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Abstract. The seismic performance of moment frames could vary according to the rotation capacity of their
connections. The minimum rotation capacity of moment connections for steel intermediate moment frames
(IMF) was defined as 0.02 radian in AISC 341-10. This study evaluated the seismic performance of IMF
frames with connections having a rotation capacity of 0.02 radian. For this purpose, thirty IMFs were
designed according to current seismic design provisions considering different design parameters such as the
number of stories, span length, and seismic design categories. The procedure specified in FEMA P695 was
used for conducting seismic performance evaluation. It was observed that the rotation capacity of 0.02
radian could not guarantee the satisfactory seismic performance of IMFs. This study also conducted seismic
performance evaluation for IMFs with connections having the rotation capacity of 3% and ductile
connections for proposing the minimum rotation capacity of IMF connections.

Keywords: rotation capacity; connections; intermediate moment frame; seismic performance; seismic
design

1. Introduction

The rotation capacity of moment connections may significantly affect the seismic performance
of moment frames. AISC 358-10 (2010) classifies moment frames into special, intermediate, and
ordinary moment frames (SMF, IMF, OMF) according to their inelastic rotation capacities. AISC
341-10 (2010) requires minimum rotation capacities for SMFs and IMFs as 0.04 and 0.02 radian,
respectively, whereas only minimal level of inelastic rotation is required for OMFs. SMFs are
expected to produce deformation and energy dissipation capacities larger than IMFs and OMFs.
For this reason, ASCE 7-10 (2010) assigns a response modification factor (R) as 8 for SMF,
whereas factors for IMF and OMF are assigned as 4.5 and 3.5, respectively.

After the 1994 Northridge earthquake, numerous studies were conducted for evaluating the
rotation capacities of moment connections (Luco and Cornell 1998a, Malley 1998, Stojadinovic et
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al. 2000, Sotirov et al. 2000). Those studies identified the cause of premature brittle fracture
occurred in pre-Northridge moment connections, and developed new connections that avoid brittle
connection fracture. In particular, many experimental researches were conducted for developing
pre-qualified SMF connections (FEMA 350 2000, FEMA 355D 2000). The effect of ductile and
brittle connections on the seismic response of moment frames was investigated by Maison and
Kasai (1997), Luco and Cornell (1998b, 2000), and Gupta and Krawinkler (1999). Most research
has focused on evaluating the rotation capacity of SMF connections and the seismic performance
of SMFs (Lee and Foutch, 2002, Jeong et al. 2015). Regarding the IMFs and OMFs, only limited
research was conducted (Han et al. 2007, Han et al. 2015). Han et al. (2015) reported that the
seismic performance of 20 story IMFs with reduced beam section-bolted shear tab (RBS-B)
moment connections failed to meet the performance criteria specified in FEMA P695 (2009),
which is a provision for collapse risk evaluation (Elkady and Lignos 2015).

AISC 341-10 states that the rotation capacity of 0.02 radian has been established based on
engineering judgment applied to available tests and analytical studies, primarily those in FEMA
355C (2000) and 355F (2000). There was no study found so far, which evaluated the seismic
performance of IMFs with respect to the rotation capacity of their connections.

In this study, the seismic performance evaluation was conducted according to FEMA P695 for
IMFs with moment connections having different rotation capacities. For this purpose, IMFs with
various numbers of stories and span lengths were designed for seismic design category (SDC)
using design seismic forces determined according to ASCE 7-05 (2005) and ASCE 7-10. From the
results of this study, the minimum rotation capacity for IMF connections was proposed.

2. Connections for intermediate steel moment frames

The In AISC 358-10, six prequalified moment connections are listed, which can be used as
moment connections for SMFs and IMFs: (1) reduced beam section (RBS), (2) bolted unstiffened
extended end plate (BUEEP), (3) bolted stiffened extended end plate (BSEEP), (4) bolted flange
plate (BFP), (5) welded unreinforced flange-welded web (WUF-W), and (6) Kaiser bolted bracket
(KBB). Among the pre-qualified moment connections, the RBS connections have been commonly
used for seismic application. Many experimental researches were conducted for RBS connections,
so that sufficient test results for the rotation capacity of RBS connections have been available.

