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ABSTRACT: The diding hinge joint (SHJ) has been used in the construction of moment
frames because it has a large rotational capacity and amost no damage. One of the
innovations of the joint is an assymetric double diding surface which produces a non-
rectangular hysteresis loop. This paper discusses the behaviour of the components
influencing the sliding resistance of the joints, the development of a design model, and a
comparison with the dliding resistances of joints in component and beam-column
subassembly tests.

1 INTRODUCTION

Traditional connections in moment frames are expensive, requiring large welds on site, as in US
practice, or significant welding in the shop and then connecting the beam with an expensive bolted end
plate to the column, as in NZ practice. The 1994 Northridge earthquake showed the deficiencies of the
US practice in that cracking of many connections occurred. To date, although no major earthquake has
occurred in New Zealand, tested NZ connections have not evidenced, nor are they expected to show,
the same poor performance. Possible reasons for this are one or more of; the use of shop welding, the
smaller beam sizes, and design being such that dlip of the web against column face, which imposes
extra demands on the flange welds, is prevented. However, in both the traditional US and the NZ
approaches, beams beside connections are expected to sustain damage during a major earthquake.
Since this damage may be difficult to repair, or result in deterioration of performance in a future
earthquake, efforts have been made within NZ and overseas to develop connections which sustain
little damage during an earthquake.

The following characteristics are desirable for such a connection:

i) It should be a “non-tearing dab”, or a “no beam growth” (MacRae and Gunasekaran, 2006)
solution. That is, the distance between the centreline of the column on one side of the bay, and
that of the column on the other side of the bay, should not change during earthquake
excitation. “Beam-growth”, which occurs in most reinforced concrete and precast concrete
moment frames (but not generally in steel frames as described by Gillies et a. (1991) and
MacRae and Gunasekaran (2006)), is undesirable because it can cause significant demands on
the column, on the beam itself, and possible tension tearing of the slab. None of these effects
are considered in most frame analyses.

ii) Damage should be minimal during alarge earthquake.

iii) The cost of the constructed |ow-damage connection should be similar to that of conventional
connections.

A method of achieving the characteristics described above is illustrated in Figure 1a. Here, rotation

occurs about the top flange and dliding occurs over one surface on the bottom flange. It is assumed
that the top web bolts can dlip horizontally. The moment resistance is dependent on the pressure, or
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force, over the interface, and the friction coefficient of the contact surfaces. Also, the beam needsto be
far enough away from the column face such that the bottom flange plate is not subject to large
demands during an earthquake, nor changes the overall joint resistance significantly due to bending.
This joint is not easy to redlize in practice, because it is difficult to apply the large pressures required
on only one surface.

An alternative isto create two dliding surfaces. This may be carried out by placing plates either side of
either the bottom flange, or the bottom flange plate using an additional welded or bolted connection as
shown Figure 1b. Slotted holes are provided in the sandwiched plate. However, the welded or bolted

connection increases the complexity and the price of the joint.
Top Bolts A Top Bolts A

Top Flange Plate

\ ¥ V
Web I L R L L Lo
/ Bolts /
Top Web <+ Sliding (Sacens) <+
Bolts Surfaces
(Shear) \\\§§§§§>
YVVVYY 0D
, A
/’ Welded or I
Sliding Surface *Pr*es*su*re* t bolted = = 4= =
A connection A
Bottom Flange Plate V' Bottom Flange Bolts V'
(a) Single Sliding Surface (b) Double Sliding Surface

