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Figure (1) shows the view of their proposed con-
nection; the load pass, which was determined for
this connection, is shown in Figure (2).

As shown in Figure (2), where the RPLS wings
connecting to the flanges of the beams work as
vertical supports for the beams, so the applied
moment and shear force in the beams transfer to the
column as the reaction of these vertical supports [4].

Some experimental tests were performed on
three specimens with similar details of Figure (1).
Moreover, some analytical studies were done [6].
The results showed that the connection with these
details has enough stiffness and strength to be
categorized as rigid connections.

There are some advantages in moment frames
with continuous beams in comparison with con-
ventional moment frames which make their usage
attractive. Here are some of their advantages:

- An extra resistant against both gravity and
seismic loads due to the continuity of beams

- Switching the panel zone from column web to
beams' webs.

- Contrary to conventional moment frames, con-
tinuity plates are exposed in these connections,

Panel Zone and
Dubler Plate

Figure 1. Rigid connection detail in moment frames with con-
tinuous beams (based on [4]).
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Figure 2. Load pass [5].
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and this makes the welding process easier,

especially in built-up box columns.

- Unlike the conventional moment connections in
these connections, shear and moment forces are
transferred simultaneously, and only one detail
will be designed for them.

In conventional lateral resisting systems, usually,
the ductility is provided by energy dissipation due
to structural damages, such as the formation of
plastic hinges in beams in moment frames and
yied (or buckling) of braces in braced frames. The
structural damages due to earthquakes may be
unrepairable or costing a lot for being repaired,
which means that after a severe earthquake, the
structure might not be able to be used anymore [7].
Therefore, by developing the performance-based
approach in design methods, diminating the damage
from structural eements has received more atten-
tion. In order to remove structural damages due to
the energy dissipation, it is necessary to provide a
replaceable source of energy dissipation for struct-
ures. Different sources of energy dissipations are
used these days, and friction is one of the most
common of them, which is used in many studies
[8-13].

A friction assessment is done by Grondin et
al. [14] for AISC about friction issues. Inthis assess-
ment, the results of experiments from 1954 until
2007 were used. The results of this study say that
the contact area [15], sted grade [16], and holes
shapes and size [17] have not significant effect on
the static friction coefficient.

Garigorian and Popov [18] assessed the energy
dissipation capacity for slotted bolt connections
(SBC). They assessed two types of connections
with steel- steel and steel-brass contact surfaces.
They showed that the steel-brass contact area
provides desirable friction characteristics. They also
used Belleville washers in order to reduce the
changein bolts pretension load. .

Shahini et al. [9] developed a friction-slip mech-
anism for connections in cold-formed sted moment
frames .

They used two sgquare (SB) and circular (CB)
arrangements of bolts for four beam section types
and compared the results for connections with or
without glip. The results showed that the circular
arrangement of bolts has desirable performance and
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Figure 3. CFS joints with SB and CB bolting and F, S, S*, and C
types of beam sections [9].

TP

TP-to-Colun_Bolted Connection

00,

00

no significant contradictions observed in load
distribution between bolts and the center of rotation
with the design assumptions. Although the CB
arrangement provided desirable performance, the
SB arrangement had a delay of up to 30% in ac-
tivation of group slip, which was not acceptable.
They also mentioned that the slip occurrence
provides more ductility and dissipate more energy
(up to 75%) in comparison with bolt connections
with no dlippage. Figure (3) shows their assessed
connection, bolts' arrangements, and beams types.

This paper presents a study on friction-slip
connections for moment frames with continuous
beams. Despite the conventional systems with
rigid connections, in systems with friction-slip
joints, the energy could be dissipated by friction,
which means that there would be no structural
damage in systems for this purpose.

