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Seismic Analysis of the 10-Story CFS-NHERI Building

Jiachen Zhang', Amanpreet Singh?, Tara C. Hutchinson®, Xiang Wang*

Abstract

A 10-story full-scale cold-formed steel building is scheduled to be tested on the newly upgraded 6-DOF Large High-
Performance Outdoor Shake Table (LHPOST6) at the University of California San Diego serving as the capstone effort
to the NSF-funded Collaborative Research: Seismic Resiliency of Repetitively Framed Mid-Rise Cold-Formed Steel Build-
ings (CFS-NHERI) project. In preparation for this test program, a simplified pancake model is developed in OpenSees to
predict the dynamic characteristics and to simulate the behavior of this 10-story test building under nonlinear dynamic re-
sponse history analysis. The pancake model is composed of rigid diaphragms and nonlinear shear springs representing the
hysteretic behavior of the lateral load resisting shear walls. Pinching4 material properties calibrated using past experiments
defined the properties of shear springs with scaling based on geometric properties. To evaluate the robustness of the ap-
proach, a similar model of a 6-story CFS building, tested under uni-directional shaking was also developed. For the 6-story
modeling effort, the dynamic characteristics and response under the same series of ground motions used in the shake table
tests are compared with the test results and good agreement is observed. Thus, for the 10-story CFS-NHERI building (pre-
test) analyses, a suite of 22 far-field ground motion pairs provided in FEMA P695 are chosen to perform nonlinear response
history analysis. The responses under these scaled ground motions are compared to investigate the effect on the seismic
response of the 10-story CFS-NHERI building. In future work, the responses of the pancake model will be compared with
other numerical models being developed by fellow researchers within the CFS-NHERI team using more complex wall line
representations for example. At present however, it is recognized that the simplified pancake model provides a fast compu-
tational turnaround time, while effectively capturing the characteristics and providing reasonable estimates of the responses,
which makes it useful for pre-test analyses to identify a candidate suite of ground motions to be used for the future shake
table test program.

1. Introduction [1][2] developed a simple numerical model to predict the dy-

namic characteristic, quasi-static pushover, and seismic re-

Three-dimensional structural analysis models are essential
to simulate the behavior of building systems under vary-
ing loading conditions. However, the complexity and redun-
dancy in the structural systems can be more prominent at
the building level. The level of modeling detail greatly affects
the required computational resources and using highly re-
fined models can overwhelm the computing capability. Thus,
model reduction techniques must be implemented to offer ef-
ficient numerical models that provide reasonable results as
well as reasonable computational overhead. To this end,
simplified pancake model ideas have been employed in the
realm of wood structures. For example, Folz and Filiatrault
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sponse of the woodframe test building within the CUREE-
Caltech Woodframe Project. This model was composed of
rigid horizontal diaphragms and nonlinear shear spring ele-
ments representing the lateral load resisting shear walls. The
predictive capabilities of the model were then compared with
the experimental results and shown to provide reasonably
accurate estimates of the response. Along a similar strat-
egy, van de Lindt et al. [3] developed a SAPWood model
within the NEESWood Project. Predictions derived from the
SAPWood model were compared against the experimental
seismic responses of a full-scale two-story light-frame wood
townhouse building and good agreement was observed. In
the aforementioned and other efforts with the woodframe re-
search contributions, pancake models developed were also
shown to provide fast computational time and require minimal
computational resources and as a result may be useful tools
for practicing engineers and researchers for seismic analysis
and design of such building systems.
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Research conducted on various components of buildings us-
ing cold-formed steel (CFS) framing solutions has signifi-
cantly contributed to the advances and development of codes
and standards such as AISI S100[4], S240[5], and S400[6],
and to the better understanding of the behavior and CFS
framing components. However, investigation of the system-
level performance of cold-formed steel buildings under earth-
quake excitation has been very limited. To the authors’
knowledge, only two projects thus far have investigated the
system-level seismic performance using large shake tables
in Northern America. Peterman et al. [7]-[9] conducted a
two-story low-rise CFS-framed building shake table test at
the NEES@Buffalo site within the CFS-NEES project. This
test program involved two phases with various construction
details. The test building was subjected to a series of white
noise vibrations and earthquake excitation until destructive
testing at the maximum considered earthquake level in the
final stage. Hutchinson et al. [10]-[12] conducted shake ta-
ble testing of a six-story mid-rise CFS-framed building at the
NEES@UC San Diego site within the CFS-HUD project and
investigated the earthquake and post-earthquake fire perfor-
mance of the building system.

