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New San Francisco-Oakland Bay Bridge project (2001-2003) and the National Chiao 
Tung University as Associate Professor, before joining the National Taiwan University in 
2008. He then served as an Associate Dean of College of Engineering, National Taiwan 
University from 2017-2021, being a director of NCREE in 2021. Dr. Chou’s main research 
areas include steel structure, composite structure, earthquake-resisting design, and 
large-scale structural testing. His work has been focused on the steel moment 
connection, post-tensioned connection, and seismic-resisting brace, such as the self-
centering brace and sandwiched buckling-restrained brace (SBRB). He also developed 
a FRP-wrapped corrugated tube to simplify the fabrication of a ribbed interface 
between concrete and FRP, and investigated steel column response under high axial load 
associated with seismic lateral load in subassemblage test, hybrid simulation, and shake 
table test. 
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ABSTRACT 

 
AISC 341-22 (2022) is conservative on the width-thickness requirement for steel built-up box columns, 
particularly in the buckling-restrained braced frame (BRBF). This study was aimed to assess the 
seismic performance of moderately ductile built-up box columns in a 3-story steel dual frame system, 
which had a 4-m special moment frame (SMF) bay and a 3-m BRBF bay. The effect of slab sliding on 
the floor acceleration reduction was also studied. Two test phases were conducted on the frame 
specimen: (1) the slab can slide relative the frame specimen in phase 1, and (2) a nearly-rigid 
connection between the slab and frame specimen is adopted for investigating the column and all-steel 
BRB response in phase 2. A near-fault motion, recorded in the September 18th, 2022 Chishang 
Earthquake, was used as an input motion. In phase 1, the slab sliding was effective in reducing the floor 
acceleration up to 25% compared to a rigid slab frame system. In phase 2, the maximum interstory drift 
angle of the frame was 0.045 rad without local buckling at the column base, and the maximum core 
strain of the first-story BRB was 2.5%. Post-earthquake tests were conducted on the first-story BRB, 
removed from the frame specimen after all shake table tests, showing high-mode buckling of the core 
plate near both ends of the restraining member. 
 
Keywords: Sandwiched buckling restrained brace, moderately ductile built-up box column,  

sliding slab, shake table test, 2022 Chishang Earthquake 
 

INTRODUCTION 
A full-scale shake table collapse test of a four-story steel SMF with hollow structural section (HSS) 
columns under earthquake excitations was ever conducted at the E-defense facility in Japan (Suita et al. 
2008, Lignos et al. 2013). The collapse test showed a side-sway first-story collapse mechanism, but the 
width-thickness (b/t) ratio of the HSS column is 31.3, exceeding the design limit for moderately ductile 
box columns in AISC 341-16 (2016). In AISC 341-22 (2022), as compared to the previous version AISC 
341-16, the requirement for the width-thickness ratio (b/t) of built-up box columns becomes more 
stringent than that used in Japan. Additionally, the column section requirement in the BRBF has been 
transitioned from originally being use of moderately ductile to highly ductile members. The requirement 
can maintain good seismic performance of the built-up box column without strength degradation at high 
axial load and high lateral drift level (i.e., 0.04 rad drift) when compared to that of the steel I-shaped 
deep columns (Chou and Chen 2020, Lin and Chou 2022, Chou et al. 2022, Chou et al. 2023a). To study 
the seismic performance of moderately ductile built-up box columns, the system behavior of a BRBF 
was assessed by conducting quasi-static tests and hybrid simulations with a full-scale cruciform 

8
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subassemblage at NCREE (Wang et al. 2023). This study was aimed to conduct shake table tests on a 
full-scale, three-story steel dual frame that was designed using only the moderately ductile built-up box 
members in AISC 341 (2022) and all-steel sandwiched buckling-restrained braces (SBRB). Moreover, 
an attention has also been paid to reduce seismic force to an earthquake-resisting frame so that less 
design force or lighter structural members can be adopted in design (Tsampras and Sause 2022). This 
work also explores the potential of a new system by using a sliding slab to mitigate seismic force demand 
on the seismic-resisting frame.     
 