The RBS connection can be classified into RBS-welded web connection and RBS-bolted web
(RBS-B) connection. In this study, the rotation capacity of RBS-B connections, which are only
valid for IMF connections (AISC 358-10), were estimated using test results (Tremblay et al. 1997,
Engelhardt et al. 2000, Iwankiw and Carter 1996, Lee et al. 2005, Chen et al. 1996, Anderson and
Duan 1998, Tsai and Chen 1996, Han et al. 2009). Fig. 1 shows backbone curves for fracture-
resistant and fracture-prone RBS-B connections, representing the relationship between the moment
normalized by beam plastic moment (M/M,) and total rotation (6;) measured at the connection. The
fracture-resistant connection was defined as the connection that did not experience connection
fracture until the completion of the test, whereas the fracture-prone connection experienced
connection fracture during tests. As shown in Figs. 1(a)-(b), some connections behaved in a ductile
manner, whereas other connections experienced premature fracture, resulting in a small rotation
capacity. When premature brittle fracture occurs at the connection, the seismic performance of
IMF systems could be significantly reduced.

No study can be found, which evaluated the seismic performance of code-complied IMFs with
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Fig. 1 Backbone curves of RBS-B connections

connection having the minimum rotation capacity of 0.02 radian that is required for IMF
connections by AISC 341-10 as the minimum rotation capacity. This study evaluated the seismic
performance of IMFs with their connections having the minimum rotation capacity (0.02 radian).
Moreover, this study also considered connections with a rotation capacity of 0.03 radian as well as
ductile connections (fracture resistant connection) because the rotation capacity of IMF
connections varied as shown in Fig. 1. The seismic performance evaluation was conducted for
IMFs with connections having different rotation capacities.

3. Analytical model for moment connections

For obtaining the reliable results from the seismic performance evaluation, the use of an
accurate analytical model is very important. In this study, the IMF connection was modeled using
OpenSees (Mazzoni et al. 2007) as shown in Fig. 2. The connection model was mainly based on
‘M2’ model developed by Gupta and Krawinkler (1999). As shown in Fig. 2, the actual dimension
of the panel zone was precisely reflected in this model.

The fiber section model was used for simulating the behavior of columns. In this model, the
inelastic behavior of a member is predicted using the stress-strain relationship assigned for fiber
sections. The interaction between axial force and moment can be accurately reflected using this
model. For panel zones, rigid link elements were used along the perimeter of the panel zone. To
simulate the tri-linear inelastic behavior of the panel zone, two rotational springs were installed at
one corner of the panel zone (Fig. 2(b)), whereas pins were placed at the other three corners to
connect the rigid link elements. The strength and stiffness of the two springs were determined
based on Gupta and Krawinkler (1999).

The beam member was modeled using rigid element and inelastic rotational spring element that
was placed at the ends of the beam (Fig. 2(c)). For fracture prone connections having rotation
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Fig. 2 Analytical model for IMF connections used in this study

capacities of 0.02 and 0.03 radian, the rotational spring was modeled to drop its strength suddenly
when the rotation of the spring reaches its rotation capacity. However, for ductile connections
without connection fracture, the rotation spring was modeled based on Lignos (2014), which
behaved in a ductile manner without a sudden strength drop.

4. Model frames

For conducting seismic performance evaluation for IMFs, model frames were designed
considering various important design parameters such as the number of stories, span length,
seismic design category, and seismic response coefficient. To investigate the effect of the design
parameter on the seismic performance of the IMF system, the model buildings with the same
design parameters are grouped, which is named ‘performance group’ (FEMA P695).

Since the higher mode contribution varies according to the number of stories, this study
considered four different numbers of stories (3, 6, 9, and 20 stories). To account for the effect of
gravity loads on beams, three different span lengths were included: 6.1 m (20 ft), 7.6 m (25 ft), and
9.1 m (30 ft).

Seismic design category (SDC) C was used for determining the design spectral acceleration
parameters at short period (Sps) and at 1-s period (Sp1) for model frames considering possible
maximum and minimum seismic criteria of SDC: SDC Cyin (Sps=0.33 g, Sp;=0.133 g) and SDC
Crmax (Sps=0.50 g, Sp;=0.20 g) where g is the gravitational acceleration. Since there is no height
limitation on IMFs for SDC C (ASCE 7-10), high-rise buildings, which are strongly affected by
higher mode contributions, can be designed.

The seismic response coefficient (Cs) was determined according to ASCE 7-05 and ASCE 7-
10. The seismic base shear can be determined as Cs times the weight of the building (W). Both
standards produced the same Cs in entire period range; however, they specify different minimum
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values of Cs, which may govern for long-period structures. ASCE 7-05 requires that seismic
response coefficient Cs should be 0.01 or larger, whereas in ASCE 7-10, Cs should not be less than
the smaller of 0.044Spsle and 0.01 g, where I, is the importance factor. The values determined
according to ASCE 7-05 and ASCE 7-10 were the same for 3-, 6- and 9-story model frames,
whereas they were different for 20 story model frames because minimum values of Cs controlled
for the 20 story frames (Fig. 3). Therefore, 3-, 6- and 9-story frames were designed using ASCE 7-
10 design seismic forces, whereas 20-story frames were designed for design seismic forces
determined according to ASCE 7-05 and ASCE 7-10.