The upcoming 10-story CFS-NHERI building benchmark test
will provide a unique opportunity to investigate the system-
level performance of now much taller CFS buildings under
multi-directional seismic excitation. In preparation for this ef-
fort, a simplified numerical pancake model was developed
in OpenSees [13]-{15] to predict the dynamic characteristics
and to simulate the nonlinear behavior of the test building. To
evaluate the robustness of the modeling approach, a similar
model of the 6-story CFS-HUD test building was also devel-
oped and responses of the pancake model under the same
series of ground motions were compared with the test data.

1.1 Available Shake Table Test Data

The full-scale shake table testing of a six-story mid-rise CFS-
framed building conducted by Hutchinson et al. [10]-[12] at
the NEES@UC San Diego site within the CFS-HUD project
was the tallest CFS building ever tested at that time and the
first of its kind that underwent live fire testing and subsequent
post-fire earthquake tests. It provided a unique opportunity
to evaluate the earthquake and post-earthquake fire perfor-
mance of CFS building systems. The test building was sub-
jected to a sequence of white noise vibrations and seven
earthquake tests of increasing intensity targeting service, de-
sign, and maximum considered level earthquake demands
during the pre-fire test stage. Live fire tests were conducted
subsequently at two selected floors and finally the test build-
ing was subject to two post-fire earthquake tests including a
low-amplitude motion and a near-fault maximum considered
level earthquake motion. Figure 1 shows the isometric view
and the building plan layout for the CFS-HUD test building.
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Figure 1: CFS-HUD test building: (a) isometric view, and (b) building plan
layout [10][12].

1.2 Upcoming CFS-NHERI Shake Table Test Program

The multi-university-industry project entitled: Seismic Re-
siliency of Repetitively Framed Mid-Rise Cold-Formed Steel
Buildings, funded through the National Science Foundation
(NSF), referred to as CFS-NHERI, was undertaken to ad-
vance knowledge of the seismic performance of mid-rise
CFS-framed building systems and to use this knowledge to
support improvements in the seismic design codes for such
systems. Thus far within CFS-NHERI, a set of experiments
have been conducted to better understand and capture non-
linearities at the component and connection level within the
CFS-NHERI project (Singh et al. [16]-[21], Zhang et al. [22]—
[24], Castaneda et al. [25]). Singh et al. [16]-[21] tested wall
line assemblies with various configurations utilizing shake ta-
ble and quasi-static testing. Specimen details include unfin-
ished or finished, symmetrical or unsymmetrical, Type | or
Type Il shear wall detailing configurations, tension tie rods
or holdowns as anchorage detailing, and presence of win-
dow openings. A significant increase in the wall line lateral
strength and stiffness caused by finish application on the ex-
terior wall line has been observed. Zhang et al. [22]-]24]
conducted connection tests to investigate the screw connec-
tion behavior to support the use of steel sheet sheathing
with HSS sections. Castaneda [25] recently tested floor di-
aphragm assemblies using CFS joists and various panels to
characterize the lateral performance of such floor systems at
the component level. The system-level tests will build on the
learnings from these connection- and component-level tests
performed within the CFS-NHERI project. This unique tall
CFS building will adopt the use of prefabricated CFS wall-
lines and floor diaphragms for rapid construction at the test
site.