STEEL DUAL FRAME SPECIMEN 
The specimen is a full-scale, three-story steel frame with precast concrete slabs, designed based on a 
site condition on stiff soil and 3.5 km from a Xinhua fault in Tainan, Taiwan. The lateral force resisting 
system (LFRS) is a two-dimensional, two-bay dual frame system that consists of a special moment frame 
(SMF) and a buckling-restrained braced frame (BRBF). The gravity force resisting system (GFRS) is 
positioned at the perimeter of the dual frame with pin at the column base and the beam-to-column 
connection, not designed for lateral earthquake resistance. Figure 1(a) and (b) show the plan and 
elevation views, with the LFRS (the center frame Line B) positioned along the shaking direction (north-
south direction). The LFRS is designed with a SMF in the north bay and a BRBF in the south bay. The 
total height of the specimen is 9000 mm with each floor height of 3000 mm. A total weight of each floor 
was 333 kN for the second and third floors and 335 kN for the roof.  

  
(a) Plan view (b) West elevation 

   
(c) South elevation (d) Specimen with a safety frame 

Figure 1 Test specimen (unit: mm) 
 
Table 1 lists the column and beam sections. SN490B steel with a nominal yield stress of Fy= 325 

MPa was specified for all square built-up box columns, wide-flange columns, built-up I-shaped beams, 
and all-steel sandwiched buckling-restrained braces (SBRBs). The north column (NC), center column 
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(CC), and south column (SC) have a width-thickness ratio (b/t) of 21.1, 20.5, and 21.1, respectively. 
These b/t values do not meet the highly ductile requirement for built-up box column sections (λhd=12.2), 
but meet the moderately ductile column requirement (λmd=22.2) in Table D1.1, AISC 341-22 (2022): 

𝜆𝜆𝑚𝑚𝑚𝑚 = 1.0√ 𝐸𝐸
𝑅𝑅𝑦𝑦𝐹𝐹𝑦𝑦

                                                                                                                (1) 

The all-steel sandwiched buckling-restrained brace (SBRB) was used in the BRBF bay for lateral 
earthquake resistance. The SBRB consisted of a steel core and a pair of bolted restraining members, 
with no concrete filling in the restraining member. The design of SBRBs followed a procedure outlined 
by Chou and Chen (2010). The SBRBs in the first and second stories had a core plate of 75×12 mm with 
a channel 75×45×6 mm and face plate 180×12 mm, and the SBRBs on the third story had a core plate 
of 50×8 mm with a channel 50×35×6 mm and face plate 155×12 mm. All SBRBs were connected to the 
frame by using a dual-gusset-plate configuration (Chou et al. 2012, Pham and Chou 2020). 
 
Two Test Phases 

Shake table test was conducted in two phases: 7 tests in phase 1 and 10 tests in phase 2. In phase 1, 
two horizontally placed SBRBs, named by H-SBRB in this work, were connected between the slab and 
beam at each floor in the SMF bay [Figure 1(b)]. Two H-SBRBs per floor were considered to provide 
energy dissipation when the slab moved relative to the beam. Teflon pads with 1 mm thick were placed 
between all interface of the precast slab and the beam to minimize friction. In phase 2, all H-SBRBs 
were replaced by structural T-members with high stiffness and strength to simulate a rigid connection 
between the slab and beam. The test instrument included 262 strain gauges, 47 displacement transducers, 
28 accelerometers, and 16 linear variable differential transformers (LVDTs). A motion-capture system 
with 221 sensors was used to record the slab, frame, and SBRB displacement. 

 
GROUND MOTION FOR SHAKE TABLE TEST 

The test was conducted at the Tainan laboratory, NCREE, under a unidirectional shake table test in 
the North-South direction. The table size is 8 m by 8 m with a payload capacity of 2000 kN. The selected 
ground motion with PGA=0.43 g was obtained from the September 18th, 2022, Chishang earthquake, 
recorded at the EYUL-EW station which is about 1.4 km from a collapsed three-story RC building in 
Yuli township [Figure 2(a)], Hualien. The Chihshang earthquake sequence induced a series of ground 
ruptures and caused one fatality, 170 injuries, two collapsed buildings and two collapsed bridges, and 
partially damaged hundreds of buildings and several bridges across or along the faults (Chou et al. 2023b, 
Lin et al. 2023). The measured acceleration time history was baseline-corrected, and high-pass filtered 
to remove the residual displacement as the table input motion to avoid the dislocation of the shake table 
after each test. Obtained at the base of the shake table, a scale factor of 0.07-1.4 was used for 7 tests in 
phase 1, and 0.07-2.44 for 10 tests in phase 2. Figure 2(b) and (c) show the response spectra for these 
17 tests with the design basis earthquake (DBE) and maximum considered earthquake (MCE) levels in 
Taiwan.  