Figure 1. Alternative Configurations of Joint Friction Connections

Another method, which has two sliding surfaces while not requiring an additional connection, uses a
floating cap plate below the bottom flange plate. This method was developed by Clifton (2005) as part
of the diding hinge joint (SHJ). The main components are shown as part of a test configuration in
Figure 2a. The beam is bolted to plates as shown in Figure 2b. Holes in the bottom flange plate, and at
the bottom of the web plate, are elongated, so that the bolts through these holes do not bear on these
plates during design level excitations. The flange plates are connected to the column with full strength
welds with care taken to ensure appropriate tolerances. Shims, 3mm thick, are placed on both sides of
the bottom flange plate, between the web plate and the web, and between the web cap plate and web
plate. Deformation occurs as shown in Figures 2c and 2d with rotation about the top flange plate.
Movements are largest at the bottom of the beam. The system dissipates energy by friction between
the web-plate and the shims either side of it, as well as between the bottom flange-plate and the shims
either side of it. The beam shear force is carried in the bolts at the top of the web. The beam end is
placed a significant and specified distance from the column face so that the design rotation can be
achieved without severe distress to the bottom flange plate nor cause prying actions between the
flange plate and the beam flange and so that the flange and web plate flexibility will be sufficient to
provide a high clamping force over the siding interfaces when the bolts are proof-loaded. Methods to
determine this distance are described by Clifton (2005) and Mackinven (2006). As the top of the
column moves to the right, the bottom of the beam moves toward the column face, the plates (and their
shims) are dragged across the bottom flange plate by the bolts. The cost of this connection is
comparable to that of connections used in conventional New Zealand moment frame construction and
two buildings have already been designed and built using this concept.

Experimental studies with brass shims described by Clifton (2005), and with brass, steel and
aluminium shims described by MacRae et a. (2007), indicate that the performance of the connection
is desirable with the characteristics described above. A design approach has also been described by
Clifton. One of the key aspects of this approach is the evaluation of the force resisted by the dliding
connection. This paper discusses the behaviour of the components influencing the dliding resistance of
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the joints, the devel opment of a design model, and comparison with experimental sliding capacities.
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Figure 2. The Sliding Hinge Joint Details and Deformations (from MacRae et a. 2007)
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Figure 3. External Forces on Component

Free-body diagrams of the connection around a bolt when dliding is occurring on both surfaces are
given in Figure 4. It may be seen in Figure 4b that in addition to the bolt prestress force (shown by the
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dashed arrows), that an additional force, R, would be required to cause equilibrium. While this seems
to indicate an increase in bolt axial tension force, such aforce cannot be realized if the bolt is already
at yield in tension. The bolt prestress force is therefore reduced. Further reductions result from
bending and shear forces that also must be carried by the bolt. The net bending moment at the centre
of the bolt is zero, and the maximum moment is VI/2 at the centre of force V (shown in Figure 4b),
where | is the distance between the centroids of the force imposed by the bottom flange and cap plate
on the bolt as shown. The distance | is taken as ty + 3mm x 2 shims + 0.25d, where d is the bolt
diameter.
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Figure 4. External Forces on Components

The axia force in the bolt, N, from both initial prestress and rotational equilibrium, provides a
clamping force across the interfaces and it causes frictional sliding resistance. The following approach,
to assess N and the diding resistance of the connection considering axial-flexural-shear interaction
within the bolt, is similar to that of Clifton (2005).

The moment-shear-axial force interaction diagram for each bolt in Equation 1 is used where M* isthe
moment demand in the bolt at the critical location (see Figure 4(b)); V* is the shear force demand in
the bolt, which is equal to the applied shear, V; M, is the moment capacity considering axial force
interaction; and Vi, is the shear capacity considering no axial force interaction. Both Vs, and M,s, are
computed based on the bolt diameter, d, considering the threaded area; p is the friction coefficient
(taken as 0.29); | is the lever arm shown in Figure 4b; &, is the plastic section modulus of the circular
section of the core area, and the parameter c is initially taken as unity; f is the bolt ultimate tensile
strength; and Ny is the ultimate tensile strength of the bolt. For high strength bolts, fy; is 830MPa.
Equation (1) may be solved to obtain the axia force N, and also the shear force that can be resisted in
the bolt, V. The connection forceis 2V as shown in Figures 3 and 4.
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Component tests were carried out by Clifton (2005) to determine the sliding strengths for different
combinations of bottom flange plate thickness, cap plate thickness and beam flange thickness. The test
setup is idealized in Figure 5a. Here, the left hand side with the beam flange stub, and the right hand
side, with the reaction beam and SHJ cleat (which is equivalent to the bottom flange plate) is moved
apart and together causing friction over the two surfaces with 3mm brass shims. The actual setup uses
a reaction beam as shown in Figure 5b. One size of bolt was used in each test. M24 and M 30 bolts
were used in the different tests. The strength at zero displacement during the cycles at the fifth loading
step (i.e. to the design level displacement) was taken as the design strength.
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\ l . 4 f
(a) Idedlization (b) Actual situation showing reaction beam,
flange plate and test setup