Considering all design parameters as mentioned above, twenty four IMFs were designed, which
were summarized in Table 1. The frames were classified into 6 performance groups according to
span length (6.1, 7.6, and 9.1 m) and seismic design categories (SDC Cpyin and SDC Cpax). TO
investigate the effect of different design seismic forces determined from ASCE 7-05 and ASCE 7-
10 on the seismic performance of IMFs, six 20-story model frames were designed, which were
grouped as an additional performance group. Thus, this study considered a total of thirty IMFs and
seven performance groups.

To investigate the effect of connection rotation capacity on the seismic performance of IMFs,
moment connections were modeled using rotational spring element with three different rotation
capacities: (1) 2%, (2) 3%, and (3) ductile connection. For connections with rotation capacities of
2% and 3%, the rotational spring element was forced to fracture at rotations of 2% and 3%,
respectively. The ductile connection was modeled with a ductile spring element without fracture.
Since three different connection models for each model frame were used, the number of model
frames used for performance evaluation were 90 (=30x3). In Table 1, frame ID ‘MIN6-10-2%’
represents the IMF with a span length of 6.1 m and a connection rotation capacity of 2%, which
were designed for seismic loads for SDC C,, according to ASCE 7-10 design seismic forces.

The model frames were assumed to be used in office buildings located at a site with soil
condition D (ASCE 7-10). Fig. 4 shows floor plans and elevations for the model frames. As seen
in Fig. 4, the seismic resistance for buildings was provided by perimeter frames. Steel material
ASTM A992/A992M was used for beams and columns. According to ASCE 7-10, for IMFs, the
response modification factor (R), overstrength factor (), and deflection amplification factor (Cg)
are 4.5, 3.0, and 4.0, respectively. Members were designed according to AISC 341-10 and
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Fig. 3 Seismic response coefficient of model frames for (a) SDC C,,, and (b) SDC Ciax
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Table 1 Summary of model frames and performance groups

] No. Seismic Design Criteria

No. P o, aronip ORI B of T Twes T T G

tories (ton) (sec) (sec) (g)
1 3CMIN10-6.1 3 582 0.858 1.479 0.0345
. Min6-10- 2 6CMIN10-6.1 2005/2010 6 Cmin 1,188 1.493 2.084 0.0198
X% 3 9CMIN10-6.1 9 1,902 2.135 2.893 0.0138
4 20CMIN10-6.1 2010 61m 20 5,223 3.972 3.804 0.0145
5 3CMAX10-6.1 (20ft) 3 586 0.787 1.160 0.0565
,  Max-10- 6 6CMAX10-6.1 2005/2010 6 Cmax 1,191 1.371 1.914 0.0324
x% 7 9CMAX10-6.1 9 1,902 1.960 2.658 0.0227
8 20CMAX10-6.1 2010 20 5,236 3.646 3.577 0.0220
9 3CMIN10-7.6 3 910 0.858 1.522 0.0345
g Min7-10- 10 6CMIN10-7.6  2005/2010 6 Cmin 1,849 1.493 2.125 0.0198
X% 11 9CMIN10-7.6 9 2,944 2.135 2.658 0.0138
12 20CMIN10-7.6 2010  76m 20 8,171 3.972 3.540 0.0145
13 3CMAX10-7.6 (25ft) 3 918 0.787 1.155 0.0565
4 Max7-10- 14 6CMAX10-7.6 2005/2010 6 Cmax 1,853 1.371 1.920 0.0324
X% 15 9CMAX10-7.6 9 2,951 1.960 2.625 0.0227
16 20CMAX10-7.6 2010 20 8,194 3.646 3.406 0.0220
17 3CMIN10-9.1 3 1,318 0.858 1.524 0.0345
g Mino-10- 18 6CMIN10-9.1 2005/2010 6 Cmin 2,680 1.493 2.159 0.0198
X% 19 9CMIN10-9.1 9 4,293 2.135 2.587 0.0138
20 20CMIN10-9.1 20010 91m 20 11,933 3.972 3.570 0.0145
21 3CMAX10-9.1 (30ft) 3 1,329 0.787 1.162 0.0565
g Maxd-10- 22 6CMAX10-9.1 2005/2010 6 Cmax 2,686 1.371 1.916 0.0324
X% 23 9CMAX10-9.1 9 4,297 1.960 2.539 0.0227
24 20CMAX10-9.1 2010 20 11,981 3.646 3.570 0.0220
25 20CMINO05-6.1 61m 20 Cmin 5284 3.972 3.600 0.0100
26 20CMAX05-6.1 (20ft) 20 Cmax 5,182 3.646 3.742 0.0122
27 20CMINO05-7.6 76m 20 Cmin 8,168 3.972 3.547 0.0100
T20R0X% o socMax05-7.6 0% (25f) 20 Cmax 8,172 3.646 3.526 0.0122
29 20CMINO05-9.1 91m 20 Cmin 11,930 3.972 3.576 0.0100
30 20CMAX05-9.1 (30ft) 20 Cmax 11,934 3.646 3.672 0.0122