 
Figure 2 Chihshang earthquake motion and response spectra from EYUL record 
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Table 1 Column and beam sections 
Element Location Section (mm) 

Column LFRS (1st~3rd story) 
North Box185 185 8   
Center Box 225 225 10   
South Box185 185 8   

Beam 

GLRS (1st~3rd story) H 200 200 8 12    
LFRS (2F~RF) H 257 102 6 9    

GLRS (2F~RF) 
H 200 100 5.5 8    
H 400 200 8 13    

 

 
OVERALL FRAME RESPONSE 

Figure 3(a) and (b) show the roof drift history in phases 1 and 2. In phase 1 tests, the beam and column 
remained elastic; only H-SBRB and D-SBRB yielded. A reverse motion was applied to the specimen in 
test 6 after the specimen completed test 5 at the DBE level with a residual roof drift of 0.00011 rad. The 
maximum roof drift angle of the frame was -0.013 rad with a residual drift of -0.0031 rad in test 6. To 
limit residual drift, the original motion was applied to the specimen in test 7 (1.4MCE level) with a 
maximum roof drift angle of 0.0156 rad and small residual drift, allowing that HBRBs could be 
disassembled from the frame specimen and structural T-members could be installed to the frame 
specimen for conducting phase 2 tests.  

For comparison purposes, the same motion with the same test sequence in phase 1 was conducted 
on the frame specimen in phase 2; a slightly lower maximum acceleration measured from the shake table 
was observed in tests 6 and 7 in phase 2 than phase 1. Figure 4(a) shows maximum interstory drift angle 
in phases 1 and 2; the third floor has a maximum interstory drift angle of 0.045 rad. Figure 4(b) shows 
the slab acceleration normalized by the table base acceleration in test 7. It shows a significant slab 
acceleration reduction at all floors in phase 1, such as 25% reduction at the roof even when the phase 1 
test has a larger PGA than the phase 2 test (0.62g versus 0.56g). Moreover, a method that can be used 
to estimate residual drifts of the dual frame in the pulse type motion from the measured acceleration at 
each floor is detailed in Huang et al. (2023).   
 
 

 
(a) Phase 1 

 

 
(b) Phase 2  

Figure 3 Roof drift response 
 
 

11

PS1-1



12
 

 

          
(a) Interstory drift                    (b) Acceleration reduction (Test 7) 

Figure 4 Maximum interstory drift and acceleration reduction 
 

MODERATELY DUCTILE BOX COLUMN RESPONSE 
In phase 2, the H-SBRB at each floor was replaced by a structural T-member to simulate a nearly-rigid 
connection between the slab and the beam so that a steel dual system with moderately ductile box 
columns in the BRBF can be examined in the shaking table test. No sign of column yielding was 
observed up to test 5 at DBE level. Slight yielding lines as shown by whitewash flaking were observed 
at the bottom and top ends of the first-story center column in test 6 (1.2MCE level in Figure 2), as well 
as the second and third floor beam flanges in the SMF bay. From tests 7 to 10, yielding propagated in 
the center column ends at three floors; no yielding was observed in the north and south columns. 
Significant yielding was also observed in the second and third floor beams within the RBS in the SMF 
bay, as well as in the gusset plate and the beam outside the gusset connection in the BRBF bay. No sign 
of local buckling was observed in the beam, gusset plate, or SBRB after test 10 (2.4MCE level). Figure 
5 shows the observation of the center column, gusset-to-SBRB connection, and RBS after test 10 in 
phase 2; significant yielding was observed at the column base without any sign of local buckling.  

The center column moment exceeded the plastic moment Mpc in tests 9 and 10 [Figure 6(a)], which 
caused the column to move from -0.018 to 0.038 rad with a residual drift angle of 0.012 rad. The 
earthquake intensity that represents a seismic event of 2.4 times the MCE level resulted in a first-story 
peak interstory drift of 0.038 rad and the second-story drift of 0.045 rad. The box columns performed 
well without strength degradation although they only met the requirement for moderately ductile 
members in AISC 341-22, rather than that for highly ductile members. The maximum base shear is 750 
kN, about 3.2 times the design base shear (237 kN) in Figure 6(d). If the first yield displacement of the 
frame specimen is ∆s=29.8 mm in test 4 [Figure 6(d)], the displacement amplification factor, Cd, is 11 
(=328.9/29.8) in test 10, exceeding a recommended value of 5.5 in ASCE-7 (2022). 
 