Some assessments were performed on the fric-
tion-slip connection for current moment connection
detail in these frames. The effect of pretension
loads, friction coefficient, and beam stiffness in
comparison with the stiffness of RPL are considered,
unlike the expectations, the mentioned detail did
not provide a pleasant friction performance because
of the out-of-plane action of RPLS, so an aternative
connection is proposed. Results of the rigid-welded
connection with the new proposed configuration
under cyclic load are compared with the results of
the existing detail. After assuring the similarity of
their behavior, the friction-slip connection with the
new configuration is assessed. The effect of the
pretension load, friction coefficient, and design
moment is studied for this detail. As it was expec-
ted, the results showed that this new proposed
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connection has excellent and acceptable friction
performance. It has considerable energy dissipation
capacity in comparison with the corresponding
rigid connection.

2. Finite Element Mod€
2.1. Verification

This study is focused on two subjects, friction
and moment frames with continuous beams; there-
fore, the analytical models' verification is done in
two parts. Both verification modes are with solid
parts in ABAQUS [19].

A rigid connection for moment frames with
continuous beams is modeled based on the second
specimen in [4]. The parameters of materials are
based on the coupon test for the mentioned ex-
perimental specimen, and Figure (4) shows the
considered material behavior diagram in software;
the hardening of materials is considered combined
with the half-cycle type. Lateral supports for beams
and boundary conditions aresimilar to the mentioned
experimental specimen. The SAC protocol, based
on Figure(5), is applied on top of the column.
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Figure 4. The considered shape of the material behavior chart
inthe ABAQUS.
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Figure 5. SAC loading protocol [20].
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A self-center friction connection is modeled
based on the second specimen in [21]. The boundary
conditions are defined similar to the mentioned
specimen, and the lateral load was applied to the
beam's end. The material is defined in the dastic
form in ABAQUS because no plastic behavior was
observed in the experimental result. The bolts are
modeled with the solid parts. The bolts' rods, heads,
nuts, and washers are merged. The pretension
load is applied with the "Bolt Load" option of
ABAQUS in the first step. The comparison bet-
ween the analytical and experimental results for
both models is shown in Figure (6).

2.2. Assessed Modes Specifications

All modds are assessed in ABAQUS with 3D,
solid, deformable parts. The dements mesh types
are C3D8R and C3D6, and the material definition
is similar to which explained in section 3.1. The
other modding parameters are as follow:
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Figure 6. The verification of analytical results of the (a) Rigid-
welded connection based on [4], and (b) Self-center friction
connection based on [21].
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2.2.1. Seps and Loads

In rigid-welded modds, only one step, Lateral step,
with general static type, is defined after the initial
step. Thelateral displacement is applied to thetop of
the column at this step.

Bolted connection modes are similar to rigid
ones with an extra dynamic implicit type step, Bolt
load step, before the Lateral step. The pretension
loads of bolts are applied in the Bolt load step with
the "Bolt load" option of ABAQUS, and in a quasi-
static way to eiminate the effects of load appliance
speed.

2.2.2. Boundary Conditions

A rigid plateis tied to beams and column's webs
at the end of them. Boundary conditions and external
lateral loads are applied to the center of these
plates external faces. Vertical plates are coupling
the beam sections and providing lateral support for
them. Figure (7) shows boundary conditions for all
assessed modds; connection plates are not shown in
thisfigure.

2.2.3. Interactions

In welded connections, the fillet welds are
modeled, and their dements are tied to structural
parts; groove welds are modeled with the tie inter-
action. In bolted connections in addition to existing
welds, two interactions from contact type aredefined:
the Normal interaction, and the Friction interaction.
Table (1) shows the specification of each inter-
action. Table (2) shows the corresponding area of
each interaction.

Initial/Bolt Step: Ux=UZ=0
Lateral Load Step: UX=0, UZ=1
(Amplitude: Displacement Protocol)

—

Vertical Plates
Ux=UY=0

Ux=UY=UZ=0

A~

Z X

Figure 7. Boundary conditions in all assessed models.
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3. Friction-Slip Connection with the Current
Detail

A three-story prototype building is designed
with moment frames with continuous beams; the
configuration of this prototype building is similar to
one of the SAC's [22]. A sub-assemblage of this
designed building is assessed analytically with
ABAQUS. Some parametric studies are done on
connection plates, beams size, and friction conditions.