A 10-story CFS-framed test building will be constructed
and tested atop the newly upgraded 6-DOF Large High-
Performance Outdoor Shake Table Facility (LHPOST6) at



NHERI@UC San Diego Experimental Facility [26]. This
experimental program will also provide a unique opportu-
nity to evaluate the post-earthquake fire performance of the
earthquake-damaged building. Notably unique to this tall
building will be the integration of complete architectural fin-
ishes and a building height exceeding the height limitation
set by current US design standards (ASCE 7-22 [27]). The
experiments will provide vital full-scale system-level bench-
mark test data for a state-of-the-art CFS building under multi-
directional seismic input leading to seismic design codes im-
provements. Complimentary live fire tests performed by Cal
Poly San Luis Obispo will facilitate additional understanding
of the thermal and smoke spread within seismically damaged
compartments.

The 10-story test building was designed as a CFS-framed
building at a hypothetical location in a highly seismic region
near Irvine, California with a corresponding Site Class C
(very dense soil and soft rock) condition (see Singh et al.
[28]). The following design parameters were assumed in
accordance with ASCE 7-16 [29]: risk category: I, spectral
acceleration at short periods, Sg = 1.261 g, spectral accel-
eration at a period of 1 s, S; = 0.452 g, and design spectral
accelerations, Spg = 1.009 g and Spy = 0.452 g. The lateral
force resisting system of the test building consists of Type
| shear walls with single-sided steel sheet sheathing and
ledger framing for floor-to-wall connections. The structure
was designed to have a total building height of 30.5 m (100
ft), which exceeds the height limitation of 19.8 m (65 ft)
set by the current ASCE 7-16 [29] and 7-22 [27] design
standards. Singh et al. [28] summarized the structural
design narrative of the test building and provided additional
details. Figure 2 provides a simplified 3D rendering of the
proposed CFS-NHERI test building.

3.05 m (10 ft) typical
story height

Figure 2: Simplified rendering of the 10-story CFS-NHERI test building
(note: actual floor plan varies slightly).

2. Pancake Model Development and Analysis for CFS-
HUD Project

2.1 Model Description

The six-story CFS-HUD test building (see Figure 1) had a
uniform plan dimension of 10.4 m x 7.3 m (34 ft x 24 ft) for
each floor. Note that base input excitation is imposed along
the long axis of this building. Each story had a floor-to-floor
height of 3.1 m (10 ft). Two longitudinal shear walls were
placed along the east and west ends of the corridor, with a
wall length of 4.0 m (13 ft) for the walls at the west end and
3.3 m (11 ft) for those at the east end. L-shaped shear walls
with a length of 1.6 m (5’-4”) in the longitudinal direction and
2.1 m (7 ft) in the transverse direction were placed at each
corner of the building. The total length of shear wall was 21.3
m (70 ft) in the longitudinal direction and 8.6 m (28 ft) in the
transverse direction [10]-[12].

OpenSeesPy [15] was used in the development of the nu-
merical pancake model. The general solution strategies in-
volved applying gravity first, assigning uniform excitation,
and performing nonlinear transient analysis using Newton-
Raphson solution algorithm with a Newmark integrator of
vy=1/2and g =1/4.

Each shear wall segment had a node to which a zero-length
shear spring was connected. Figure 3 shows the locations
of the shear springs adopted for this simplified model. In
total, there are 8 shear springs in the longitudinal direction
(blue) and 4 shear springs in the transverse direction (green).
It should be noted that the contributions of the longitudinal
shear springs to the rotational stiffness remain the same re-
gardless of the exact locations of the nodes for the longitu-
dinal direction as long as they remain along the same hori-
zontal line in plan view, due to the decoupling modeling ap-
proach. Therefore, these nodes were moved to the edge as
shown in Figure 3.

2.1m

Shear wall
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Figure 3: Zero-length shear spring locations assumed for CFS-HUD building
model.



To capture the horizontal seismic load transfer, rigid di-
aphragms were employed and each rigid diaphragm had one
master node and 12 slave nodes, which were the nodes at
each shear wall. Lumped mass with rotational inertia was
then assigned to the master node. This simplification results
in the response of the building defined in terms of only three
DOFs per floor. Applying this overall modeling approach to
the test building and stacking each pancake representing
each floor produced the building model shown in Figure 4.

rigid °
diaphragm °
= [ ®
master
node 6 stories @
L i/ 3.1m (10 ft) u
| | ]
n
slave

Figure 4: Conceptual representation of the 6-story CFS-HUD building pan-
cake model.