* T Fundamental period(=C,T,), T,”: 1% mode period, C{: Seismic response coefficient, x"%:
connection rotation capacity (2%, 3% radian, and ductile)

AISC 360-10 (2010). The dead load and live load for member deign were assumed as 4.12 kPa
(86 Ib/ft2) and 0.96 kPa (20 Ib/ft2), respectively. The basic wind speed of 51 m/sec was used, and
surface roughness was assumed as B for urban office buildings [Chapters 26 and 27 in ASCE
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Fig. 4 Floor plans and elevations of model buildings

7-10]. Fig. 3 shows the seismic design coefficient for SDC Cp, and SDC Cpax determined
according to ASCE 7-05 and ASCE 7-10. As mentioned earlier, two dimensional analytical model
was used for analysis, which can account for P- A effect using an additional dummy column.

5. Seismic performance evaluation

Seismic performance evaluation was conducted according to FEMA P695, which is a provision
for evaluating collapse risk. The collapse is defined as global dynamic instability (Adam and Jéager
2012, Qi et al. 2012, Eads et al. 2013, Hamidia et al. 2014). Acceptable performance is defined by
two collapse prevention objectives: (1) the probability of collapse for maximum considered
earthquake (MCE) ground motions is 10% or less on average across a performance group, and (2)
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the probability of collapse for MCE ground motions is 20% or less for each frame within a
performance group. Acceptable performance is achieved when adjusted collapse margin rations,
ACMR, for each model frame and performance group, meet the following two criteria: (1) The
average value (ACMR;) of ACMR for each performance group exceeds ACMRyy,, and (2)
individual values (ACMR;) of ACMR for each model frame within a performance group exceeds
ACMR 5, Where ACMR 1y, and ACMRyqq, are the limiting values of ACMR corresponding to the
probabilities of collapse of 10% and 20% for MCE ground motions, respectively. The procedure
for estimating ACMR; and  ACMR; is summarized as follows. Fig. 5 illustrates the procedure.

(1) Conduct a static pushover analysis, and determine the overstrength factor (Q) and period
dependent ductility factor (ur) using Egs. (1)-(2). (Fig. 5(a))

Q= Vmax /Vd (1)
:uT = 5u/5y,eff (2)

where Vnax IS the maximum base shear force, Vg is the design base shear force, d, is the ultimate
roof displacement defined in Fig. 5(a), and oy is the effective yield roof displacement.

_(2) Conduct incremental dynamic analyses (IDA), and determine the median collapse strength
(Scr ) and collapse margin ratio (CMR) using Eq. (3) (Fig. 5(b))

CMR =S, /S, )

where Sy is the 5% damped pseudo spectral acceleration at T, for the MCE ground motions.
(3) To account for the effect of the spectral shape of ground motions used for performance

(a) Step 1 — Nonlinear Static (Pushover) Analysis (b) Step 2 — Nonlinear Dynamic (Response History) Analysis

o Using vertical distribution of the (b). e Incremental dynamic analysis
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Fig. 5 The summarized procedure for seismic performance evaluation in FEMA P695
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evaluation, the spectral shape factor (SSF) is calculated (Fig. 5(c)), which is the function of ur, T,
and the level of SDC.

(4) Calculate ACMR,; for each model frame using Eqg. (4). Then, the average value of ACMR; for
model frames within each performance group is calculated ( ACMR;)

ACMR = SSF xCMR (4)

(5) Find the acceptable values ACMRygy, and ACMRyq, from the Table provided in FEMA P695
(Tables 7-3).
(6) Check whether acceptance criteria are met using Eqgs. (5)-(6).(Fig. 5(d))

ACMR; > ACMR,,,, 5)
ACMR, > ACMR,, (6)

6. Seismic performance of IMFs with connections having a rotation capacity of 2%

Seismic performance evaluation was conducted for thirty IMFs. The rotation capacity of IMFs
was assumed as 0.02 radian, which is defined as the minimum rotation capacity for IMF in AISC
341-10. Table 2 summarizes the results of the performance evaluation conducted according to
FEMA P695 procedure. As seen in this table, twelve frames and one performance group did not
meet the criteria specified in FEMA P695.

