








Table 4.7: Selected ground motions characteristics

1D Event Station Comp M., Rivp PGA PGV | PGV/PGA | t4[s]
[km] [g] [m/s] [s]

CRUSTAL GROUND MOTIONS

C1 Loma Prieta Anderson Dam | 739-250 6.9 19.9 0.244 0.203 0.0832 10.51
C2 Loma Prieta Gilroy Array #3 | 767-0.0 6.9 36 0.555 0.358 0.0066 6.36
C3 Loma Prieta Lab Apeel 9 787-360 6.9 54 0.278 0.292 0.0107 11.57
C4 Northridge Castaic 963-90 6.7 44 0.568 0.517 0.0093 9.08
C5 Northridge Palo Alto 986-195 6.4 37 0.186 0.236 0.0129 11.43
Cé Northridge LA-UCLA 1006-90 6.7 25 0.278 0.217 0.008 11.30
Grounds
C7 Northridge Moorpark-Fire | 1039-180 | 6.7 36 0.292 0.204 0.0071 14.22
Station

SUBDUCTION GROUND MOTIONS

S1 2011/11/3 MYGO001 EW 9 155 0.43 0.23 0.054 83
Tohoku

S2 2011/11/3 MYGO004 EW 9 184 1.22 0.48 0.04 85
Tohoku

S3 2011/11/3 FKS005 EW 9 175 0.45 0.35 0.079 92
Tohoku

S4 2011/11/3 FKS010 EW 9 189 0.86 0.56 0.066 66
Tohoku

S5 2011/11/3 FKS009 EW 9 216 0.83 0.44 0.054 74
Tohoku

S6 2011/11/3 IBR004 EW 9 273 1.03 0.38 0.037 33
Tohoku

S7 2011/11/3 IBR006 EW 9 283 0.78 0.30 0.039 36
Tohoku

Table 4.7 reveals the list of selected records and shows the earthquake magnitude My, the
epicentral distance, R, the peak ground acceleration PGA, peak ground velocity PGV and the
Trifunac duration t4 of the earthquake. The ratio between the PGV/PGA, peak ground velocity to
peak ground acceleration is an important factor for selecting the ground motions based on their

frequency content.
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The number of selected records per group agrees to ASCE-SEI 2007 provisions. Thus,

when three different records are considered the maximum response should be selected.

Afterwards, when seven records are considered the results are expressed as being the mean. The

selected accelerograms as recorded are illustrated in Figure 4.10 and Figure 4.11.
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4.5.2 Ground motions scaling procedure

The ground motions selected have to undergo a scaling procedure in order to match the
uniform hazard spectrum between 0.2*T; and1.5*T,; at the building location. The NBCC 2010
code does not specify a procedure regarding ground motions scaling. Although, it is mentioned
that all selected ground motions should be scaled to match the UHS ordinate at the fundamental
period,7’; (ordinate S(7';)) and to be at least above the UHS at all points corresponding to the
period of higher modes. More in detail, the ASCE/SEI 2007 provisions require that the mean of
the 5% damped response spectra of a minimum of seven scaled ground motions should match or
be above the UHS, over the period of interest 0.2*T —1.5*T as depicted in Figure 4.3. Herein, the
ASCE/SEI2007 requirements are applied.

During the inelastic behaviour of structure, the structure’s stiffness starts to degrade and
the building should sustain an elongated fundamental period that may be larger than 1.5*T)
(Kalkan and Chopra, 2010).

