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CFS-NHERI
Who NSF, UCSD, JHU, UMASS, CFSRC, AISI, SFIA (more)
What New $996,358 NSF-funded research project to advance understanding 

of the seismic/lateral response of mid-rise CFS-framed buildings in order 
to advance resilient and sustainable building systems 

Where UCSD including NHERI shake table facility and JHU
When 2017-2021, (building, system-level) shake table tests in 2019
Why CFS framing shows great potential as a modern building system; 

however, the response is different from skeletal framing systems and 
new understanding and tools are needed, particularly to quantify and 
utilize the large contributions from non-designated seismic systems 

How Experiments from the fastener scale up through full-scale mid-rise 
building shake table tests supported by modeling across the same scales 
and extending to larger suite of CFS-framed archetype buildings

CHS-NHERI builds upon the PIs efforts in CFS-NEES, CFS-HUD, and BNCS-NEES



Benchmark whole building, shake table tests
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CFS-HUD Project (@UCSD): To 
address the need for understanding the 
earthquake and post-earthquake fire 
response of mid-rise CFS-framed 
buildings, a unique multidisciplinary 
project was recently conducted at the 
NHERI@UCSD shake table between 
April and July 2016. Central to this 
research was the system-level 
earthquake and live fire testing of a full-
scale six-story CFS-framed building 
with steel-sheet shear walls (Fig. 4). In a 
three-week test program, the building 
was subjected to nine earthquake tests of 
increasing intensity. Earthquake motions 
were scaled to impose service, design, 
and MCE demands onto the test 
building. Following the MCE (7th) 
motion test, live fire tests were 
conducted on the earthquake-damaged 
building at two select floors, with the 
intent of simulating room compartment 
post-earthquake fire scenarios. The 
lower most floor (level 2) was subject to 
fire damage across 75% of its floor plan. Finally, the test building was subjected to two post-fire 
earthquake tests, including a low amplitude ‘aftershock’ and an extreme near-fault MCE-target intensity 
motion. The performance of the test building was documented with four types of monitoring systems: still 
cameras, >40 video cameras, >250 analog sensors, a global positioning system (GPS) and a suite of 
unmanned aerial vehicles (UAVs). The later (GPS and UAV) were essential in monitoring the global 
permanent structural displacement, as well as providing physical monitoring from difficult vantage points 
(e.g. top down views of the test specimen). 
 System identification results prior to 
and after each significant test on the 
building specimen (fire or earthquake) are 
presented in Fig. 5. These results show the 
increase in system period and associated 
damping at important modes of the 
structure. The system period is seen to 
substantially elongate following 
development of major structural damage 
modes (such as the intended steel 
sheathing yielding at state S5). However, 
between S5-S6 (design to MCE 
earthquake, pre-fire) and between S7-S8 
(pre- and post-fire), reductions in damping 
are also clearly observed. This reduction 
between states S5-S6 are largely due to 
seismic damage and associated 
disengagement of the nonstructural 
gypsum, as well as excessive distortion of 
the non-seismic load resisting walls. 

Fig. 5. Construction of the CFS-HUD test building on the 
NHERI@UCSD shake table, stick framing at (a-b) lower floor 

and (c-d) pre-fabricated construction at upper floors 

 
 

Fig. 4. Evolution of identified modal periods and damping ratios 
of the first longitudinal and torsional vibration modes of the 

CFS-HUD test building during 3% g RMS WN tests. 
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earthquake. At 100% scale this is essentially equal to the Design Basis Earthquake (DBE) per 
U.S. standards [21,44]. 

 

  
(a) Phase 1 completed building (b) Phase 2e completed building  

Figure 9. CFS-NEES Full-scale building testing and measured drift during seismic excitation 
 
The Phase 1 building was deconstructed subsequent to the 100% Canoga Park testing and a 

new building to the same specifications, Phase 2, was constructed on the shake tables. The 
Phase 2 structure continued construction past the engineered system. As depicted in Figure 
10, in Phase 2b the gravity exterior walls were externally sheathed, in Phase 2c the interior 
face of the exterior walls were sheathed with gypsum, in Phase 2d all the interior partition 
walls and staircases were installed, and finally in Phase 2e (also see Figure 9b) exterior 
DensGlass was installed. 

