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Figure 5.1  4-story building: (a) plan; and (b) elevation of perimeter SMRF.

Figure 5.2

Overview of the 6-story steel building in Burbank, CA.
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Figure 5.3  6-story building: (a) plan; and (b) elevation of perimeter SMRF.
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Figure 5.4  Overview of the 13-story steel building in South San Fernando Valley, CA.
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Figure 5.6  Natural vibration periods and modes of 4-, 6-, and 13-story buildings.
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Figure 5.7  First-“mode” pushover curves for 4-, 6-, and 13-story buildings.
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Figure 5.8  First-“mode” cyclic pushover curve (solid line) and monotonic pushover
curve (dashed line), for 4-, 6-, and 13-story buildings.
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Figure 5.10 Comparison of first-“mode” pushover curve (solid line) and its idealized

trilinear model (dashed line) for 4-, 6, and 13-story buildings.
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Figure 5.11 Comparison of first-“mode” cyclic pushover curve (solid line) and its

hysteretic model (dashed lines), for 4-, 6-, and 13-story buildings.
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Figure 5.12

Median values of EDPs determined by nonlinear RHA of three buildings for
twenty-one ground motions; results for individual ground motions are also
included.

36



03 0.15
1
- ]
: 1
> .
g 02 : Jo.10
~ 1
g g
1 =
0.1 ! Joo5
® § .
w 1
©
m 1
0 . ) L . 0
0 1 2

Roof Disp. / Bidg. Height (%)

Figure 5.13 Roof displacements determined by nonlinear RHA of three buildings for

twenty-one ground motions identified on first-“mode” pushover curves.
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Figure 5.14 Comparison of median EDPs based on the MPS concept with benchmark
EDPs for the 4-story building; individual results for each of the seven scaled
ground motions are also presented.
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Figure 5.15 Comparison of median EDPs based on the MPS concept with benchmark
EDPs for the 6-story building; individual results for each of the seven scaled

ground motions are also presented.
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Figure 5.16 Comparison of median EDPs based on the MPS concept with benchmark
EDPs for the 13-story building; individual results for each of the seven scaled
ground motions are also presented.
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Figure 5.17 Peak deformation D/ values of the first-“mode” inelastic SDF system for
twenty-one ground motions for 4-, 6-, and 13-story buildings; “exact” target
value of deformation D/ is identified by horizontal continuous line;

horizontal dashed line indicates target value of deformation D, established

by Cr equation.
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Figure 5.18 Comparison of median EDPs for Ground Motion Set 1 scaled according to
MPS (top row) and ASCE/SEI 7-05 (bottom row) scaling procedures with
benchmark EDPs; individual results for each of seven scaled ground motions
are also presented. Results are for the 4-story building.
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Figure 5.19 Comparison of median EDPs for Ground Motion Set 2 scaled according to
MPS (top row) and ASCE/SEI 7-05 (bottom row) scaling procedures with
benchmark EDPs; individual results for each of seven scaled ground motions
are also presented. Results are for the 4-story building.
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building.

