 Tensile test comparison RC-10 mm.

The results showed that for both RC-12 tests, thrimmum force is reached with bolt failure,
unlike the Compfire tests that where reached withmlt failure. For the plastic load the
results presents an increase of the plastic lodgeinests.

Force (KN) —RC-12-1
700 —RC-12-2

- -RC-12-COMPFIRE
600

500
400
300
200 -

100 | | Displacement

(mm)

0

0O 5 10 15 20 25 30 35 40 45 50 55

Fig. 17 Tensile test comparison RC-12 mm.

CONCLUSIONS

This paper presented and discussed the experimrestdts of a total of 12 tests, conducted to
investigate the behavior of reverse channel commiandension at both ambient and elevated
temperature. Additionally, a comparison with thetseperformed in Compfire was performed.

The results of the tensile tests at both ambiedt elavated temperature of three different
thicknesses (8, 10 and 12 mm) of reverse channelponent showed that: at ambient
temperature, the analytical plastic load is lowent the obtained by bilinear approximation.
Concerning the stiffness, was observed an increéseitial stiffness with the increase of
thickness and a slight reduction in the post-listitfness. In the tests at ambient temperature
two modes were observed: excessive yielding ofbtie holes without bolt failure and with
bolt failure. The failure of the bolts occurs afeaperiencing large deformations.

At elevated temperatures, the resistance and ttial istiffness decrease with the increase of
temperature, due the degradation of mechanicaleptieg with temperature. This reduction
follows the pronounced decrease in the strengtistieel at 600°C. The initial and post-limit
stiffnesses decrease with the increase of tempetraflthough, the tensile tests on steel at
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600 °C showed a strain softening, the post-liniiftn&ss in the reverse channel component is
positive for each tested temperature.

The current tests presented a slight increaseerstitength and maximum applied load with
regard to Compfire results; this could be relatethe different yield and ultimate stresses of
the tested steel. Concerning the initial and posit-Istiffnesses, the current tests had a good
agreement with the results of the Compfire tests.
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