Asit is shown in Figure (2), the connection with
current practice is designed for pure shear between
column and R-Plate; therefore, in order to have a
friction-slip connection for this detail, the welds

which connect R-Plates to the column are replaced
by pretension bolts. Standard holes are considered
on R-Plates and slotted holes on the column. The
bolts are designed for shear at which the slip
occurrence is assumed. In friction-slip connections,
the slip occurrence is prior to the formation of
plastic hinges in beams. Therefore, the demand for
the friction connection is smaller than the demand
in the corresponding rigid connection. The assessed
friction connection is shown in Figure (8). The
friction parameters are based on [12].

Eight models are assessed, ther specifications
are shown in Tables (3) to (5), and the parameters

Table 1. Contact interaction types for bolted models.

Behavior and Formulation

Interaction Name N
Normal Behavior

Tangential Behavior

Normal Interaction Hard Contact

Friction—Frictionless

Friction Interaction Hard Contact

Friction—Penalty—Isotropic (With Friction Coefficient Based on [12])

Table 2. Contact interaction area for bolted models.

Interaction Name

Contact Area

Normal - Bolts’ Rods and Holes

Interaction -

Bolts’ Nuts with their Corresponding Contact Surfaces
Beam and Connection Plate Contact Area in the New Practice

Friction

Interaction

Bolts’ Heads with their Corresponding Contact Surfaces
Connection Plate with the Column Flanges in the Existing Practice

- Connection Plates with each other in the New Practice

Figure 8. View of the assessed friction-slip connection with current detail.

Table 3. Structural elements' geometric parameters.

Element Shape Geometric Parameters (mm)
Section Length
Beam Channel (Double Section) U,—web 460x10- flanges 120%20 9140
U,—web 440x20- flanges 150%30 9140
Column H-Shape Web 500%30- flanges 400x50 3960
Group L1 L2 L3 L4 L5 L6
RPL Based on Figure 9 1 130 450 500 500 260 80
2 160 450 500 650 450 200
Group 1 10
Doubler Plate Thickness (mm)
Group 2 20
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Table 4. Main models' specifications.

RPL |Thickness

Number of Bolts at Pretension Load

Group Model Beam (mm) Each Side (ny) (T1)-kN n

Modell 22U, 30 16 407 0.4

Groupl Model 2 2U, 50 16 407 0.4

Model 3 22U, 10 16 407 0.4

Model 4 20U, 35 18 340 0.4

Group2 Model 5 20U, 50 18 340 0.4

Model 6 20U, 20 18 340 0.4

Table 5. Other models' specifications. decreases.

Model Pretension Load (Ty)-kN n The above results show that in the existing detail
Model 1a 203.5 0.8 since the Normal force changes from its initial
Model 1b 814 0.2 amount, the friction force is not calculated based

for RPLs are based on Figure (9).

First of all, models 1, 1a, and 1b are assessed
to assure the correctness of design procedure as-
sumptions; because of the equality of the friction
force of the connection design, which is correspon-
ding to the connection shear, it was expected that
the results are similar. Contrary to expectations, the
results showed that the frictional behavior of these
three models is different. The normal force between
column and R-Plate, which is initially provided by
the pretension load of bolts (n, T,), does not
remain constant during displacement appliance. As
presented in Figure (10), by increasing the amount
of this load, the motion threshold friction force
increases with the ratio of |1, so the slip occurrence
is postponed. The locking occurs between R-
Plates and column, which restricts the amount of
dlip, and as a result of that, the plastic behavior of
structural elements is probable. By increasing the
bolts' pretension load, the change in Normal force

L2

L4 ILS

iL6
L1

L3

Figure 9. R-Plate shape and geometric parameters.
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on &T, M, and this otherness from the design
i=1

assumptions changes the behavior of the friction
connection in an unpleasant way. In order to find
the reason for this contradiction, the rest of the
models, defined in Table (4), are assessed.

