Behaviour of RHS beam-to-column bolted steel connection
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Abstract
The connection concept is a key point of steel structures design that affects manufacturing, erection procedures and the final costs. The use of welded process have been extensively applied in tubular trussed girders by combining shop welding with bolted flange solution allowing adequate connection procedures during its erection. The present research is addressed to the behaviour of innovative beam-to-column bolted connection of steel rectangular hollow sections (RHS) that combines simplicity in fabrication and erection, favorable aesthetics for the case of apparent structures, as well as structural effectiveness. Four cruciform prototypes were tested under static non-reversible bending moment with different bolted conditions: (i) non-friction and (ii) friction connection. The experimental results showed that the proposed geometry with friction connections is able to develop rigid elastic moment-rotation response up to usual loading condition.
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Symbols

	E
	Young’s modulus of the beam

	EL
	Percentage elongation after fracture

	fy
	yield strength

	fu
	tensile strength

	hi
	distance between the measurement point of displacement transducer i to the closest external surface of the related beam

	θi
	relative rotation between the beam and the column obtained from displacement transducer i

	Ib
	second moment of inertia of the beam cross-section

	Ic
	second moment of inertia of the column cross-section

	Kb
	ratio of second moment of inertia and length of the beam

	Lb
	beam length

	Lc
	column length

	Sj
	rotational stiffness of the joint

	Sj,ini
	initial rotational stiffness of the joint


Introduction
Tubular steel structural solutions have been commonly adopted mainly due to the aesthetical and architecture advantages. In fact, structural strength and stiffness in bending and torsion of closed sections are significantly higher than open sections and, in addition, tubular members present higher durability and less corrosion maintenance due to the reduction of the required protection area if compared with open sections [1].
A new version of Brazilian standard addressed to steel tubular structures [2] was recently published aimed at supporting the design of steel and composite tubular structures. This standard, together with CIDECT recommendations [3], Eurocode 3 Part 1-8 [4] and North American Standard AISC 360-10 [5], conforms a reference set for tubular structures connection design.
The connection design has important impact in the member design and global structural behaviour as well as for manufacturing and erection procedures. The present investigation aimed at describing new typology of beam-to-column connections that combines easy fabrication and erection with structural effectiveness. 
Figure 1 shows the criteria of steel joint stiffness classification according to the bending moment-rotation behaviour as presented in both Eurocode 3 Part 1-8 [4] and Brazilian standard ABNT NBR 8800 [6]. The joint classification is taken according the initial stiffness of the joint, , as described in Figure 1, when  since , otherwise the system is to be taken as semi-rigid;  and  are the ratio of moment of inertia and lengths for the beams and columns, respectively.
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Figure 1 Classification of joints according to the initial stiffness from moment-rotation behaviour. 
Figure 2 shows the RHS beam-to-column bolted connection proposed in the present investigation. The first type (NO) is a beam-to-column bolted connection with internal hidden cleat plates while the second type (WO) is a beam-to-column bolted connection with internal cleat plates and additional flange opening to facilitate the bolting procedures during the erection. The former was conceived with nuts previously welded to the cleat plates to allow installing bolts in field while the latter permits in field positioning of bolts and nuts. The cleat plates indicated in Figure 2 was also conceived in two different ways: (i) butt-welded to the column and (ii) inserted and crossing through the column cross-section. Both connections were planed to be tested with and without friction effect.
[image: ]
Figure 2  RHS beam-to-column bolted connection with internal cleat plates: (a) NO – Butt-welded cleat plates and beams without opening; (b) WO  – Crossing through the column cleat plates and beams with opening in the top flange.
Other typology for beam-to-column connections between hollow sections have been proposed [7] by using two channel sections welded to the column and bolted to the beam flanges. To allow bolting between the beam flanges and the channels, rectangular openings on webs were suggested which have significant influence on the ultimate moment and shear resistance capacity of the beam.
Welded connections between hollow sections were also studied [8]. Unreinforced columns, reinforced columns with through plate and with external diaphragm were analysed using finite element models. A better performance were obtained when the columns were reinforced by moving the plastic failure from the column to the beam. The use of external diaphragm were also studied in I-beam to circular hollow-section column connection [9] focus on the energy dissipation and hysteretic response where preloaded bolts on the beam flanges gave an alternative way to dissipate energy.
Similar connections to the Figure 2 are reported in the literature [3] without any results of its quantitative evaluation of moment-rotation behaviour. Taking into account that aligning beam and column webs would produce stiffer joint, the above-cited reference shows RHS with the same widths and cleat plates positioned externally to both beam and column. 