42



GM Set-1

Floor
N w =S [8)] o

Benchmark

MPS 1

Median
—_ith GM

—_
T

Floor
N w =S [&)] o0

Benchmark

ASCE-7

1t Median
—_ith GM

1 2 0 1 2 3 4 0.02 0.01 0.02 0.03

A. Disp./Bdg. Height (%) Story Drift Ratio (%) Col. PI. Rot. (rad) Beam PI. Rot. (rad)

Figure 5.21 Comparison of median EDPs for Ground Motion Set 1 scaled according to
MPS (top row) and ASCE/SEI 7-05 (bottom row) scaling procedures with
benchmark EDPs; individual results for each of seven scaled ground motions
are also presented. Results are for the 6-story building.
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Figure 5.22 Comparison of median EDPs for Ground Motion Set 2 scaled according to
MPS (top row) and ASCE/SEI 7-05 (bottom row) scaling procedures with
benchmark EDPs; individual results for each of seven scaled ground motions
are also presented. Results are for the 6-story building.
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are also presented. Results are for the 6-story building.
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Figure 5.24 Comparison of median EDPs for Ground Motion Set 1 scaled according to
MPS (top row) and ASCE/SEI 7-05 (bottom row) scaling procedures with
benchmark EDPs; individual results for each of seven scaled ground motions
are also presented. Results are for the 13-story building.
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Figure 5.25 Comparison of median EDPs for Ground Motion Set 2 scaled according to
MPS (top row) and ASCE/SEI 7-05 (bottom row) scaling procedures with
benchmark EDPs; individual results for each of seven scaled ground motions
are also presented. Results are for the 13-story building.
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6. EVALUATION OF MPS PROCEDURE: TALL BUILDINGS

For tall buildings with unusual configurations, innovative structural systems and high performance
materials, the California Building Code (CBC) (ICBO, 2007) and ASCE/SEI 7-05 (ASCE, 2005)
documents permit the use of “alternate materials and methods of construction” relative to those
prescribed in their seismic requirements with the approval of the regulatory agency. For these
buildings, performance-based seismic design (PBSD) concepts are being increasingly employed to
ensure their safety, constructability, sustainability and affordability. PBSD often requires nonlinear
RHA to validate prescribed performance objective, which is generally collapse prevention for tall
buildings under a very rare earthquake with a long recurrence interval, on the order of 2,475 years (Lew
et al., 2008). The ground motions developed for very rare earthquakes are dominated by aleatoric (that
is, source) uncertainties because the strong ground motions recorded from large magnitude earthquakes
are scarce. Thus, there is a great need to establish rational procedures for selecting and scaling records

to match the target design spectrum.

This chapter investigates the accuracy and efficiency of the MPS procedure for nonlinear
RHA of tall buildings where higher-mode effects generally have larger contribution to response.
In addition, the accuracy and efficiency of the scaling procedure recommended in the ASCE/SEI

7-05 document is evaluated for selected two tall moment-frame steel buildings.

6.1 BUILDINGS SELECTED

The buildings selected to evaluate the efficiency and accuracy of the MPS method are existing
19- and 52-story steel special moment resisting frame buildings representative of tall building
types in California. Both buildings are instrumented, and their recorded motions during past

earthquakes were utilized to validate the computer models.

6.1.1 19-story Building

The building shown in figure 6.1 is located in Century City — Los Angeles, designed in 1966-67
and constructed in 1967. It has 19 stories above ground and 4 stories of parking below the
ground level. The vertical load carrying system consists of 11.4 cm thick reinforced concrete

slabs supported by steel beams. There is no composite action between the slab and steel beams
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due to lack of shear studs. The lateral load resisting system consists of four ductile steel moment
frames in the longitudinal direction and five X-braced frames in the transverse direction.
Moment resisting connections are used at the intersection of beams and columns. Perimeter
columns are standard I-sections except at the first story where columns are built-up box-sections.
The foundation system consists of 22 m long driven steel I-beam piles, capped in groups and

connected by 61 cm square reinforced concrete tie beams.

The building was initially instrumented with only three sensors at the time of the 1971
San Fernando earthquake. 15 sensors were in place during the 1994 Northridge earthquake (fig.
6.2). During the Northridge event (its epicenter was 20 km away from the site), the recorded
peak horizontal accelerations were 0.32 g at the basement, 0.53 g at the ground floor and 0.65 g
at the roof; this intensity of shaking resulted in moderate damage in the building in the form of
buckling in some braces at upper floor levels in the transverse direction (Naeim, 1997). There

was no damage in the perimeter moment frames.

6.1.2 52-story Building

The second building selected is one of the tallest buildings in downtown Los Angeles, designed
in 1988 and constructed in 1988-90. This building has a 52-story steel frame office tower and
five levels of basement as underground parking. The floor plans of the tower are not perfectly
square; the tip of every corner is clipped and the middle third of each side is notched. In groups
of about five stories, above the 36" story, the corners of the floors are clipped further to provide

a setback (fig. 6.3).