Figure 5. Component Test Configuration (from Clifton 2005)

Measured and computed estimates of the dliding resistance from the tests are shown in Figure 6a
where normalized connection shear force/diding surface is plotted against the normalized bolt lever
arm. It may be seen that both the measured and calculated test results indicate a decreased sliding
strength with increasing bolt lever arm. This is expected as the moment demands are greater for a
greater lever arm, |, in Figure 4, so the axia force is reduced significantly. The computed normalized
strength should be similar to the friction factor of 0.29 if there were no moment-shear-axial force
interaction. The calculated strength tends to be lower than the measured strength indicating that it may
be suitable for design, but that an overstrength factor of about 1.5 may be required for capacity design
considerations.
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Figure 6. Measured and Computed Component Test Strengths

In the connections tested, those with Belleville springs (BS) under the bolt heads have the greatest
strengths. Clifton 2005, has therefore proposed that in Equation 4, ¢ = 1.0 for bolts without Belleville
springs and ¢ = 2.0 for bolts with Belleville springs. The computed strength therefore changes to that
in Figure 6b. This assumption seems more reasonable than using ¢ = 1.0 for all bolts asin Figure 6a.
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3 COMPONENT HYSTERETIC PROPERTIES

The component hysteresis loop in Figure 7 shows elastic behaviour followed by slipping on one
surface. The strength of thisinitia slip issimilar to 0.29 times the bolt proof load. As slipping starts to
occur on the second surface (beside the floating cap plate) the strength increases again to a value
similar to that considered in the methodology described above. The behaviour is repeatable with very
little degradation in strength with more loading cycles. The non-rectangular hysteresis loop implies
lower permanent displacements of the structure after earthquake shaking than with a typical
rectangular loop shape from an ideal friction connection (MacRae, 1994).

200

Flange Axial Force [kN]

=200

Displacement [mm] — Experimental Data
===FEA force under experimental displacement

Figure 7. Force-Displacement Loop for SHJ Component with an M24 bolt from Clifton (2005)

A finite element model of the SHJ component developed by Clifton (2005) is shown in Figure 8. In
Figure 7 it can be seen that the finite element model follows the same trends, but it overestimates the
actual strength, of the experimental SHJ component.
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Figure 8. Finite Element Model of Component Test Configuration (from Clifton 2005)
4 LARGE SCALE BEAM-COLUMN EXPERIMENT COMPARISON

MacKinven's large scale beam-column tests (Mackinven 2006) indicated that a normalized interface
forces of 0.22 (for both brass and steel shims) without Belleville springs was necessary to obtain the
lateral resistance obtained. In these tests, the beam lever arm divided by the bolt diameter was 1.25
(MacRae et al. 2007). The value of 0.22 compares well with that obtained for the subassembly in
Figure 6, thereby providing verification of the procedure developed above. It should be noted however
that there are some differences between the subassembly and the large-scale beam-column tests. That
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is, the strength of alarge scale full beam-column joint subassembly may be affected by mechanisms
other than dliding (which are likely to increase the resistance), and by tolerance issues (which could
decrease the joint resistance). If these effects were significant, they may have cancelled each other out.

5 CONCLUSIONS

This paper describes the means by which force is carried in the sliding hinge joint (SHJ) connection. It
has shown that:
1. The diding hinge joint is a cost-effective solution to resist earthquakes with little damage to
the connection or the rest of the frame.
2. The method of providing friction resistance is innovative, involving a floating plate which
amost doubles the diding shear resistance available from each bolt.
3. A method to estimate the strength of the connection has been developed. Strengths obtained
compare well with both component and large experimental tests.
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