The concept of the present investigation was to produce improved aesthetical results of the joint typology by introducing internal cleat plates as illustrated in Figure 2.
In addition, the proposed RHS beam-to-column bolted connections were designed based on its local behaviour by following regular code prescriptions from Brazilian standard [6]: (i) shear strength of the bolts with or without pre tension, (ii) initial yielding of the plate cleats including elongation of holes by contact with bolts, (iii) strength of the butt welds.
Experimental Program
Introduction
The experimental program was mainly conceived to identify the moment-rotational behaviour of the joints and classify according to the rotational stiffness based on Eurocode [4] limits: rigid, semirigid and pinned joints as presented in Fig 1. In addition, strain gages and displacement transducers were used to have an appraisal of steel yielding initiation as well as identify the main mechanism at the origin of the large deformations (nonlinear behaviour) observed during the tests. It is important to point out that unless the moment rotational behaviour of actual engineering interest is limited to small displacements, experimental tests extended to large displacements of the joints in order to better understand the connection components response.
Set of experimental tests
Four cruciform prototypes were designed (PR1 to PR4): two with opening on flanges (WO) and two without opening on flanges (NO). In total, five tests were conducted as described in Table 1. Each type of joint was tested under two bolting conditions: (i) with bolts pre tensioning and tightening control and (ii) with bolts under simple tightening; resulting in friction (WF) and non-friction (NF) type connection, respectively, as describe further.
Table 1 Cruciform prototypes tested.
	Test ID
	Type of joint
	Both tightening method

	PR1_WO_WF
	With Opening
	Nut rotation control

	PR2_WO_NF
	With Opening
	Simple tight

	PR3_NO_WF
	Without Opening
	Nut rotation control

	PR4_NO_NF
	Without Opening
	Simple tight

	PR4_NO_WF
	Without Opening
	Nut rotation control


The beam-to-column cruciform arrangements are composed of SHS 150x150x12.5 column and RHS 300x150x7.1 beams cross-sections (units mm). Results of the tensile tests of structural steels, carried out by the manufacturer according to ISO [10], are presented in Table 2. The connection was also designed with A325 structural bolts with 22.2mm of diameter, as shown in Figure 2.


Table 2 Geometrical and material mechanical properties.
	Member
	ID
	Dimensions
	 
	 
	EL

	
	
	(mm)
	(MPa)
	(MPa)
	(%)

	SHS Column
	a
	175 x 175 x 12.7
	423
	541
	41.0

	RHS Beams
	b
	300 x 150 x 7.1
	473
	602
	34.0

	Base plate
	c
	420 x 420 x 25
	319
	471
	24.8

	Hydraulic actuator plates
	d
	405 x 200 x 12.5
	442
	556
	25.0

	RHS beam internal stiffner
	e
	284 x 134 x 9.5
	474
	567
	22.5

	Connection cleat plates (NO prot.)
	f
	250 x 200 x 12.5
	442
	566
	25.0

	Connection cleat plates (WO prot.)
	f
	575 x 250 x 12.5
	442
	566
	25.0

	Internal lock plates 
	g
	107 x 50 x 6.3
	440
	552
	24.0


A detailed layout of the overall experimental set up is presented in Figure 3. Each cruciform prototype consists of a column fully fixed at the basis and two cantilever beams in opposite sides. The transversal loadings were symmetrically balanced and applied with 1000 mm span for all tests with the help of a couple of displacement controlled servo hydraulic actuators (246 kN capacity each). Figures 4 and 5 exhibit details of each type of the tested connections: (i) WO (with openings on flanges and passing through the column cleat plates) and (ii) NO (without openings on flanges, nuts previously welded and butt-welded cleat plates), respectively. Adoption of passing through cleat plates were considered in order to improve the connection experimental performance in the range of large deformations and displacements.
[image: ]
Figure 3  Cruciform test experimental set up (dimensions in millimeters).
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Figure 4  Section A-A  of Figure 3 for WO (with openings) prototypes.