The structural system of the building is composed of a braced-core, twelve columns
(eight on the perimeter and four in the core), and eight 91.4 cm deep outrigger beams at each
floor connecting the inner and outer columns. The core, which is about 17 m by 21 m, is
concentrically braced between the level-A (the level below the ground-level) and the 50" story.
Moment resisting connections are used at the intersection of beams and columns. The outrigger
beams, about 12 m long, link the four core columns to the eight perimeter columns to form a
ductile moment resisting frame. The outrigger beams are laterally braced to prevent lateral
torsional buckling and are effectively connected to the floor diaphragm by shear studs to transmit

the horizontal shear force to the frame. Perimeter columns are standard I-sections, while the core
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columns are built-up sections with square cross section at the lower floor and crucifix section at
the upper floors. The interior core is concentrically braced. The building foundation is concrete
spread footings (2.74 to 3.35 m thick) supporting the steel columns with 13 cm thick concrete
slab on grade (Ventura and Ding, 2000).

The building is instrumented with twenty accelerometers to record its translational and
torsional motions (fig. 6.4). During the Northridge earthquake (its epicenter was 30 km away
from the site), the recorded values of peak horizontal accelerations were 0.15 g at the basement,
0.17 g at the level-A, and 0.41 g at the roof; no structural damage was observed. The latest
recorded event, the 2008 Chino-Hills earthquake (its epicenter is 47 km away from the site),
generated a PGA of 0.06 g at the ground and 0.26 g at the roof level.

6.2  ANALYTICAL MODELS AND CALIBRATION STUDIES
6.2.1 19-story Building

Three dimensional (3-D) computer model of the building was developed. Steel columns, beams,
and braces were modeled by force-based nonlinear beam-column element in the open source
finite element platform, OpenSees (2009). To properly model the buckling response of the brace,
a slight imperfection is modeled at the brace’s mid-span. Centerline dimensions were used in
element modeling. The building weight, including estimates of non-structural elements such as
partition walls and the mechanical equipments on the roof, was estimated to be 102,309 kN.
Nodes at each floor were constrained to have the same lateral displacement to simulate rigid
diaphragm behavior. The estimated floor mass and mass moment of inertia were lumped at the
centre of mass at each floor. Panel zone deformations and local connection fracture were not
considered therefore modeling of members and connections was based on the assumption of
stable hysteresis loops derived from a bilinear stress-strain model with 3% strain hardening. The
expected yield stress for steel members equal to ~250 MPa was used. The columns were

assumed to be fixed at the base level. The P-A effects were included in the global system level.

As shown in figure 6.5, the first six natural vibration periods of the building are identified
by frequency domain analysis of the motion of the roof relative to base motion recorded during

the Northridge event. The computer model was able to match the measured periods (table 6.1).
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Figure 6.6 plots the computed mode shapes for the first six modes; although the motion is
dominantly in the transverse direction, a slight torsional component exists. Rayleigh damping
was selected to be 3% of critical for the first and sixth modes (fig. 6.7) Nonlinear RHA of the
building subjected to the three components of the motion recorded at the base level during the
Northridge event leads to the relative displacement response in two horizontal directions at the
roof, eight and second floors shown in figure 6.8, where it is compared with the motions derived
from records. The excellent agreement between the computed and recorded displacements

indicates that the computer model is adequate.

6.22 52-story Building

The 3-D model of the 52-story building in OpenSees (2009) included 58 separate column types
and 23 different beam types. The building weight, including estimates of non-structural elements
such as partition walls and the mechanical equipment in the roof, was estimated to be 235,760
kN. The material model is based on stable hysteresis loops derived from a bilinear stress-strain
model with 2% strain hardening. All steel framing including columns are ASTM A-572 (grade
50) with a nominal yielding strength of 345 MPa.