The employed method for scaling ground motions is based on the Reyes and Kalkan
methodology (2011) which consists on minimizing the discrepancy between the scaled
acceleration response spectrum of each record and the UHS over the specified period range
(0.2*T;—1.5*T)). Thus, in the studied case, the interval of interest is between 0.2*T1 = 0.165 s
and 1.5*T1 = 1.237 s. The resulted scale factors are given in Table 4.8. It is noted that scale

factor of 1.0 was used for all subduction records.
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Table 4.8: CBF scale factors for a 4-storey frame with gusset plates

Crustal Ground Motions

GM ID Cl C2 C3 C4 C5 C6 C7

Scale Factor 1.82 1.00 1.62 1.032 2.16 2.31 1.98
Subduction Ground Motions

GM 1D S1 S2 S3 S4 S5 S6 S7

Scale Factor 1 1 1 1 1 1 1

For example in Figure 4.12 and Figure 4.13 the unscaled spectral accelerations of the
crustal and subduction ground motions are depicted, while in Figures 4.14 and 4.15 the scaled
acceleration spectra for crustal and subduction, respectively, are illustrated, as well as the mean

of 7 records.
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Figure 4.12: Crustal GM’s non-scaled spectral accelerations Sa,
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The acceleration response spectrum obtained from the selected Tohoku records exhibit
very large ordinates in the short period range 0.1-0.35s. Thus, low-rise buildings with a
fundamental period in this range may be exposed to ground motions that are two times larger
than those required by the code. However, buildings with a fundamental period larger than 1.6
seconds are not exposed to increased acceleration response spectrum ordinates. Although in the
interval of 0.7-0.8 s, the average spectrum shows a slightly lower value than that required by
code, the scale factor was not raised above 1.0 (Tirca et al. 2012). It is noted that for class C soil

the uniform hazard spectrum and the design spectrum are the same.
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4.5.3 Seismic response of the studied CBF’s

The behaviour of the 4-storey CBF was analysed under the 14 records. The distribution
of inter-storey drift over storey height for each ground motion of each assembly is shown in
Figure 4.16. The results demonstrate a larger inter-storey drift values obtained under the crustal

than the subduction records.
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Figure 4.16. The CBF response in terms of peak interstorey drift for: a)crustal, b)subduction.

The behaviour of a 4-storey CBF is discussed in detail by analyzing the seismic response
under two crustal and two subduction records that subjected the building to large demands.
These selected ground motions are the two Northridge records C5 (986-195) and C7 (1039-180),
as well as two of Tohoku records such as S2 (MYG004) and S4 (FKS010). It is noted that
MYGO004 accelerogram is composed of two overlapping ground ruptures and FKS010 was
generated from a large ground motion energy input.

The time-history response of all braces under the C5 ground motion is illustrated in Figure 4.17
where braces are identified by the given joints according to Figure 4.8. The brace response is

showed in terms of force-displacement. As reported, braces of the bottom two floors (1% and 2"
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were subjected to large inelastic deformations in tension and compression after buckling
occurred, while braces of the upper two storey have performed in the elastic range. The
maximum deformation demand occurred at the second floor where 80 mm brace deformation
was reported in compression. Braces of the 1™ floor level have undergone almost the same
deformation demand as the 2™ floor braces. As depicted in Figure 4.16, the maximum interstorey
drift occurred at the 1** floor level and is about 1.7%hs. Due to the large deformation of the 2™
floor brace, large interstorey drift was occurred at the 3™ floor, as well (1.65%hs). Further, the
time-history response series of each floor under the C5 ground motion is shown in Figure 4.18 in
terms of floor’s deformations and the corresponding interstorey drift. As illustrated in Figure
4.18b, all floors deformed on the same building’s side. At the 1% and 3™ floor level, a maximum
displacement of 80 mm and 74 mm, respectively was recorded. In addition, the maximum
interstorey drift occurred right after the time when the PGA was reached (t ~ 9.0 s). The residual
(permanent) interstorey drift values are given in Table 4.9. It is noted that five seconds of zero
accelerogram’s amplitude were added to each ground motion in order to analyse the residual

interstorey drift. From Table 4.9, the maximum residual interstorey drift occurred at the 1*' floor.