[image: ]
Figure 5  Section A-A  of Figure 3 for NO (no openings) prototypes.
Experimental measurements
Figure 6 shows the instrumentation plan of the cruciform beam-to-column connection tests: (i) HA1 and HA2 are the servo hydraulic controlled actuators with tension load capacity of 246 kN, (ii) couples of horizontal displacement transducers DT1 – DT2 and DT3 – DT4 are able to record relative rotation between the beam and the column, (iii) inclinometers CL1 to CL3 aimed to measure the relative rotation between the beam and the column, (iv) DT5 and DT6 record the vertical displacement of the beams, (v) strain gages rosettes R1X to R4X are placed as close as possible to the bolts in order to follow localized strain with influence of contact between bolts and the web plate of the beam, (vi) single strain gages E1 and E2 are able to record strains on the lateral surface of the column (only used in NO prototypes), (vii) strain gages E3 to E8 were planned to capture the strains of the bottom flanges of the beams near to the connection with the cleat plates, (viii) strain gages E9 to E12 were positioned at the top flange of the beams (only used in NO prototypes), (ix) special strain gages included inside the bolts P1 to P4 are able to capture the pretension load applied during the tightening of the bolts (only used in the PR4_NO_NF and PR4_NO_WF tests).
The experimental results issued from the displacement transducers and inclinometers allowed identification of the onset of the nonlinear behaviour of the connection when the slip between the beam and the cleat plates occurs. In addition, an appraisal of the stress distribution was obtained with the longitudinal and rosette strain gages previously described and illustrated in Figure 6.