2.2 Hysteretic Modeling of Shear Walls

Pinching4 (see Figure 5) material properties were then as-
signed to each zero-length shear spring to capture the non-
linear degrading strength and stiffness hysteretic behavior of
the shear walls. To determine the material properties of the
pinching4 elements throughout the test building, the tests of
Hoehler and Smith [30] were utilized. This program involved
a total of fourteen tests on six 2.7 m (9 ft) x 3.7 m (12 ft)
shear wall specimens that were designed with detailing sim-
ilar to the shear walls along the second floor corridor of the
CFS-HUD test building. Specifically, results from test CFS02
(Figure 6a) were adopted to back-estimate the calibration for
the pinching4 material properties. In this regard, the cali-
bration process aimed to achieve an optimal match between
the experimental and the simulated hysteretic lateral force-
drift response, while also computing the cumulative and per
cycle dissipated energy of the hysteretic loops. Figure 6b-d
present the material model parameter calibration results for
CFS02 wall-line, demonstrating overall good agreement for
the model fit parameters across the behavioral space con-
sidered.

The pinching4 material properties for each shear wall were
then scaled based on the actual geometric properties and
detailing for each shear wall within the CFS-HUD building.
Figure 7 shows the scaled pinching4 material properties of
level 1 shear springs for the CFS-HUD model.
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Figure 5: General pinching4 material model [31].

2000 b) 45
4 30 &
:’ 100 =
g 15 é
) ) S —— = = = e
= 0 02
K} 15
g -100 B
5] — Experimental ' -30 <
= xper 5
200 ---Pinching4 45—
32 0 1 2 3
7 i-”—“'-| = Drift %
E a2 fo £ i
Z, i z x10t
% 10000 = =z 4
o ) ——Experimental B % d) i %
© 8000 g-=-Pinching4 672 B T g
B I 15 g3 s S g
5 6000 g g e =
o) 9 W 154
a R 4= <2 ya 15 %
5 4000 A & =} = L
AN P 03
E 2000 ;._-’./’ \ zé "31 o —>-Experimental | S
g5 Al A 2 £ -~ -a-Pinchingd =
E omeadd 02 Eo0 0
B3 0 500 1000 1500 2000 2500 2‘ ERY 500 1000 1500 2000 2500 g
Z Cumulative drift [mm)] A g Cumulative drift [mm)] E}
=) 3 ]

Figure 6: Material model parameter calibration results. (Note part a photo-
graph courtest of Hoehler and Smith [30])

Floor 1 SW1 Floor 1 SW3
300 300
60 60 |
= Z = Z
fé 00 40 5 2 200 40 5
g 100 20 o g 100 20 o
S 0 - ,-mvdl——kuw [ S 0 02
£ -100 207 £-100 207
3 8 g g
5 200 40 5 | — 5 500 “0%
-60 4 -60
-300 § -300
302 0 12 3 NWRoom | ¢ NE Room - 3
Drift % I
Corridor
Floor 1 SW2 I Floor 1 SW4
300 SW Room 7 300
60 | # 60 |
Z 200 w0 & I Z 200 w0 &
g 100 20 g 100 20
= 14 = 2
S 3 S s 3
[: 0 0 4 [: 0 \;%—/ 0 ©
§ 100 2078 2 .100 \ 207
g g ) g g
5 200 -40% 5 200 40 %
300 -60 Shaking Direction 300 -60
302 a0 1 3 302 4 0 1 2 3
Drift % Drift %

Figure 7: Plan view of level 1 and associated scaled shear spring models
for CFS-HUD model.