Table 4.9. Interstorey and residual interstorey drift under the C5 and C7

. Interstorey drift Residual interstorey drift
Ground Motion ID Storey % h. % h,
4 0.4 0.3
3 1.8 0.4
Cs 986-195
2 1.0 0.2
1 1.8 0.5
4 0.6 0.15
3 1.45 0.4
(og) 1039-180
2 1.3 0.25
1 1.3 0.35
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The response of the 4-storey CBF building in term of force-displacement experienced by
braces is illustrated in Figure 4.19 under the C7 record. This record shows 4-5 peaks between t =
8.0 s and t = 15.0 s. The maximum interstorey drift under the C7 record occurred at the 3™ floor
level and is equal to 1.45 %h,. Braces of bottom two floors experienced inelastic deformations
after buckling occurred, while the braces of the upper two floors remained in the elastic range.
The larger brace’s deformation occurred at the 2" floor level and is about 60 mm in both tension
and compression (Figures 4.19 e and f). Similarly, all floors deformed on the same building’s
side (Figure 20 b) and the maximum residual interstorey drift occurred at the 3™ floor (e.g.

0.4%h;s as per Table 4.9).
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Both selected subduction ground motions S2 and S4 demanded a similar peak interstorey
drift over the building height which is 1.8%h, and occurred at the 1* floor (Figure 4.16). Under
both records, the larger damage demand occurred at the bottom two floors where braces
experienced buckling followed by yielding in tension. In both cases the maximum demand in
brace deformation was about 80 mm at the 1** floor and about 60 mm at the 2™ floor. Braces of
the 3™ floor have experienced inelastic response but the demand was smaller than that imposed
to the floor below. Braces of the top floor level have reached buckling in compression. The
force-deformation hysteresis loops imposed by S2 record to all braces are depicted in Figure
4.21, while the time-history series of floors deformation and interstorey drift are depicted in
Figure 4.22. The S2 accelerogram showed in Figure 4.22a illustrates double peaks on both
directions that occurred about at the same time: t = 46.02 s and t = 96.42 s. It is interesting to
note that the 1% and 2™ floor experienced larger interstorey drift when the second large shock
was input into the building, while the 3" floor experienced the same peak interstorey drift under
both socks.

Table 4.10 contains both peak interstorey drift and residual interstorey drift recorded
under both S2 and S4 records. A maximum residual interstorey drift of 0.45%hs was recorded
under S2 at the 1* floor level. The corresponding residual drift value is lower under the S4 record
(0.25%hs) and was reached at the 3" floor. Time-history response in term of force-deformation
hysteresis loops are illustrated for all braces in Figure 4.23, while the time-history series of floors

displacement and interstorey drifts are presented in Figure 4.24. Under the S4, the peak
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Table 4.10. Interstorey and residual interstorey drift under S2 and S4

I i Residual i iff
Ground Motion D Storey nters(t)zr;sy drift esidua 1101/‘([)ellitorey drift
4 0.7 0.18
3 1.5 0.28
S2 MYGO004
2 1.4 0.2
1 1.8 0.45
4 0.7 0.1
3 1.6 0.25
S4 FKS010
2 0.1 0.14
1 1.8 0.23

maximum floor displacement accelerograms values that occur in both positive and negative

directions were recorded at t=87.21s (t=87.15s) and t=105.4s (107.37s) as seen in Figure 4.24a.
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Chapter 5. Seismic Analysis of a 4-Storey Building Equipped with Double-

Pin Connections Displaced in-Parallel Using OpenSees

5.1 Design of the 4-storey CBF Equipped with Double-Pin Connections Displaced in-

Parallel

The 4-storey moderately ductile CBF that has been designed in Chapter 4 is employed in
this chapter in order to study the seismic response of the new proposed system: CBF with
dissipative double-pin connections.

The same ground motions that were employed in the previous chapter, and showed in Table 4.7,
are considered. A comparison between the seismic response of the two CBFs with and without

dissipative connections is conducted.

5.2 Dissipative Connection Design for the 4-Storey CBF

The same members designed for the moderately ductile CBF that are given in Table 4.5
are used herein, while the changes are only applied at the level of the brace-to-column
connections.