To investigate the vulnerability of IMFs, the probability of collapse for MCE ground motions
(P(Collapse|Swur)) was calculated. Fig. 6 shows the collapse probabilities according to design
parameters.

The collapse probability varied significantly according to the number of stories as well as
design seismic forces determined from ASCE 7-05 and ASCE 7-10. With an increase in the
number of stories, the collapse probability becomes larger (Fig. 6(a)). The average values for the
collapse probabilities of 3-, 6-, 9-, and 20-story frames were 0.008, 0.024, 0.1423, and 0.2972,
respectively. All 3- and 6-story model frames had the probability of collapse less than 20%, which
satisfied the FEMA P695 criteria, whereas some of 9- and 20-story model frames did not satisfy
the criteria. In particular, ten 20-story frames did not meet the criteria among twelve 20-story
model frames (Table 2).

Fig. 6(d) shows that the numbers of 20-story frames, which did not meet the criteria, were the
same, regardless of ASCE 7-05 and ASCE 7-10 design seismic forces. However, the average
collapse probability (=0.223) of the 20-story frames designed using the ASCE 7-10 design seismic
force is smaller than that (=0.370) of the frames designed using the ASCE 7-05 design seismic
force.

As shown in Fig. 6(b)-(c), the collapse probability did not vary significantly according to span
length and the level of SDC. The average values of the collapse probabilities of IMFs having span
lengths 6.1, 7.6 and 9.1 m were 0.114, 0.177, and 0.170, respectively.

Regarding the level of SDC, the number of the frames with unsatisfactory seismic performance
became larger with increasing the level of SDC from SDC C, to SDC Cox (Fig. 6(c)). The
average collapse probabilities of the frames designed for SDC Ci, and Cpax Were 0.120 and 0.187,
respectively.
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Table 2 Summary of collapse margin parameters and acceptance check for IMF systems with connections
having a rotation capacity of 0.02 radian

Computed overstrength and collapse margin

Performance 5 parameters

group SMT Q yn SCT CMR SSF ACMR ﬂTOT icéf/lpé f':a:ﬁ

3CMIN10-6.1 0.233 4.99 200 1.158 496 109 541 068 177 Pass
6CMIN10-6.1 0.134 6.11 197 0382 285 115 327 068 176 Pass

Acceptance check

M'gf/;lo' OCMIN10-6.1 0094 898 155 0243 2.60 111 289 066 174 Pass
20CMIN10-6.1 0.050 434 3.5 0137 273 121 331 073 184 Pass

Average 6.11 2.17 3.28 3.72 068 240 Pass
3CMAX10-6.1 0381 457 220 1624 426 109 465 069 178 Pass
6CMAX10-6.1 0219 471 237 0841 384 116 446 069 179 Pass

Ma>2<06/(-)10- 9CMAX10-6.1 0.153 555 195 0265 173 115 199 067 176 Pass
20CMAX10-6.1 0082 532 214 0113 138 116 160 068 178 Fail

Average 5.04 217 2.80 3.17 068 240 Pass
3CMIN10-7.6 0233 487 205 1196 513 109 560 068 177 Pass

_ 6CMIN10-7.6 0.134 612 2.14 0387 289 116 335 068 178 Pass
M'gz/;lo' 9CMIN10-7.6 0094 861 161 0178 190 112 213 066 174 Pass
20CMIN10-7.6 0.050 6.28 146 0.069 136 111 151 065 173 Fail

Average 6.47 1.82 2.82 315 0.67 236 Pass
3CMAX10-7.6 0381 488 211 1941 509 109 554 068 177 Pass
6CMAX10-7.6 0219 499 240 0921 421 116 488 070 180 Pass

Ma;z/;lo' 9CMAX10-7.6 0153 553 178 0236 154 113 175 067 175 Fail
20CMAX10-7.6 0082 538 1.82 0108 131 114 149 067 176 Fail

Average 520 2.03 3.04 342 068 238 Pass
3CMIN10-9.1 0233 485 203 1186 508 109 555 068 177 Pass

_ 6CMIN10-9.1 0134 625 193 0426 318 114 364 067 176 Pass
MO 10- ocMINIO-91 0094 897 215 0194 207 116 240 068 178 Pass
20CMIN10-9.1 0.050 7.36 1.46 0067 132 111 146 065 173 Fail