The first nine natural vibration periods of the building identified from the recorded
relative roof motions with respect to base during the Northridge and Chino-Hills events are
shown in figure 6.9. The computer model was able to match the measured periods reasonably
well (table 6.2). Figure 6.10 plots the mode shapes for the first nine modes; torsional modes are
well separated from translational modes. Rayleigh damping was selected to be 4% of critical for
the first and ninth modes (fig. 6.11). Nonlinear RHA of the building subjected to the three
components of the motion recorded at the base level during the Northridge event leads to the
relative displacement response in two horizontal directions at the roof, thirty fifth, twenty-second
and fourteenth floor shown in figure 6.12. The excellent agreement between the computed and
recorded displacements indicates that the computer model is adequate, at least in the elastic

range.
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6.3. FIRST-“MODE” SDF-SYSTEM PARAMETERS
The force-deformation relation Fs; / L; — D; for the first-“mode” SDF system for each building

is determined from the base shear — roof displacement relation defined by first-“mode” pushover
curve by utilizing F/Li= Vi /Ml* and D; = u,1 / T'1¢,1. For both buildings, only the E-W

direction is considered in the pushover analysis. The resulting force-deformation relations for the
first-“mode” SDF system are shown in figure 6.13. For the 19-story building, a bilinear
hysteretic force-deformation relation is found to be adequate, while for the 52-story building, the
hysteretic force-deformation relation is idealized by the peak-oriented model (Ibarra and

Krawinkler, 2005; Ibarra and others, 2005) with the monotonic curve idealized as tri-linear.

6.4. EVALUATION OF MPS PROCEDURE

The efficiency and accuracy of the MPS procedure will be evaluated for each of three ground
motion sets (table 5.1) separately by comparing the median values of EDPs determined by
nonlinear RHA of each building due to the seven scaled records against the benchmark EDPs.
Although the twenty-one records selected are the most intense records in the NGA database
consistent with the seismic hazard defined in Chapter 4.3, the 19- and 52-story buildings remain
essentially within their linearly elastic range. To impose significant inelastic deformations, these
twenty-one ground motion records were amplified by a factor of three and their median response
spectrum (fig. 6.14) is treated as the target spectrum. Nonlinear RHAs under scaled records
indicates significant nonlinearity from both buildings as shown in figure 6.15, where the
resultant peak roof displacement values are identified on the first-“mode” pushover curve; and
their median values are marked as vertical dashed line. The median deformation exceeds the
yield deformation by factors of 3.3 and 2.6, respectively for the 19- and 52-story buildings.
Figure 6.16 shows the benchmark EDPs for the two buildings: maximum values of floor

displacements (normalized by building height), story drift ratios (story drift + story height), and

plastic rotations of the beams and columns. Results from individual records are also included to
demonstrate the large dispersion or record-to-record variability. The peak values of story drift
ratios range from 1.2% to 12.5% for the 19-story building, and 0.4% to 5.8% for the 52-story
building.
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In evaluations of the MPS, “exact” value of first-“mode” target inelastic spectral

displacement (that is, D/ ) was assumed to be unknown and it was estimated using an empirical
C, equation (Chopra and Chintanapakdee, 2004). This estimate is compared in figure 6.17

against the “exact” value of D (dashed horizontal line) determined by nonlinear RHAs of the

first-“mode” inelastic SDF system for twenty-one “unscaled” records; values from individual

records are also included to show its record-to-record variability. The empirical equation for C,
overestimates “exact” value of D/ by only 8% for the 19-story building, and under estimates
“exact” value of D] by only 1% for the 52-story building.

Once D) is estimated, an appropriate scale factor for each record is determined based on

the inelastic first-“mode” SDF systems (fig. 6.13) by implementing Steps 7-8 of the MPS
procedure. The scale factors established for each record in each of the three sets are presented in
table 6.3 for both buildings. The EDPs determined by nonlinear RHAs due to three sets of seven
ground motions scaled according to the MPS procedure are compared against the benchmark
EDPs. Figures 6.18 and 6.19 present such comparisons respectively for the 19- and 52-story
buildings considering the three sets of ground motions. Also included are the EDP values due to
each of the scaled ground motions to show dispersion of the data. The values of EDPs due to a
small (7) subset of scaled ground motions are close to the benchmark results. The median values
of the peak floor displacements, story drift ratios and column plastic rotations are well estimated.
The height-wise average errors in estimating the median values of peak floor displacements and
drifts are 7% and 3%, respectively for the 19-story building, 9% and 8%, respectively for the 52-
story building. These are the errors averaged over GM Sets 1-3.