The design procedure of the CBF structure equipped with double-pin joints consists on
sizing these brace-to-column connections to yield and dissipate the seismic input energy before
braces reach their buckling strength. In this respect, it is recommended that the pin member
should yield in bending at an applied force that equates 60-80% of brace’s compressive strength,
C.. In this design, the computed pins’ sizes of double-pin connections with pins displaced in-
parallel are shown in Table 5.1. For example, the compressive resistance of HSS 178x178x13

brace located at the 1™ floor level is C,=1729 kN, whereas the seismic force resulted from the
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static equivalent method is C~=1288.1 kN. The difference between Crand C, is about 35%. The
selected set of pins placed in-parallel is composed of 2 pins of a rectangular cross-section of
30mm x 45mm. Both pins have a cumulated ultimate force P,=1580kN, which is lower than the
compression resistance of the brace and is higher that the seismic force demand. The Pu value
satisfies Equation 5.1.

Cr <P <C (5.1
Although in the experimental tests depicted in Chapter 3 it was shown that the pin member was
located on its weak axis, in this numerical example, the pin is located on its strong axis.
However, further experimental tests have to be carried out in order to conclude on the position of
pins versus their main cross-sectional axes. In general, the cross-section of pins placed in-parallel

or in-line is smaller than that of a single pin.

Table 5.1. Pin member sizes for the 4-storey CBF with double-pin joints

St. HSS Brace Brace Cs Brace C, Double-pin Parallel Pins P,
[kN] [kN] [mm] [kN]

4 127 x 127 x 9.5 466.5 651.7 25 x 30 585.2

3 152 x 152x9.5 921.1 995.9 30 x 35 956

2 178 x 178 x 9.5 1165.6 1289.2 30 x 40 1248

1 178 x 178 x13.0 1288.1 1729.0 30 x 45 1580

The double-pin connection with pins displaced in-parallel replace the gusset plate
connections of brace-to-column joints, as is illustrated in Figure 5.1. However, in the OpenSees
model, the properties of the gusset plate are removed and a new axial spring made up of
Pinching4 material is added in the zeroLength element. In the case of pins placed in-parallel, two

axial springs will be added. These springs will simulate the behaviour of the proposed dissipative
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connection discussed in Chapter 3. In the design, all structural members are intended to behave

elastically, while the pin connections are sized to dissipate the input energy.
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Figure 5.1. Elevation of a 4-storey CBF equipped with double-pin brace-to-

column joints (OpenSees model)
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53 Ground Motions Scaling Procedure for the 4-Storey Frame with Double-pin

Connections

The building’s fundamental period is established by evaluating the OpenSees frame
model, and is revealed to be T,=1.386s while the second period is T,=0.360s. The T, value of the
new system is about 150% larger than the period of the CBF system given in Chapter 4.

The building was subjected to the same ground motion assemblies that are given in Table 4.7.
The calculated scale factor, as explained in the previous chapter. is given in Table 5.2. Because
the pin connection provides lower stiffness, the period increases and all crustal ground motions

were re-scaled according to the computed buildings period.

Table 5.2. Scale factors applied to GMs used to analyse the 4-storey CBF with double-pin

Crustal Ground Motions

GM Cl C2 C3 C4 C5 Co6 C7

Scale Factor 2.23 1.04 1.45 0.81 2.26 2.26 1.52
Subduction Ground Motions

GM S1 S2 S3 S4 S5 S6 S7

Scale Factor 1 1 1 1 1 1 1

5.4 Seismic Response of the Studied CBF with Double-Pin Connections

The behaviour of the 4-storey CBF was analysed under the new scaled 14 records. The

distribution of inter-storey drift over storey height recorded under each ground motion of each

assembly is shown in Figure 5.2.
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Under all ground motion excitations, the HSS braces have remained elastically as
expected. The results recorded under the C7 input are illustrated in Figure 5.3. It is demonstrated
that braces of CBF with double-pin joints behave linearly elastic at all floors in both directions:

tension and compression.
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Figure 5.3. Behaviour of braces of CBF with double-pin connections under C7 record: a)
4™ st. Brace 9-13, 3" St. Brace 6-10, 2™ St. Brace 2-7, 1* St. Brace 1-3, b) 4™ St. Brace
10-12, 3" St. Brace 7-9, 2™ St. Brace 3-6, 1* St. Brace 2-4 92