Average 6.86 1.89 291 326 067 237 Pass
3CMAX10-9.1 0381 482 209 1653 434 109 471 068 177 Pass
6CMAX10-9.1 0219 508 226 0923 422 115 487 069 179 Pass

Ma’zfog/;lo' 9CMAX10-91 0.153 6.32 198 0.225 147 115 169 068 177 Fail

20CMAX10-9.1 0.082 4.76 1.81 0.121 1.48 1.14 168 067 175 Fail

Average 525 2.04 2.87 3.24 068 238 Pass
20CMINO5-6.1 0.050 9.10 1.94 0.096 190 1.15 217 067 176 Pass
20CMAX05-6.1 0.082 8.40 1.66 0.082 099 112 112 066 175 Fail
20CMINO5-7.6 0.050 8.82 144 0.061 120 110 133 065 173 Fail
20F-05-2% 20CMAXO05-7.6 0.082 7.26 1.68 0.073 0.88 1.13 099 0.66 175 Fail
20CMINO05-9.1 0.050 10.38 1.43 0.059 1.17 110 129 065 173 Fail
20CMAX05-9.1 0.082 7.73 2.07 0.074 090 115 104 0.68 177 Fail

Average 8.61 171 1.17 132 066 234 Fail
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Fig. 6 Seismic response coefficient of model frames for (a) SDC Cp,n and (b) SDC Ciax

7. Seismic performance of IMFs according to different rotation capacities of
connections

This study evaluated the effect of connection rotation capacities on the seismic performance of
IMFs. This study considered IMF connections fractured at rotations of 0.02 and 0.03 radian
(connection rotation capacity) as well as ductile connection without fracture. Figs. 7-8 shows the
collapse probabilities of IMFs for MCE ground motions with respect to different rotation
capacities of their connections. Since 3- and 6- story frames with connections having a rotation
capacity of 0.02 radian, satisfied the FEMA P695 criteria, those frames were not included
in Figs. 7-8. Tables 3-4 summarize the results of seismic performance evaluation for IMFs with
connections having a rotation capacity of 0.03 radian and ductile capacity, respectively.

As shown in Fig. 7(a), all 9 story IMFs designed for SDC Cyi, using ASCE 7-10 design seismic
forces satisfied the FEMA P695 criteria irrespective of their rotation capacities. The IMFs
designed for SDC C.x With a span length of 6.1 m satisfied the seismic performance criteria when
their connections had a rotation capacity of 0.02 radian or larger, whereas the frames with span
lengths of 7.6 and 9.1 m met the criteria only when their connections had a rotation capacity of
0.03 radian or larger (Fig. 7(b)).

Fig. 7(c) shows that 20 story frames with a span length of 6.1 m designed for SDC Cpn
satisfied the FEMA P695 criteria when their connections had a rotation capacity of 0.02 radian or
larger. However, the frames with span lengths of 7.6 and 9.1 m met the criteria only when their
connections had a rotation capacity as large as 0.03 radian. As shown in Fig. 7(d), 20 story frames
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designed for SDC Cy.x did not satisfied the criteria when their connections had a rotation capacity
of 0.02 radian.

Fig. 8 shows the collapse probability of 20-story frames designed using ASCE 7-05 design
seismic forces rather than using ASCE 7-10 design seismic forces. IMFs with a span length of 6.1
m designed for SDC C, satisfied the criteria irrespective of the rotation capacity of their
connections (Fig. 8(a)). However, the frames with span lengths of 7.6 m and 9.1 m satisfied the
criteria only when they had ductile connections. It is noted that 20 story frames designed using the
ASCE 7-10 design seismic forces satisfied the criteria when their connections had a rotation
capacity of 0.03 radian or larger.
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Fig. 7 Probability of collapse for MCE earthquake with response to rotation capacity for each building
designed by ASCE7-10 seismic load
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Fig. 8 Probability of collapse for MCE earthquake with response to rotation capacity for 20-story building
designed by ASCE7-05 seismic load



Effect of connection rotation capacities on seismic performance of IMF systems &5

Table 3 Summary of collapse margin parameters and acceptance check for IMF systems with connections
having a rotation capacity of 0.03 radian

Computed overstrength and collapse margin

Performance | parameters

group St Q #r S CMR - SSF ACMR - fror ﬁéijg{ fFa:isi

3CMIN10-6.1 0.233 5.06 276 1.394 598 112 666 071 182 Pass
6CMIN10-6.1 0.134 6.27 2.60 0.434 324 119 384 070 181 Pass
Min6-10-3% 9CMIN10-6.1 0.094 9.13 199 0.298 3.18 115 365 0.68 177 Pass
20CMIN10-6.1 0.050 4.56 350 0.136 271 123 332 073 184 Pass