[image: ]
Figure 6  Instrumentation plan.
Bolt tightening
Friction-type connection was assured by nut rotation control according to the Brazilian code [6]. This is a practical method based on the measurement of the nut rotation and, for the present case bolts of 22,2 mm of diameter, it is recommended to control (i) turn-of-nut tightening up to 1/3 complete turning and (ii) final pretension force limited to 70% of the tensile strength of the bolt (125kN for the case of 22,2 mm diameter A325 bolt). Bolting for friction connection followed the steps: (i) firmly tightening with usual wrench and (ii) complete controlled tightening with extended wrench in order to apply extra torque limited to 1/3 turn, as mentioned before.
More accurate measurements of the pretension applied on bolts were performed with special axial tension strain gages for bolts (Kyoma, model KFG) during PR4 tests. These instrumented bolts were previously submitted to controlled direct tensile test in order to define its load factor constant (each of them transformed in calibrated tensile load cells), which enabled recording the pretension forces during the above mentioned tightening process for friction-type connection.
Figure 7 illustrates the recorded results for different methods of bolt tightening: (i) one step of normal tightening (by using normal wrench), for which we have the results of Testing #1 and #2 in Figure 7 (unfortunately instrumented bolt no. 2 was loosen during the process and its results are only available for Testing #1); (ii) Testing #3 pretension the bolts for friction connection directly with the extended wrench; (iii) two steps of pretension in Testing #4, as recommended and described before, according to code prescription [6].
[image: ]
Figure 7  Recorded axial pretensioning forces of the bolts obtained from strain gage measurements (PR4 tests).
Although these were not extensive measurements of the pretension in the bolts, the following observations were issued from the experimental results in Figure 7: (i) normal tightening Testing #1 and #2 resulted in average tensile forces equal to 42,8 kN, around 24% of the tensile strength of the bolts Ft,Rd = 178 kN; (ii) Testing #3 applied pretension in one step only resulted in tensile forces ranging between 44 kN and 70 kN, 25% to 39% of the tensile strength of the bolts, (iii) Testing #4 aimed at achieving full pretension confirmed the friction connections were tested with pretension, ranging from 86 kN to 107 kN, respectively 49% to 60% of the tensile strength of the bolts.
Experimental Results
Behaviour of the beams
The measurements of the strain gages positioned in the flanges of the beams confirmed their linear elastic behaviour along the tests, as observed in Figure 8 for PR1_WO_WF test. 
[image: ]
Figure 8  Recorded strain measurements along the top and bottom flanges of the beam 1 for PR1_WO_WF test.
Behaviour of the columns
Strain gages measurements on the sides of the column, as shown in Figure 9, indicate elastic deformations with minor nonlinear contribution, probably due to local plate bending. One may conclude that column deformation is not a main contribution to the nonlinear behaviour of the tested joints.
[image: ]
Figure 9  Recorded strain measurements at lateral surface of the column for PR4_NO_WF tests.
Bending moment-rotation response M-θ
The moment-rotation response of the connections was obtained based on the relative rotation between the beam and the column, θi, measured with a couple of displacement transducers DT1 – DT2 and DT3 – DT4 and computed according to Equation 1, in which: di is the recorded displacement of DTi; 150 mm is the half height of the beam and hi is the distance between the point of measurement of DTi and the top of the beam, as illustrated in Figure 6. In this condition four relative rotations, θ1 to θ4, were recorded during the tests: θ1 and θ2 related to the right side beam, while θ3 and θ4 to the left side beam, according to Figure 6. In addition, it was admitted that the centre of rotation of the beam was placed at its mid height, as assumed in Equation 1.
									(1)
Direct rotation measurements from inclinometers CL1 to CL3 confirmed the accuracy of relative rotations recorded from DT`s. Although these inclinometers are analogic devices (not able to perform digital data acquisition records), the obtained results are in good agreement with those from displacement transducers, as will be confirmed in the following.
Friction type connection
Figure 10 (a), (b) and (c) shows the results of tests PR1_WO_WF, PR3_NO_WF and PR4_NO_WF. These are tests performed following the same methodology and resulting in friction-type connections. Concerning to the connection geometries, the only difference is that PR1 test is related to "no opening" in the flanges of the beam and cleat plates butt-welded to the column (see Figure 4) while PR3 and PR4 tests are related to "with opening" at the top flange of the beam and cleat plates are inserted and crossing through the column cross-section (see Figure 5).
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(a)
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(b)
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(c)
Figure 10 Bending moment-rotation response of friction-type connections for tests (a) PR1_WO_WF, (b) PR3_NO_WF and (c) PR4_NO_WF.
It was included in these graphics the limits of both rigid and flexible connections, according to Figure 1 and taking into account the beam length Lb equal to 6 m, 7 m and 8 m, which can be admitted as regular spans for steel framed buildings. The bending moment-rotation responses of the major tests in Figure 10 include rotation measurements from both the displacement transducers and inclinometers. The obtained results provided good agreement between the different measurement devices, supporting the main experimental results and conclusions of the present investigation.
All the results displayed in Figure 10, for friction-type connections, revealed analogous responses, confirming the type of behaviour of the bolted connections when pretension procedures of the bolts induces friction condition in the connections. Figure 10 (c) also shows the results of two unloading steps during PR4_NO_WF test, confirming the original linear elastic bending moment-rotation behaviour for both right and left beam-to-column connections.
The recorded bending moment-rotation response for friction-type connections developed rigid connection classification, according with Figure 1, up to approximately 40 kNm. After the initial linear elastic behaviour, the connection displays nonlinear path because the friction effect is broken and relative displacements between the beam and cleat plates are released. Slipping displacements promote low stiff bending moment-rotation response until the occurrence of load transfer directly from the bolts to the cleat plates by contact. Finally, the connection develops a third step of its bending moment-rotation behaviour, with increased stiffness and clear nonlinear response due to the development of bearing failure, conducting to localized plastic deformation around the holes as can be observed in Figure 11, which includes image of the cleat plate after the test PR3_NO_WF. In addition, large tensile deformations of the cleat plates were observed at the very end of the test.
[image: ]
Figure 11  Bearing failure around the holes on the web of the beam after PR3_NO_WF test.
It is clear from the experimental results that both types of arrangements, with and without flange openings on the beams, can be classified as rigid beam-to-column connections (limited to approximately 40 kNm applied bending moment in the present case).
The computed experimental results of the initial stiffness Sj for the friction-type connections tested are presented in Table 3. In the same table it was included the initial stiffness limits based on the equations showed in Figure 1 with a modification coefficient η = 2, as recommended by the Eurocode 3 Part 1-8 [3] for the case of beam-to-column connection (Sj = Sj,ini / η). Since the experimental measurements for both beams (left and right) were almost the same in these tests, as confirmed in Figure 10, only the recorded results from displacement transducer DT1 (see Figure 6) were included in Table 3. These results confirmed the classification of rigid connection based on the bending moment-rotation response, valid in the present case up to approximately 40 kNm applied bending moment.
Table 3 Initial stiffness from bending moment-rotation according with DT1 measurements: experimental and estimated results for a bending moment limited to the range 0 - 40 kNm. 
	Test ID
	Type of joint
	Experimental initial stiffness
Sj (10³ kNm/rad)
	Sj = Sj,ini/2
(10³ kNm/rad)
Based in Equation from Figure 1