Under the C5 record, pins located at the 3™ floor and made of rectangular 30x35mm
cross-section reach their cumulative ultimate strength of 956 kN at the time t =18 s when they
exhibited a maximum displacement of 35 mm, as illustrated in Figure 5.4. The maximum floor
displacement under the C5 record reaches 86 mm at the 3™ storey as depicted in Figure 5.5.

In the case of C7 record, the applied ground motion does not trigger the ultimate strength
of the cumulated value for the pin forces in the overall frame response and provides a maximum

joint displacement of 20 mm that is shown in Figure 5.6.
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Under the subduction S2 record even the 4™ floor pins made of a rectangular 25x30mm
cross-section reach their cumulative ultimate strength of 582.2kN at the time of 125s, when
experienced a maximum displacement of 35mm, as shown in Figure 5.8. The S2 ground motion
subjected the building to premature failure at t=125s, due to the accumulation of strain in the
structural elements after the highest PGA reached at the t = 97.54 s (see S2 accelerogtam) was
passed. The storey-displacement time-history series are illustrated in Figure 5.9.

A similar premature failure was reached when the building was subjected to the S4
record. The collapse was reached at t = 126s after the building overpasses the highest
accelerogram peak. The storey-displacement time-history series are illustrated in Figure 5.10.

It is recommended to apply a lower scaling factor to subduction ground motions in order to
allow the structure to complete its inelastic cyclic incursion. Therefore, the subduction records

impose larger damage to the CBF building with dissipative pin connections.
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5.5 CBFs with and without Double-pin Connections: Comparative Results

5.5.1 The analysis run time under selected ground motions

The run time results from the simulation of the CBFs with gusset plates that was illustrated in

Chapter 4 and that obtained for the CBFs equipped with double-pin joints (DPP) as per Chapter 5

output are shown in Table 5.3 for the applied Crustal GMs and in Table 5.4 for the Subduction

GMs. All analyses conducted in OpenSees on the CBF system successfully runs, while several

models with incorporated double-pins fail to run completely. All ground motions have at their

end a five seconds of zero acceleration amplitude in order to analyse the response under free

vibrations.

Furthermore, in both aforementioned tables, for analyses that encountered failure are

highlighted and a reduced scale factor was proposed. As resulted, when a slightly lower scale

factor was applied (e.g. C1, C3, C4), the analysis was completed. A similar case was observed

when the building was subjected to subduction ground motions.

Table 5.3: Crustal GMs total run time

Ground | GMstotal | CBF CBF with | cgFwith DPP |  CBF with DPP
Motion time (s) (s) DPP Initial Scale Proposed Scale
(s) Factor Factor

C1 39.6 44.6 27 2.2321 1.962

C2 40 45 45 1.0468 -

C3 39.57 44,57 235 1.4566 1.197

c4 40 45 28 0.813 0.709

C5 44.8 49.8 42.5 2.265 -

Cé6 60 65 65 2.263 -

c7 40 45 45 1.5281 -
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Table 5.4: Subduction GMs total run time

Ground | GMSs | CBFrun | CBFwith | cgFyith DPP | CBF with DPP
Motion total time time DPP Initial Scale Proposed Scale
(s) (s) (s) Factor Factor

S1 300 305 305 1 -

S2 300 305 125 1 0.876

S3 300 305 128 1 0.861

S4 300 305 126 1 0.836

S5 300 305 163 1 0.904

S6 300 305 305 1 -

S7 300 305 305 1 -

5.5.2 Interstorey drift and Residual interstorey drift resulted from all analyses

The interstorey drift expressed in percentage of hy and resulted for CBFs with and
without dissipative pin connections is show in Table 5.5. The residual (permanent) interstorey
drift represents the interstorey drift of the last recorded value at the end of applied ground
motions that included the 5 seconds free vibrations. The obtained residual interstorey drift values
are given in Table 5.5 as well.