Average 6.26 2.71 3.77 437 071 247 Pass

3CMAX10-6.1 0.381 4.69 305 1919 504 111 561 073 184 Pass
6CMAX10-6.1 0.219 475 3.11 0964 440 119 525 0.73 184 Pass
Max6-10-3% 9CMAX10-6.1 0.153 5.64 264 0337 220 119 262 071 181 Pass
20CMAX10-6.1 0.082 534 249 0132 161 118 190 0.70 180 Pass

Average 511 2.82 3.31 384 071 250 Pass

3CMIN10-7.6 0.233 490 286 1403 6.01 112 673 072 183 Pass
6CMIN10-7.6 0.134 635 2.78 0446 333 119 398 071 182 Pass
Min7-10-3% 9CMIN10-7.6 0.094 882 196 0.210 225 115 258 0.67 176 Pass
20CMIN10-7.6 0.050 6.42 181 0.088 174 114 198 067 1.75 Pass

Average 6.62 2.35 3.33 381 069 243 Pass

3CMAX10-7.6 0.381 494 298 2455 644 111 717 073 184 Pass
6CMAX10-7.6 0.219 5.04 3.12 1061 485 119 579 073 184 Pass
Max7-10-3% 9CMAX10-7.6 0.153 570 237 0.297 194 117 228 069 179 Pass
20CMAX10-7.6 0.082 547 220 0133 161 116 188 069 1.78 Pass

Average 5.29 2.67 3.71 428 071 248 Pass

3CMIN10-9.1 0.233 492 282 1459 6.25 112 699 072 183 Pass
6CMIN10-9.1 0.134 6.47 255 0492 367 118 434 070 181 Pass
Min9-10-3% 9CMIN10-9.1 0.094 9.23 1.88 0.258 2.75 114 314 067 176 Pass
20CMIN10-9.1 0.050 7.54 1.78 0.091 181 113 206 067 1.75 Pass

Average 7.04 2.26 3.62 413 0.69 242 Pass

3CMAX10-9.1 0.381 494 278 2049 538 111 595 071 182 Pass
6CMAX10-9.1 0.219 512 282 1.011 462 118 545 0.72 183 Pass
Max9-10-3% 9CMAX10-9.1 0.153 6.43 251 0302 198 118 233 070 180 Pass
20CMAX10-9.1 0.082 485 222 0156 190 116 221 069 1.78 Pass

Average 534 2.58 3.47 399 070 247 Pass
20CMINO5-6.1 0.050 9.22 249 0.110 218 118 257 0.70 180 Pass
20CMAXO05-6.1 0.082 8.72 1.87 0.102 124 114 141 067 1.76 Fail
20CMINO5-7.6 0.050 9.02 1.77 0.070 139 113 157 067 1.75 Fail

20F-05-3% 20CMAXO05-7.6 0.082 7.43 2.04 0.084 1.03 115 1.18 0.68 177 Fail
20CMINO5-9.1 0.050 10.64 1.71 0.072 143 113 161 066 1.75 Fail
20CMAX05-9.1 0.082 7.85 255 0.091 111 118 131 070 1.81 Fail

Average 8.81 2.07 1.39 161 068 239 Fail

Acceptance check
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Table 4 Summary of collapse margin parameters and acceptance check for IMFs with ductile connections

Computed overstrength and collapse margin

Performance Arch.ID parameters

Acceptance check

Accept. P
group S @ So CMR SSFACMR fror ‘\ovio oo

3CMIN10-6.1 0.233 5.09 531 1908 818 117 959 0.73 184 Pass
6CMIN10-6.1 0.134 6.41 526 0683 510 129 659 073 184 Pass

“’(';Sgnlg 9CMIN10-6.1 0094 919 295 0498 531 120 639 072 184 Pass
20CMIN10-6.1 0.050 475 617 0255 507 132 670 073 184 Pass

Average 6.36 4.92 5.92 732 0.73 253 Pass
3CMAX1061 0381 460 592 275 723 117 845 073 184 Pass
6CMAX10-6.1 0219 475 442 1406 642 124 798 073 184 Pass

Mdaj(g}io' 9CMAX10-61 0.153 564 3.67 0.660 431 124 532 073 184 Pass
20CMAX10-61 0082 534 294 0228 277 120 333 072 184 Pass

Average 511 424 5.18 6.27 0.73 253 Pass
3CMINI0-7.6 0233 490 490 1911 819 116 954 073 184 Pass