The dispersion of the EDP values due to the seven scaled records is reduced as compared
to the dispersion associated with the original records (fig. 6.16), but this reduction is less at
intermediate and upper floors, suggesting that second-“mode” responses should also be

considered in the MPS procedure.
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6.5. MPS CONSIDERING SECOND-“MODE”

Next, the second vibration “mode” is considered in selecting the most appropriate set of seven
ground motions out of the twenty-one records scaled based on the first-“mode” response only by
implementing Steps 10-13 (Chapter — 2.1) of the MPS method. The seven records with the
highest ranks (see Step 12) were defined as Ground Motion Set 4; this set is different for each
building (see Table 6.4).

Figure 6.20 compares the median EDPs from ground motions scaled by the MPS method
with the benchmark values for the two buildings. Considering the second-“mode” in selecting
ground motions provides a more accurate estimate of the median EDPs; the height-wise average
errors in estimating the median values of peak floor displacements and drift ratios are reduced to
6% and 2%, respectively for the 19-story building, 6% and 7%, respectively for the 52-story
building. The height-wise average errors in beam plastic rotations are reduced from 34%
(averaged over GM Sets 1-3) to 15% for GM Set 4 for the 52-story building where higher-mode
contributions to response are more pronounced; however, the errors in case of the 19-story
building remain essentially unchanged. For both buildings considering the second-“mode” in
ground motion selection significantly reduces record-to-record variability (compared to the
results achieved by Ground Motion Sets 1-3 as shown in figs. 6.18 and 6.19). The enhanced

accuracy and efficiency are demonstrated in figure 6.21, where the A and 6—the median value
of the ratio of the estimated story drift to its benchmark value, and dispersion of this ratio—are
plotted for the four sets of ground motions. Ground Motion Set 4 is more accurate (that is,
height-wise distribution of A is in average closer to unity) and efficient (that is, ¢ is closer to

zero) than Ground Motion Sets 1 though 3.

6.6. COMPARING MPS AND CODE-BASED SCALING PROCEDURES

The EDPs determined by nonlinear RHA of the structure due to a set of seven ground
motions scaled according to the ASCE/SEI 7-05 scaling method are compared against the
benchmark EDPs. Figures 6.22 and 6.23 present such comparisons for the two buildings and for
the three sets of seven ground motions. The ground motions scaled according to the ASCE/SEI
7-05 scaling method overestimate the median EDPs with the height-wise average overestimation

of floor displacements and story drifts by 15% and 10% respectively, for the 19-story building,
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93% and 130% respectively, for the 52-story building; obviously this overestimation in the latter
case is unacceptably large. Errors in beam and column plastic rotations are also considerable. As
evident by comparing figures 6.18 and 6.19 with figures 22-23, the MPS method leads to much
smaller dispersion compared to the ASCE/SEI 7-05 scaling method. The large dispersion
associated with the ASCE/SEI 7-05 scaling method suggests that ground motion records should
not be selected randomly from a large set of records that conforms to the site-specific hazard
conditions (that is, magnitude, distance and site geology), but their spectral shape should also be
considered.

To demonstrate the importance of spectral shape of selected records on the accuracy and
efficiency of the ASCE/SEI 7-05 scaling criteria, we deliberately selected a set of seven records
(out of twenty-one) such that their scaled spectral accelerations, A(7;) and 4(7>) at the first two
vibration periods of the building, 7; and 7>, are significantly higher than the design spectrum,;
this final set is identified as Ground Motion Set 5. Figure 6.24 compares the average spectrum of
scaled records in Set 5 with the design spectrum for the 19- and 52-story buildings; also shown
are the individual spectra. For both buildings, the average value of A(7;) and A(7,) are
significantly larger than the design spectrum values at these periods.