In order to collect data from the models that have initially failed the reduced scale factor
was applied to corresponding ground motions and the results are also given in Table 5.5. As
depicted in Table 5.5 a maximum residual drift of 0.6%h, resulted for both CBFs and CBFs with

dissipative connections that were subjected for either crustal or subduction records.
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Table 5.5. Interstorey and residual interstorey drift of CBF with and without double-pin

CBF CBF CBF CBF

GM ID Storey + + GM Storey + +
CBF | DPP CBF DPP CBF | DPP | CBF | DPP

Residual Residual

Drift % hs Drift % hs Drift % hs Drift % hs
4 0.5 1.3 0.1 0.4 4 0.55 1.2 | 0.16 | 0.19
739- 3 2.2 1.2 0.6 0.3 3 0.72 1.1 | 0.24 | 0.28
cl 250 2 1.4 0.8 0.2 0.1 MYGool 2 0.68 | 0.6 | 0.22 | 0.25
1 1.7 1.7 0.5 0.51 1 0.7 0.7 | 0.11 | 0.23
4 1.2 1.2 0.4 0.15 4 0.7 1.25 | 0.18 | 0.23
3 0.9 1.1 0.2 0.2 3 1.5 1 0.28 | 0.21

2 - MY 4
¢ 767-0 2 0.75 | 0.6 0.3 0.15 Goo 2 1.4 1.3 0.2 | 0.15
1 0.7 0.7 0.25 0.25 1 1.8 1.7 | 045 | 0.59
4 0.5 1.2 0.1 0.25 4 0.5 0.9 | 0.17 | 0.18
787- 3 1.5 1.4 0.3 0.2 3 0.9 | 0.75 | 0.24 | 0.14
3 360 2 1.4 1.1 0.15 0.15 FKS005 2 0.9 0.7 | 0.18 | 0.13
1 1.8 1.5 0.4 0.35 1 0.5 1.3 0.1 0.17
4 0.6 0.9 0.3 0.2 4 0.7 1 0.1 | 0.14
963- 3 1.3 1 0.3 0.3 3 1.6 1.2 | 025 | 0.13
4 90 2 0.7 0.6 0.2 0.15 FKS010 2 0.1 0.6 | 0.14 | 0.12
1 1.8 1.6 0.45 0.5 1 1.8 2.1 | 023 | 0.18
4 0.4 1.3 0.3 0.12 4 087 | 0.7 | 0.23 | 0.18
986- 3 1.8 1.2 0.4 0.09 3 0.89 1.1 0.19 | 0.61
FK

5 195 2 1 0.5 0.2 0.11 5009 2 0.75 | 0.65 | 0.17 | 0.13
1 1.8 1.7 0.5 0.34 1 0.65 | 0.8 0.1 | 0.41
4 0.6 1 0.15 0.35 4 0.6 1 0.1 0.5
1006- 3 1.7 1.2 0.2 0.6 3 1.1 0.65 | 0.24 | 0.2
6 90 2 1.8 0.7 0.3 0.1 IBROO4 2 0.8 0.8 | 0.13 | 0.13
1 0.8 1.3 0.1 0.4 1 1.2 1.25 | 028 | 0.6
4 0.6 0.9 0.15 0.25 4 0.95 1.1 0.17 | 0.26
1039- 3 145 | 0.8 0.4 0.2 3 1.3 0.7 | 0.26 | 0.13
7 180 2 1.3 0.7 0.25 0.1 IBRO0G 2 1.4 | 055 | 0.1 0.05
1 1.3 1.3 0.35 0.4 1 1.2 0.8 | 0.15 | 0.38
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5.5.3 The Influence of Pinching4 model parameters