The Normal and Friction forces of these modes
inthecontact areaareshowninFigures(11) and (12).

In modds 4-6 (group 2) the increase in the R-

Plate thickness leads to an increase in the Normal
force in the contact area. In the modd with 20 mm
thickness, this increase is about 4.7%; in the mode
with 35 mm thickness, it is about 5.7%, and in the
mode with 50 mm thickness, this increase is about
5.9%,
Figure 12. Unlike the modds 4-6, no considerable
change is observed in Normal force of models 1
and 2, since no dlippage occurred in modd 3, it
is excluded from the assessment of friction pa-
rameters.

Figure (13) shows the Von Mises stress dis-
tribution in webs of the column and beams (in the
pand zone) for modes of group 1 (1-3).

In models 1 and 2, the increase in R-Plate thick-
ness leads to an increase in the stress of beams' and
column's webs. In modd 3, no slippage observed, so
the distribution of stress is similar to rigid connec-
tions (Figure 13).

The Von-Mises stress and Equivalent plastic
strain distribution in webs of the column and beams
(in the panel zone) for models of group 2 (4-6) are
presented in Figures (14) and (15), respectively.

Based on the results for modds 4-6, an increase
in R-Plate thickness will increase the potential of
pand zone formation in the web of the column. In
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Figure 10. The Normal and Friction force in whole, top, center, and bottom of the left contact area based on drift.

the modd 6 (thin R-Plate) the stress leved in the
web of the column is lower than in beams; but in
the model 4 the stress level in the web of the
column is higher than in beams, and in the modd 5
(thick R-Plate) not only the stress in the web of
the column is higher but also the plastic behavior is
observed in this area (Figures 14 and 15).

N L.
: Mbeam :717 (|Bl + Bz| +|Bs + B4|)

.I.

tme, =2 (e +c.) YALIPNL M.,
|

T d..

1|' M connection = EC (| Fleft| + Fright|)
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3.1. Moment Assessment in Friction Connection

In order to find the reason for observed contradic-
tions, an assessment on connection moment for all
modds is done. Figure (16) presents the assumed
free diagram for the connection. Based on this
diagram, the moment relations are presented in
Equation (1).

M = M = Ffriction ’ d

Cc

Col connection

D
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Figure 11. Normal and Friction force due to pretension bolts in whole, top, center, and bottom part of the contact area for models of

group 1 based on the drift.

Equation (1) is not satisfied for all models; some
Normal components are observed in the top and
bottom of the contact area between RPLS, and the
column. Thus the actual free diagram of the con-
nection based on the results and observations is
presented in Figure (17). The modified moment
relation based on this free diagram is presented in
Equation (2).

Mbean :MCDI =
é . hu
anne:tmn+Moutofplaneé:a(|,:4+lz2|+|’:3+lzll) L:I (2)
é 20
38

The results and summary of assessments are
shown in Table (6). Asit is shown, in each group by
increasing the R-Plate thickness, the amount of a,
and the difference between occurred and expected
dip are increased.

3.2. Observations

- Inmodeds 4, 5 and 6 (group 2) the increasein the
R-Plate thickness leads to increase in the Normal
force in the contact area; in modd with 20 mm
thickness this increase is about 4.7%, in the
model with 35 mm thickness it is about 5.7%,
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Figure 12. Normal and Friction force due to pretension bolts in whole, top, center, and bottom part of the contact area for models of
group 2 based on the drift.
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Figure 13. Mises distribution in webs of the column and beams for pushover analysis up to 4 or 8%, for models 1 to 3.
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Figure 14. Mises distribution in webs of the column and beams for pushover analysis up to 4% for models 4 to 6.
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