	PR1_WO_WF
	With Opening
	21,32
	Lb

	
	
	
	6m
	7m
	8m
	Class.

	PR3_NO_WF
	Without Opening
	21,36
	≥ 9,3
	≥ 7,9
	≥ 6,9
	Rigid

	PR4_NO_WF
	Without Opening
	16,67
	≤ 0,6
	≤ 0,5
	≤ 0,4
	Pinned


Non-friction type connection
The results from PR2_WO_NF and PR4_NO_NF tests are presented in Figure 12. The former is related to “with opening“ connection while the later is related to “without opening“ connection. Non-friction type connection of PR4_NO_NF test, as shown in Figure 12 (b), is able to assure rigid behaviour for bending moment below 13 kNm only, revealing poor condition to assure fully restrained framed beam-to-column connection. For PR2_WO_NF test, the results shown in Figure 12 (a) indicate a much poor condition, with nonlinear response and important loss of stiffness for bending moment around 5 kNm. The presented results also indicate that bolted connections of both beams (left and right) initiated slipping between beams and cleat plates almost at the same loading condition, resulting in a quasi-symmetrical behaviour during the test. After the onset of relative displacements between the beam and the column members, the connections developed almost free rotations and may be classified as pinned connections.
Comparisons between moment-rotation behaviour from test results
Finally, Figure 13 shows the results of bending moment-rotation measured from displacement transducer DT1 for all tests. It is clear that friction-type connections exhibit analogous behaviour and may be taken as rigid connection up to 40 kNm while non-friction connections exhibit flexible behaviour for the same level of applied bending moment, according to the classification presented in Figure 1.
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(a)
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(b)
Figure 12  Bending moment-rotation response of non friction-type connections for tests (a) PR2_WO_NF and (b) PR4_NO_NF.
[image: ]
Figure 13  Bending moment-rotation response of all tests, according with measurements of displacement transducer DT1.
 Final remarks and future research
The present research permitted to evaluate an innovative arrangement for steel RHS beam-to-column connection and the following remarks can be drawn:
· Both arrangements (with or without flange openings) allowed easy bolting. For practical purposes, beams with flange opening should be considered a better solution, avoiding extensive welding of the internal nuts in the cleat plates and also simplifying the erection process;
· Bottom flange opening (instead of top opening) will bring additional advantage allowing erecting by vertical slipping the beam around the cleat plates, followed by bolting and tightening;
· Top and bottom horizontal arrangement of bolts in the web of the beam were originally conceived to obtain stiffer connection (not necessarily fully rigid) and the tests results showed only friction effects were able to achieve this condition (in the absence of connections mobilizing the flanges of the beams);
· The tested non-friction connection proved to be useless for any beam-to-column bending moment transmission purpose; if friction is not mobilized, one have flexible bolted connection, independently of the bolts arrangement in the web;
· Even if the prescribed code limits for the bolts tightening is not fully achieved, corresponding to (i) nut rotation control and/or (ii) 70% of its tensile strength, since tightening is strongly promoted with the help of  first step of normal tightening followed by extended wrench, one may obtain efficient friction connection, as revealed by the experimental results;
· [bookmark: _GoBack]Measurements also showed the nonlinear bending moment-rotation behaviour of the connections was achieved by (i) slipping movement between the beam and the cleat plates after the friction condition was loosen, (ii) the bolts-edge of holes contact and (iii) large deformation of the cleat plates, with no contribution of the beams (always elastic) and minor contribution of localized deformation in the lateral (plates) elements of the column.
Additional investigation would be useful to explore the friction type connection behaviour under reversal bending moments.
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