In Chapter 3, the properties of Pinching4 material used to model the pins behaviour have
been calibrated according to experimental test results. However, in Figure 5.11, the effect of
parameter rForceP on the overall response of CBF structure equipped with double-pin displaced
in-parallel is studied under the C7 ground motion. The rDispP value remained constant and
equal to 0.7, while two different values were assigned to the rForceP parameter such as 0.65
and 0.45. The obtained results are depicted in Figure 5.11 in terms of force-deformation
hysteresis loops generated under the C7 ground motion. The time-history displacement series
recorded at each floor are depicted for both variable Pinching4 material parameters in Figure

5.12. The same C7 record was considered.
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Figure 5.11. Hysteretic response of double-pin joints with pins in-parallel
under C7 record obtained for different Pinching4 material parameters:
rForce P = 0.65 and 0.45: a) 1*' St. Brace 1-3 joint, b) 2™ St.2 Brace 2-7
joint, ¢) 3" St. Brace 6-10 joint, d) 4™ St. Brace 9-13 joint.
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The energy ratio obtained from the surface area of each cycle undergone by the brace equipped
with dissipative double-pin connection is shown in Table 5.6. The energy ratio was computed
when building was subjected to the C7 ground motion. The energy ratio was computed by
divided the cumulative hysteresis loop area resulted under the calculation based on rForce= 0.65

to that obtained under the calculation based on rForce= 0.45.

Table 5.6. Energy ratio per cycle resulted by divided the hysteresis loops obtained for

rForce= 0.65 to those obtained with rForce= 0.45

Cycle | Storey 1 | Storey 2 | Storey 3 | Storey 4
2 1 1 0.33 1
3 1 1 1.58 1
4 1 1 0.84 1
5 1 1 0.28 1
6 1 1 8561 1
7 1 1 2.10 1
8 0.95 1 4.53 1
9 1.05 0.76 3.25 1
10 1.82 1.25 2.90 1
11 3.19 0.67 0.39 1
12 1.22 1.21 2.88 1.10
13 0.77 1.02 18.19 1.16
14 1.04 1.08 4.36 0.87
15 0.80 0.31 1.39
16 1.47 7.64 1.13
17 0.98 1.91 1.05
18 1.00
19 1.21
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Chapter 6. Conclusions and Future work

6.1 Conclusions

In this research, the overall behaviour of two types of dissipative pin connections are
emphasized, namely, single-pin and double-pin connections. The double-pin connection is
represented in two configurations based on the position of pin members. Thus, the behaviour of
double-pin connection with pins displaced in-line and in-parallel is discussed. Then, the seismic
response of a 4-storey moderately ductile CBF system with and without dissipative connections
is analysed, while comparative results between the behaviour of CBF systems with and without
dissipative double-pin connections are discussed.

Referring to the behaviour, design and modelling of dissipative pin connections the
following conclusions are formulated:

* Computations for pin connection design were carried out using the theoretical beam model
and the OpenSees beam model under monotonic loading and cyclic quasi-static displacement
loading. The proposed OpenSees model for the single-pin connection device was calibrated
against experimental test results. The theoretical beam model is recommended for the
preliminary design of dissipative pin connections.

* The OpenSees beam model employs the Pinching4 material which represents a pinched force-
deformation response and it allows users to simulate the deformed shape of the pin member in
the outer-plate’s hole support after it is loaded below its elastic capacity in bending.

» The dissipative energy capacity of connection devices, computed for the same number of
cycles, increase if larger distance between the inner-plates, (Lyin-2a), is provided. When the

distance between inner-plates increases, the portion of pin experiencing plastic deformation
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expands across the pin’s length, while the maximum stress and strain decrease. In all cases, the
larger deformation was recorded at the pin’s mid-span, while the larger strain was recorded in the
vicinity of inner-plates that transfer the axial forces from the brace to the pin member. The
tensile fibres show a slightly larger strain than the compression fibres. This difference increases
with the magnitude of applied forces. By numerical studies, the distribution of plastic strains
over the pin’s length was recorded and in this light, the plastic hinge length is approximated as
being: (Lpin-2a + h,), where h,, is the depth of the pin member.