Table 1: Comparison of building periods for CFS-HUD model and test. (L =
longitudinal, T = transverse, and To = torsional mode)

Mode 1-T 1-L 1-To 2-T 2-L 2-To
Model 0.48s 0.31s 0.27 s 0.16 s 0.11s 0.09s
Test 0.45s 0.26 s 0.23s 0.13s 0.08 s 0.07 s

*1-T, 1-L, 1-To: 1st transverse, longitudinal mode, and torsional mode;
2-T, 2-L, 2-To: 2nd transverse, longitudinal mode, and torsional mode;

Table 2: Summary of ground motions.

Short Name Earthquake - Station (Performance Target)
EQ1:RIO-25 1992 Cape Mendocino - Rio Dell Overpass (Service Level)
EQ2:CNP-25 1994 Northridge - Canoga Park (Service Level)
EQ3:CUR-25 2010 Maule, Chile - Curico (Service Level)
EQ4:CNP-25* 1994 Northridge - Canoga Park (Service Level)
EQ5:CNP-50 1994 Northridge - Canoga Park (50% Design Level)
EQ6:CNP-100 1994 Northridge - Canoga Park (Design Level)
EQ7:CNP-150 1994 Northridge - Canoga Park (MCE Level)

*Note: EQ4 is a repeat of EQ2, therefore not considered in future
analyses

2.3 Summary of Analyses and Results

2.3.1 Eigen Analysis

Eigen analysis was first performed using the aforementioned
numerical model of the CFS-HUD test building. Table 1 sum-
marizes the comparison of building periods for both the nu-
merical model and the shake table test. Good agreement
is observed in this comparison, both in terms of sequence
of fundamental modes and amplitude of associated peri-
ods. However, a consistent trend of nominally larger periods
(< 10%) from the numerical model is also be observed. This
could result from a lower stiffness in the numerical model
caused by the assumption that only shear walls contribute to
the lateral stiffness.

2.3.2 Nonlinear Response History Analysis

The recorded shake table platen motion obtained during test-
ing were then used as the input ground motions records for
nonlinear response history analysis for the CFS-HUD numer-
ical model. The input earthquake ground motion records
used in the pre-fire test stage were selected from three his-
torical earthquake events, namely Rio Dell Overpass from
the 1992 Cape Mendocino earthquake, Canoga Park from
the 1994 Northridge earthquake, and Curico from the 2010
Maule earthquake in Chile. Table 2 summarizes the input
ground motions for the shake table tests used during the
pre-fire stage and their respective performance targets. Fig-
ure 8 shows the acceleration time histories of these motions
which were directly input to the numerical model obtained
from the shake table test results. It can be clearly observed
that the first seven ground motion inputs used in the pre-
fire test stage were applied at increasing intensity. Figure 9
shows the 5% damped elastic pseudo-spectral acceleration
of the input ground motions. Note that the intensity of the
input motions was sequentially scaled to span from service
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Figure 8: Acceleration time histories of input ground motions. Note that test
motion EQ3: CUR-25 is of significantly longer duration, therefore its x-axis
range differs from all others.

through to MCE demands, resulting in the peak acceleration
of the ground motions increasing from 0.14 g to 0.9 g, while
the spectral accelerations at the fundamental period (period
for the 1st longitudinal mode) increased from 0.3 gto 1.7 g
with the increasing intensity.

Figure 10 shows a comparison of the peak floor acceler-
ation (PFA) distribution obtained from the numerical model
with that measured during testing considering three ground
motions that target service, design and MCE performance
objectives. In general, the comparison is reasonable. The
PFA distributions obtained from the numerical model and the
shake table tests match significantly well for service and de-
sign level ground motions. Less favorable comparison be-
tween the test and numerical simulation PFAs are realized at
the MCE level earthquake, with an overestimation as large
as approximately 2-fold in the negative PFA (floor 5). How-
ever, the remainder of the floor peak acceleration are within
30-50% of those in tests.