The median values of EDPs due to GM Set 5 are compared with the benchmark values in
Figure 6.25 for the two buildings. Clearly the ASCE/SEI 7-05 scaling method grossly
overestimates EDPs at almost all floors, for example, floor displacements are overestimated by
as much as 100% for the 19-story building, and almost 200% for the 52-story building. The
dispersion in responses due to Ground Motion Set 5 is much larger compared to Sets 1-3. To
obtain acceptable estimates of EDPs using records scaled by the ASCE/SEI 7-05 scaling method,
the selected records must satisfy the requirement that their scaled response spectra are close to
the design spectrum values at 7; and 7>. In contrast, the MPS method (with scaling based on
“first”-mode only) is effective in scaling the records in GM Set 5 to achieve good estimates of
EDPs. This is demonstrated in figure 6.26 where the floor displacements and story drifts differ
from the benchmark results by less than 10%; however the errors in plastic hinge rotations are
larger. It is reassuring to observe that the MPS procedure is effective in scaling even records with

spectral shape significantly different than the design spectrum.
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Table 6.1 Measured and computed natural periods for 19-story building

. . Period (sec)
Mode No.| Direction
1994 Northridge OpenSees
1 E-W 3.7 3.7
2 N-S + Torsion 3.4 3.4
3 E-W 1.4 1.4
4 N-S + Torsion 1.1 1.1
5 N-S + Torsion 0.8 0.8
6 E-W 0.6 0.6

Table 6.2 Measured and computed natural periods for 52-story building

. . Period (sec)
Mode No.| Direction
1994 Northridge | 2008 Chino-Hills | OpenSees
1 E-W 5.9 5.6 5.8
2 Torsional 4.7 - 5.5
3 N-S 5.6 5.3 5.4
4 E-W 1.8 1.7 1.9
5 Torsional 1.7 1.7 1.8
6 N-S 1.7 1.7 1.7
7 E-W 0.9 0.9 1.1
8 Torsional 0.9 0.9 1.0
9 N-S 0.9 0.9 0.9




Table 6.3 Scale factors for 19- and 52-story buildings and for three sets of seven

ground motions

Scale Factor

No. Earthquake Station Set 19-story 52-story
1 Superstition Hills  Parachute Test Site 1 4.76 3.36
2 Northridge Jensen Filter Plant 1 4.26 8.27
3 Northridge Sylmar - Converter Sta East 1 3.86 4.41
4 Kobe, Japan Takatori 1 6.57 5.42
5 Chi-Chi, Taiwan TCUO065 1 1.98 1.16
6 Chi-Chi, Taiwan TCU102 1 3.28 1.99
7 Kocaeli, Turkey Yarimca 1 3.51 3.40
1 Erzincan, Turkey Erzincan 2 6.55 7.28
2 Imperial Valley EC Meloland Overpass FF 2 3.46 5.01
3 Kobe, Japan Port Island 2 2.71 4,90
4 Northridge Sylmar - Converter Sta 2 3.03 3.06
5 Tabas, Iran Tabas 2 2.38 1.09
6 Chi-Chi, Taiwan TCUO52 2 1.53 0.82
7 Chi-Chi, Taiwan TCU084 2 4.53 6.11
1 Duzce, Turkey Duzce 3 3.04 3.59
2 Imperial Valley El Centro Array #7 3 3.08 3.39
3 Loma Prieta LGPC 3 4.60 4.34
4 Northridge Rinaldi Receiving Sta 3 3.43 5.39
5 Northridge Sylmar - Olive View Med FF 3 443 4.80
6 Chi-Chi, Taiwan TCU068 3 1.19 0.54
7 Northridge Newhall - W Pico Canyon Rd 3 3.26 3.58
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