* The length and thickness of the outer-plates influence the behaviour of the dissipative pin
connections and the deflection of the pin controls the transversal deflection of outer-plates.

* When the distance between the outer- and inner-plate is larger than the distance between inner-
plates, the failure of the pin member occurs in the longer pin segment at the external face of the
inner-plate. In the case showing larger distance between inner-plates, the failure occurs in the
middle segment, at the internal face of the inner-plate.

* By using double-pin connections, the load-carrying capacity of connection increases two times,
while the deflection is similar to that experienced by an equivalent single-pin devise. The
double-pin connection with pins displaced in-line shows lower strains. Due to the large stiffness
of the inner-plate in the plane of loading, both pins displaced in-line are subjected to equal
deformation. The double-pin connection device with pins in-line has large redundancy, while
displaying lower deflection, stresses and strains than an equivalent single-pin device.

* Additional experimental tests for single- and double-pin connections are required.
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Previous research that asses the behaviour of CBFs equipped with single-pin devices is taken
further in this study. Thus, the same building plan is used for a 4-storey office building located in
Victoria, B.C., for which the seismic response is analyzed.
* The moderately ductile 4-storey CBF system without and with pin devices was subjected to two
sets of seven ground motions that are provided from crustal and subduction seismic sources. All
ground motions were scaled as per ASCE/SEI-07 procedure. The building model was analysed
using the OpenSees framework. Under crustal records, the CBF system with gusset plate brace-
to-frame connections was subjected to large inelastic demand especially at the bottom two floor
levels. Thus, braces were subjected to yielding in tension after buckled in compression.
However, braces of the upper two floors remained in elastic range. The maximum interstorey
drift was less than 2%h,, while the maximum residual interstorey drift was less then 0.6%h;.
Under the Tohoku subduction records, the demand was larger. All braces experienced inelastic
response with a larger demand at the bottom two floors. However, the maximum interstorey drift
was less than 2%h, and the maximum residual interstorey drift was less then 0.6%h,. Overall, the
subduction records imposed larger seismic demand than crustal records.

Analyses conducted on the 4-storey CBF system with dissipative double-pin connections
conduct to the following conclusions:
* The theoretical beam model can be used for preliminary design applications for low rise
buildings. The pin overall connections are designed to yield at 60~80% of the buckling strength
of braces, leading to an elastic response from the brace element. The proposed design steps are:
1) design braces as per the moderately ductile CBF system, ii) build the tri-linear curve for pin
device, iii) design the remaining structural members to remain in elastic range while pins

dissipate energy.

109



* CBF system with dissipative pin connections have larger fundamental period of vibration and
attract lower base shear forces. In general their fundamental period is 150% larger than that
corresponding to the CBF system.

* The frames with pin dissipative connections reveal residual deformations in acceptable limits.
The maximum residual interstorey drift is less than 0.6%hs under both crustal and subduction
records. The maximum interstorey drift is less than 2.5%h;.

» The CBFs with dissipative connections are sensitive to the frequency content of the ground
motions. The encountered failure of the pins in a few crustal and subduction records is due to
frequency content of ground motions. Tohoku records of magnitude 9 are too strong for the CBF
designed based on the code provisions. Under Tohoku records the low-rise CBF buildings are at
risk.

* Until further experimental tests are conducted, it is not recommended to select CBF with in-line
or in-parallel connections in seismic areas. This type of double-pin connection has large
redundancy.

* The energy dissipating capability of the dissipative pin connections is almost the same as the
brace behaving in tension or compression with the advantage of a uniform distribution of results
between tension and compression cycles. For middle-rise buildings located in high seismically
activity areas, the in-line and parallel pin connections are recommended instead of the single-pin
connection devices. The CBF systems with dissipative connections provide a reduced overall

cost. These connections are easy replaceable after the occurrence of damage.
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