The floor response spectra (FRS) for the pre-fire earthquake
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Figure 13: Comparison of roof level 5% damped pseudo-acceleration re-
sponse spectra.

sequences are illustrated in Figures 11 and 12. The floor
response spectra are defined as the 5% damped elastic
pseudo-acceleration spectra calculated using the achieved
floor acceleration as the input excitation in the longitudinal
direction. It can be observed that for both the service-level
earthquakes and above-service level earthquakes, the ob-
served spectral peaks are tuned with the longitudinal periods
of the building, which are about 0.3 seconds for the first longi-
tudinal mode and about 0.1 seconds for the second longitudi-
nal mode. The FRS peaks associated with the fundamental
longitudinal period (about 0.3 seconds) increase with height
in the building. These findings are consistent with those of
Wang et al. [12]. However, the observed FRS peaks ob-
tained from the model tend to have larger peak amplitudes
for service-level earthquakes and smaller peak amplitudes
for above-service-level earthquakes.

Figure 13 presents a comparison of the roof level 5%



damped pseudo-acceleration response spectra obtained
from the numerical model and the shake table test results
under three ground motions that target at service, design,
and MCE level. Consistent with observations from the FRS
of the service-level response, the observed spectral peaks
are tuned with the longitudinal periods of the building. The
spectral peaks associated with a period around 0.6 s have
significantly large amplitudes obtained from the test results
for both design and MCE level ground motions while the am-
plitudes for the same ground motion obtained from the nu-
merical model results are relatively smaller. This might result
from the fact that the building becomes less stiff with damage
and thus has elongated period while the material properties
in the numerical model did not consider explicitly the dam-
aged accumulated during the test sequence.

3. Pancake Model Development and Analysis for CFS-
NHERI Test Building

3.1 Model Description

Adopting a similar methodology, a numerical pancake model
was developed for the aforementioned 10-story CFS-NHERI
test building. The test building was designed to have four
1.83 m (6 ft) shear walls (four SW2) in the longitudinal di-
rection and six 1.83 m (6 ft) shear walls (two SW1 and four
SWa3) in the transverse direction. Shear walls were designed
with varying details. For example, all shear walls of level 1
used 0.838 mm (33 mil) thick steel sheet and #10 screws
and were also fully blocked, but SW1, SW2, and SW3 of
level 1 were designed with different minimum framing thick-
nesses (1.37 mm (54 mil), 2.46 mm (97 mil), and 1.37 mm
(54 mil)) and different fastener spacing patterns (51 mm (2
in), 51 mm (2 in), and 102 mm (4 in)). Further details about
the detailing of the shear walls can be found in the summa-
rized narrative by Singh et al. [28]. Similarly, each shear wall
segment had a pair of nodes to which a zero-length shear
spring was connected. Figure 14 shows the locations of the
nodes and shear springs. In total, there are 4 shear springs
in the longitudinal direction (blue) and 6 shear springs in the
transverse direction (green). It should be noted that the con-
tributions of the transverse shear springs to the rotational
stiffness also remain the same regardless of locations of the
nodes as long as they remain along the same vertical line in
plan view due to the decoupling modeling approach. There-
fore, those nodes were moved to the edge as shown in Fig-
ure 14. Each rigid diaphragm then had one master node, to
which a lumped mass with rotational inertia was assigned,
and six slave nodes. The four slave nodes at four corners
were each connected to one longitudinal shear spring and
transverse shear spring. The response of the building was
again similarly defined in terms of only three DOFs per floor.
The building model shown in Figure 15 was produced by uti-
lizing this overall modeling approach.
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Figure 14: Zero-length nonlinear shear spring locations of 10-story CFS-
NHERI model.
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Figure 15: Conceptual representation of the 10-story CFS-NHERI building
pancake model.

Determination of the shear spring material properties, as
characterized using the pinching4 material, was undertaken
courtesy of test results by Rizk and Rogers [32]. These ex-
periments involved monotonic and cyclic loading of 28 spec-
imens with 14 configurations to determine the influence of
the framing thickness on the performance of the shear walls.
Calibration for the pinching4 material properties was per-
formed based on test results from W1 by Rizk and Rogers
[32] (Figure 16a) and from the wall line test by Singh et al.
[16]-[21], and the material properties were scaled based on
geometric properties of each shear wall.