 

!
Figure 10: Illustration of construction milestones within Phase 2 testing, shown via cross Section 

views of building specimens (dashed line indicates location of cross Section) 
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CFS-NHERI will
Engage Industry, 

develop and support 
codes and standards 

for seismic CFSF
• Technical Adv. Board
• Testing standards
• Modeling standards
• Seismic design proposals

Provide new 
Archetype Designs

• Archetypes create our 
system definition

• Opportunity to be 
forward leaning

• Help define the bounds 
of what is possible and 
what needs developing

Fastener
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Appendix E: Analysis Results of State-of-the-art, phase 1, 2D, model a (A1-2D-a) 

E.1 Model description 

This set of state-of-the-art 2D models features subpanel bracing models of shear walls, 

explicit models of hold-downs, bare steel framing of gravity walls, and rigid leaning 

columns. Interplay between different wall lines is not allowed in 2D models, representing 

the effect of flexible diaphragms. Seismic mass is lumped at leaning column nodes. The 

lateral displacement and shear wall capacity (δ(0.2VnA), 0.2VnA) from test is utilized to 

determine the stiffness of elastic material and the first point on the backbone curve of 

Pinching4 material of shear wall bracing. Figure E-1 (a) to (d) illustrate OpenSees models 

of South, North, East and West elevations. 

 

   

 (a) South (b) North 

   

 (a) East (b) West 
Figure E-1: A1-2D-a model 
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(a) EPP 

 
(b) Pinching4 

Figure 3-10: Nonlinear models for shear wall (a) EPP (b) Pinching4 
 

The nominal shear capacity per unit width, vn, is found from AISI-S213 (American Iron 

and Steel Institute 2009) and for a given wall of width b the nominal shear capacity, 

Vn=bvn. From Table C2.1-3 for 43 or 54 mil studs and track with 7/16 in. OSB on one-

side and #8 fasteners spaced 6 in. o.c. vn=825 plf. (Note, this is the lower bound specified 

code strength and is conservatively selected for the models developed here; further, this 
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walls took up to 4% before collapse and the drift at peak capacity were around 2% (Liu et 

al. 2012).  

 

Since the backbone curve of Pinching4 material for truss elements modeling shear walls 

are characterized using shear wall test results from Liu et al. (Liu et al. 2012), the 

building’s peak capacity determined from pushover analysis (Figure 6-2) coincides with 

~2% story drift. However, even though the Pinching4 backbone curve of shear wall 

elements has a post-peak drop of capacity close to 40%, the pushover curve of the 

building drops very little after the peak due to the interaction of other components with 

shear walls. Pushover analysis shows that the ductility of A1-3D-SD-a model of Phase 1 

building is not small, so the proposed drift limit for collapse is set as 4% (marked by the 

vertical dash line in Figure 5-1) to avoid being too conservative.  

 

 
Figure 6-1: IDA result of A1-3D-SD-a model 
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Specific CFS-NHERI Tasks
• Kickoff meeting and Technical Advisory (October 2017)
• Task 1:  Quantify Lateral (Cyclic) Performance of CFS Wall Systems w/Shear 

Walls
a) Small-scale Fastener-Sheathing Testing & Isolated Wall Testing
b) Subsystem Wall-line Tests

• Task 2: CFS-Framed Total Building System Seismic Performance Assessment 
via Full-Scale Shake Table Testing
• Payload opportunity: Post-Earthquake Fire Performance Investigation

• Task 3: Numerical Modeling
a) Extending fastener-based proxy models
b) Advancing stiffness, strength, and cyclic response of CFS members in OpenSees
c) Supporting testing and developing building-scale models
d) Incremental Dynamic Analysis and P695 Evaluation

• Task 4 Technology Transfer

2018

2019

June-July 2018 NHERI@UCSD

Fall 2019 NHERI@UCSD

Spring 2018 JHU



CFS-NHERI: Diaphragms (Extension)

• Current data is limited and 
focused on OSB sheathed CFS 
joist diaphragms only
• New diaphragm design methods 

in ASCE7 do not provide for CFS 
floor systems
• Diaphragm-vLFRS interaction has 

been observed as influential, but 
not characterized for CFS framing
• New diaphragm solutions are 

now available

• Test diaphragms from CFS-
NHERI building separately, 
establish all the pieces
• Explore diaphragm specific issues 

(openings, mass, etc.)  