. 6CMIN10-7.6 0134 646 416 0752 561 125 704 073 184 Pass
'V('j'SZmlf 9CMINI0-7.6 0094 902 305 0367 392 121 473 073 184 Pass
20CMINIO-7.6 0050 646 283 0150 2.98 120 356 072 183 Pass

Average 6.71 3.73 5.18 6.22 0.72 253 Pass
3CMAX10-7.6 0381 494 499 3118 818 115 944 073 184 Pass
6CMAX10-7.6 0219 504 407 1360 621 123 764 073 184 Pass

Mdalj‘;glleo' 9CMAX10-7.6 0153 570 3.80 0493 322 124 400 073 184 Pass
20CMAX10-7.6 0082 547 270 0205 249 119 297 071 182 Pass

Average 529 3.89 5.03 6.01 0.72 252 Pass
3CMIN10-91 0233 492 517 1941 832 117 973 073 184 Pass

. 6CMIN10-0.1 0134 651 451 0809 604 127 765 073 184 Pass
“’5'33”13 9CMINI0-9.1 0094 949 306 0383 409 121 495 073 184 Pass
20CMINI0-9.1 0050 7.54 210 0138 274 116 317 068 177 Pass

Average 712 3.71 5.30 6.38 0.71 250 Pass
3CMAX1091 0381 494 494 2706 710 115 819 073 184 Pass

Voo.go., CMAXIO-O1 0219 512 411 1485 679 123 835 073 184 Pass
WO 0" 9CMAX109.1 0153 643 309 0411 268 121 325 073 184 Pass
20CMAX10-9.1 0082 485 324 0256 341 122 378 073 184 Pass

Average 534 3.85 4.92 589 0.73 254 Pass
20CMINO5-61 0050 922 314 0223 443 121 538 073 184 Pass
20CMAX05-6.1 0082 886 238 0159 1.93 117 226 069 179 Pass
20CMINO5-7.6 0050 910 277 0140 278 119 332 071 182 Pass

2d0u'2't?|58' 20CMAX05-7.6 0082 7.50 3.00 0154 187 121 225 073 184 Pass

20CMINO05-9.1 0.050 10.68 2.07 0.100 199 115 230 0.68 1.77 Pass
20CMAX05-9.1 0.082 7.85 333 0.152 184 122 225 0.73 184 Pass
Average 8.87 278 247 296 0.71 249 Pass

As shown in Fig. 8(b), the collapse probabilities of 20 story IMF frames designed for SDC Cpax
using ASCE 7-05 design seismic forces is much larger than those for SDC Cy,in. Regardless of span
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length, the frames designed SDC C.x failed to satisfy the criteria even though the rotation
capacity of their connections was 0.03 radian. The frames were only satisfactory only when they
had ductile connections. Note that, regardless of the level of SDC and connection rotation capacity,
20-story frames designed for ASCE 7-10 design seismic forces (Fig. 7(c)) satisfied the criteria
when their connections had a rotation capacity of 0.03 radian.

8. Conclusions

This study evaluated the seismic performance of steel intermediate moment frames designed
considering different design parameters and seismic design forces. To conduct the seismic
performance evaluation according to FEMA P695, three different rotation capacities of IMF
connections were considered. The conclusions are summarized as follows:

» Even though IMF connections had a rotation capacity of 2%, which is the minimum rotation
capacity required by AISC 341-10, twelve IMFs failed the acceptance criteria among 30 model
frames, and one performance group did not satisfy the acceptance criteria among 7 performance
groups.

» The number of stories significantly affected the probability of collapse for MCE ground
motions. With an increase in the number of stories, the collapse probability became larger. The
frames designed using ASCE 7-05 design seismic forces have larger collapse probability than that
of the frames designed using ASCE 7-10. The probability of collapse was not significantly affected
by different span lengths. The frames designed for SDC C,..x had a larger collapse probability than
corresponding frames designed for SDC Cyn.

* To satisfy the FEMA P695 criteria, it is recommended that nine-story (9-story) and twenty
(20-story) IMFs designed using ASCE 7-10 design seismic forces should have a rotation capacity
of 0.03 radian or larger.

» The collapse probability of the 20-story frames designed using ASCE 7-05 seismic force was
larger than that of the frames designed using ASCE 7-10 design seismic forces because ASCE 7-05
design seismic forces for the 20-story frame was lower than the ASCE 7-10 design seismic forces.
Twenty story (20-story) IMFs designed using the ASCE 7-05 design seismic forces satisfied the
acceptance criteria only when they had ductile connections.
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