3.2 Summary of Analyses and Results

3.2.1 Eigen Analysis

Table 3 summarizes the building periods as estimations us-
ing the CFS-NHERI pancake numerical model. The 1st lon-
gitudinal mode (1-L), the 1st transverse mode (1-T), and the
1st torsional mode (1-To) are 1.32 s, 1.17 s, and 0.80 s, re-
spectively. The design code (ASCE 7-16 [29]) based approx-
imate fundamental period is T, = C;h? = 0.63 s. A mis-
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Figure 16: Pinching4 properties of level 1 shear springs for CFS-NHERI
model. (Note part a photograph courtesy of Rizk and Rogers [32])

Table 3: Summary of building periods for the CFS-NHERI 10-story building
model. (L = longitudinal, T = transverse, and To = torsional mode)

Mode 1-L 1-T 1-To 2-L 2-T 2-To
Period [s] 147 113 082 053 046 0.32
Mass Participation %  85.1 785 80.8 7.1 121 10.5

*1-L, 1-T, 1-To: 1st longitudinal, transverse, and torsional mode;
2-L, 2-T, 2-To: 2nd longitudinal, transverse, and torsional mode;

match is observed between the numerical model periods and
the code-based period, indicating a more flexible behavior of
the numerical pancake model. Table 3 also summarizes the
mass participation ratio for each mode, which is the ratio be-
tween the effective modal mass and the total mass of the
building. It is important to note that despite the tall height
of the building, greater than 90% mass participation is as-
sociated with each of the first two modes in the longitudinal,
transverse, and torsional direction.

3.2.2 Nonlinear Response History Analysis

Nonlinear response history analyses are performed to of-
fer insight into the expected behavior of the 10-story CFS-
NHERI building across a wide range of earthquake demand
scenarios. For this purpose, motions from the FEMA P695
[33], provide two sets of ground motion records for col-
lapse assessment. Record sets are divided into the Far-
Field record set and the Near-Field record set. The Far-
Field record set includes twenty-two ground motion pairs of
horizontal ground motions from sites located greater than
or equal to 10 km from fault rupture. This suite of twenty-
two ground motion pairs were used for the nonlinear re-
sponse history analysis for the 10-story CFS-NHERI test
building model. The ground motion records were scaled
per the FEMA P695 scaling procedure. Specifically, individ-
ual records in each set were normalized by their respective
peak ground velocities and then normalized ground motions
are collectively scaled to a specific ground motion intensity
such that the median spectral acceleration of the record set
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Figure 17: FEMA P695 scaling procedure [33].
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Figure 18: PEER scaled records [34].

matched the spectral acceleration at the fundamental period
of the building. The scaling procedure is shown in Figure 17.
Since the building design was using the code-based funda-
mental period (see Singh et al. [28]), the normalized ground
motions were scaled using the same scaling factor such that
the scaled median spectral acceleration at 7, matched the
target spectrum acceleration value at 7,, where T, is taken
as the fundamental period of the 10-story test building cal-
culated per ASCE 7-16 [29]. The scaling factor is the ratio
of the target maximum considered earthquake level spectral
acceleration value to the median spectral acceleration value
at7,.

The same suite of ground motions were also scaled accord-
ing to the scaling procedure of the Pacific Earthquake En-
gineering Research Center (PEER) Enhancement of Next
Generation Attenuation Relationships for Western US (NGA-
West2) database [34]. Figure 18 shows the scaled ground
motions according to PEER NGA-West2’s scaling procedure.

Figure 19 presents a comparison between the scaled records
using both the FEMA P695 and PEER NGA-West2 proce-
dure. It is observed that the ground motions scaled per the
PEER NGA-West2 scaling method have a larger mean spec-
tral acceleration content than the ground motions scaled per
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Figure 19: Comparison between FEMA P695 and PEER NGA-West2 scaled
records.