Nov-Dec 2018 NHERI@UCSD



CFS-NHERI Opportunities for Payload 
Projects
• The most prominent opportunities would exist in 

2019 with the planned full-scale mid-rise building 
tests
• New sensors distributed within test building
• Specific nonstructural components/systems seismic and/or 

fire performance
• New system identification analysis strategies
• Video image analysis of damage (exterior damage to 

finishes should be pronounced at early intensity level)
• ….
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response of mid-rise CFS-framed 
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three-week test program, the building 
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increasing intensity. Earthquake motions 
were scaled to impose service, design, 
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building. Following the MCE (7th) 
motion test, live fire tests were 
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The Phase 1 building was deconstructed subsequent to the 100% Canoga Park testing and a 

new building to the same specifications, Phase 2, was constructed on the shake tables. The 
Phase 2 structure continued construction past the engineered system. As depicted in Figure 
10, in Phase 2b the gravity exterior walls were externally sheathed, in Phase 2c the interior 
face of the exterior walls were sheathed with gypsum, in Phase 2d all the interior partition 
walls and staircases were installed, and finally in Phase 2e (also see Figure 9b) exterior 
DensGlass was installed. 
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Figure 10: Illustration of construction milestones within Phase 2 testing, shown via cross Section 

views of building specimens (dashed line indicates location of cross Section) 
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CFS-NEES Testing

CFS-NEES testing benchmarked system response, and 
enabled multi-scale models, kicked off new understanding



CFS-HUD Testing
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Fig. 4. Evolution of identified modal periods and damping ratios 
of the first longitudinal and torsional vibration modes of the 

CFS-HUD test building during 3% g RMS WN tests. 
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Reductions in damping ratio between S7-S8 (fire testing occurs between these two states) can be solely 
attributed to further fire-induced damage to the gypsum. Data collected from these tests also reveal the 
characteristics of force and displacement demand distribution throughout the history of imposed loads. 
Fig. 6a summarizes the peak interstory drift ratios (PIDR) during the suite of earthquake motions imposed 
on the building, with cool colors used to identify pre-fire seismic PIDRs; and hot colors used to identify 
post-fire PIDRs. The pre-fire PIDR distribution indicates a mid-height concentration of interstory drift, 
approaching 1% at level 4 for motion EQ7 (MCE). This level of interstory drift (1%) is consistent with 
development of maximum strength of the primary steel sheathed shear walls as revealed in companion 
component tests. Subsequently, following the fire testing, where about 75% of level 2 and 30% of level 6 
were subject to room-sized compartment fires, the substantial weakening of the lower floor is evident as a 
full-floor shear hinge develops (Fig. 6b). The building did not collapse, due in large part to the tension rod 
system integrated at shear wall ends, as it allowed provision for redundant load redistribution incipient to 
the failure of the level 2 shear walls; however, it did sustain very large peak and residual interstory drift 
ratios of 12.2% and 6%, respectively. Provisions for tension/compression load carrying members are 
important (and code-required) in CFS-framed buildings and in this case, the design system overstrength 
(Ω = 2.5) was essential for the survivability of the building. It is important to note also that the building’s 
fundamental period elongated due not only to the seismic but also the fire damage, by nearly three-fold, 
from about 0.3 to 0.8 seconds (Fig. 5; S0-S9). 

 

(a)  (b)  
Fig. 6. Select results from the CFS-HUD project: (a) peak interstory drift distribution throughout the 

sequence of earthquake testing (note that EQ1-EQ7 were pre-fire tests; EQ8-EQ9 were post-fire tests) and (b) 
residual state of the test building with inset image of the level 2 shear hinge 

 

BNCS-NEES Project (@UCSD): Nonstructural components and systems (NCSs) are important to support 
building operability; and as an earthquake engineering community, we have long known that survivability 
of certain NCSs (such as facades, egress subsystems) is essential to ensure building resiliency. Despite 
this, knowledge of the response of NCSs when integrated in most structural system types used within 
buildings is lacking. The BNCS-NEES project conducted by PI Hutchinson provides a useful data set on 
response of key NCSs in this regard. Central to this effort was a full-scale building-nonstructural 
specimen subject to a three-phased test effort, namely, shake table testing 1) while base isolated and 2) 
while fixed base, and 3) live fire tests on the seismically damaged specimen. This total-building test 
program provides a wealth of knowledge regarding the performance of nonstructural systems; however, 
importantly it also revealed the impact façade, finishes, and egress systems can have on the primary 
seismic load resisting system. Even during construction, the placement of the façade and its associated 
finishes markedly modified the structural systems fundamental period and damping (Astroza et al., 2016). 
The lower floors of this test building incorporated CFS-balloon framed exterior façade. During the 
earthquake-testing phase, this exterior façade at first contributed to the overall stiffness of the building, 
while subsequent increasing amplitude earthquake tests resulted in disengagement and a reduction in the 
building systems’ stiffness (Astroza et al., 2016).  

CFS-HUD benchmarked mid-rise performance, demonstrated efficacy of unique CFS steel sheet 
shear wall system, demonstrated drift potential under extreme demands, made new ground in fire