FEMA P695. Note that while the FEMA p695 is using the
median spectral acceleration for scaling, the mean spectral
acceleration is used in Figure 19 for consistent comparison
with the mean of PEER NGA-West2 scaled records. The
right plot in Figure 19 shows the comparison in the period
range of interest per ASCE 7-16 [29] Chapter 16. ASCE 7-
16 Chapter 16 requires that the average of the spectra from
all the scaled ground motions shall not fall below 90% of
the target response spectrum for any period within the afore-
mentioned period range of interest. It can be observed that
the scaled ground motions per PEER scaling method satis-
fied this requirement while the mean spectrum of the scaled
ground motions per the FEMA P695 fell below 90% of target
spectrum near the lower bound of the period range.

Figure 20 presents the distribution of peak floor accelera-
tion (PFA) for both longitudinal direction and transverse di-
rections under ground motion pairs scaled per FEMA P695.
Bi-directional ground motion pairs were imposed on the 10-
story CFS-NHERI building pancake model for nonlinear re-
sponse history analyses. Horizontal components within the
same ground motion pair were switched with each other and
then imposed again on the numerical model. In total, 44
ground motion pairs were used. Compared with the distribu-
tion for the longitudinal direction, the PFA distribution for the
transverse direction have a larger mean amplitude. Larger
dispersion is also observed for the PFA distribution for the
transverse direction. Similar observation is found for the dis-
tribution of PFA under the suite of ground motions scaled
per PEER NGA-West2, which is presented in Figure 21. In
general, the PFA distributions under ground motions scaled
per PEER NGA-West2 have larger amplitudes than the re-
sponses under ground motions scaled per FEMA P695.

Figures 22 and 23 present the 5% damped roof level re-
sponse spectra under the same suite of ground motions
scaled per FEMA P695 and PEER NGA-West2, respectively.
It is observed in both figures that the response spectra have
larger spectral acceleration amplitudes in the transverse di-
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Figure 20: Peak floor acceleration (PFA) distribution under ground motion
pairs scaled per FEMA P695.
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Figure 21: Peak floor acceleration (PFA) distribution under ground motion
pairs scaled per PEER NGA-West2.
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Figure 22: Roof level 5% damped pseudo-acceleration response spectra
under ground motion pairs scaled per FEMA P695.
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Figure 23: Roof level 5% damped pseudo-acceleration response spectra
under ground motion pairs scaled per PEER NGA-West2.

rection than the longitudinal direction. The roof level re-
sponse spectra under PEER NGA-West2 scaled ground mo-
tions tend to have larger peak spectral accelerations and
larger standard deviation than FEMA P695 scaled ground
motions. However, the peak spectral acceleration of FEMA
P695 scaled ground motions is larger than that of PEER
NGA-West2 scaled ground motions in the transverse direc-
tion.

4. Concluding Remarks and Outlook

The system-level benchmark test of the 10-story CFS-NHERI
building at the newly upgraded LHPOST6 at NHERI@ UC
San Diego Experimental Facility will provide a unique op-
portunity to evaluate the earthquake and post-earthquake
fire performance of tall CFS-framed buildings under multi-
directional earthquake excitation. During the planning of this
test program, a variety of numerical models are being de-
veloped, including a simplified pancake model, first used to
predict the dynamic characteristics and subsequently to sim-
ulate the nonlinear dynamic behavior of the designed spec-
imen under different earthquake motions. To evaluate the
robustness of the approach, a similar numerical model of the
CFS-HUD 6-story building is also developed. Results from
this model were compared with shake test results and good
agreement is found. In future work, the responses of the
pancake model will be compared with other numerical mod-
els being developed by fellow researchers within the CFS-
NHERI team using more complex wall line representations
for example, to further predict the test building’s response.
At present, however, the simplified pancake model provides
a fast computational turnaround time, while effectively cap-
turing the dynamic characteristics, which makes it a useful
tool for extensive amount of analyses to determine the ideal
suite of ground motions to be used for the shake table test.
The model continues to be refined and may also be useful for
incremental dynamic analysis and parametric studies in the
future.
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