D-SBRB RESPONSE 
The first-story D-SBRBs yielded in test 5 with a maximum core strain of 0.41%, exceeding the yield 
strain of 0.16%. The axial strain increased to 1.12% in test 7; the brace response in phases 1 and 2 was 
similar.  The axial strain increased to 2.51% in test 10, phase 2 [Figure 6(b)]. The cumulative plastic 
ductility (CPD) of D-SBRB was 217 at the first floor, 176 at the second floor and 112 at the third-floor 
in 17 shake table tests. The test results verify the satisfactory performance of all-steel SBRBs under a 
strong shaking with a pulse moving to one direction with a maximum inter-story drift to 0.045 rad.  

The first-story D-SBRB was removed from the frame specimen and positioned to a 5000 kN uni-
axial testing machine. Two tests were conducted on the brace. First, the D-SBRB was tested using a 
recorded displacement history from displacement transducers in test 10. The hysteretic response of the 
single D-SBRB component is close to that obtained from the shake table test, as shown in Figure 6(b), 
validating the data processing for the story shear and column moment in the shake table tests. The second 
phase test of the brace component was performed to a core strain of 2.5% using the AISC 341-22 
standard loading protocol (reversed cyclic loading). The high-mode buckling of the core plate was 
observed after removing bolts from the restraining member of the SBRB. The high mode buckling of 
the core plate started from stiffener ends of the SBRB [Figure 6(c)], and extended 560 mm towards the 
core plate center. No high mode buckling was observed in the center portion of the core plate or the 
restraining member. The total CPD of the D-SBRB increased to 526 from 217 after all tests.  
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(a) Interstory drift                    (b) Acceleration reduction (Test 7) 

Figure 4 Maximum interstory drift and acceleration reduction 
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strain of 0.16%. The axial strain increased to 1.12% in test 7; the brace response in phases 1 and 2 was 
similar.  The axial strain increased to 2.51% in test 10, phase 2 [Figure 6(b)]. The cumulative plastic 
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strong shaking with a pulse moving to one direction with a maximum inter-story drift to 0.045 rad.  

The first-story D-SBRB was removed from the frame specimen and positioned to a 5000 kN uni-
axial testing machine. Two tests were conducted on the brace. First, the D-SBRB was tested using a 
recorded displacement history from displacement transducers in test 10. The hysteretic response of the 
single D-SBRB component is close to that obtained from the shake table test, as shown in Figure 6(b), 
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phase test of the brace component was performed to a core strain of 2.5% using the AISC 341-22 
standard loading protocol (reversed cyclic loading). The high-mode buckling of the core plate was 
observed after removing bolts from the restraining member of the SBRB. The high mode buckling of 
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Figure 5 Column base, SBRB connection, and RBS after all tests 

 

          
                (a) Center column base (Test 10)                        (b) First-story SBRB (Test 10) 
  

          
                           (c) SBRB component test                        (d) Test versus pushover analysis 

Figure 6 Column and SBRB responses in tests 
 

CONCLUSIONS 
This work was aimed to evaluate the seismic performance of a full-scale, 3-story steel dual frame that 
has a 4-m span SMF and a 3-m span BRBF in shake table tests. The built-up box columns with b/t values 
of 20-21 were used in the frame specimen to meet only the moderately ductile column requirement 
(λmd=22.2) in AISC 341-22 (2022). Dynamic tests were conducted using an 8m×8m shake table at 
NCREE under a Yuli scaled motion from the EYUL station, recorded in the 2022 Chihshang earthquake 
that occurred in Taitung, eastern Taiwan with ML 6.8. The measured motion with a peak ground 
acceleration (PGA) was 0.43 g, its intensity close to the design basis earthquake (DBE) level. In addition 
to examine the rationality of the AISC 341 revision on the BRBF, the other objective is to reduce seismic 
force to the lateral force resisting system (LFRS) by adopting a sliding mechanism for the slab.  

In phase 1 test using a sliding slab mechanism, the H-SBRB in the roof showed yielding, resulting 
in floor acceleration reduction by 25% when compared to that in phase 2 test using nearly rigid slab-to-
beam connectors. In phase 2 tests, the maximum interstory drifts were 0.038 rad at the first floor, 0.045 
rad at the second floor, and 0.031 rad at the third floor. The center column developed the plastic moment 
Mpc when the column moved from -0.018 to 0.038 rad with a residual drift angle of 0.012 rad. No 
strength degradation or local buckling was observed near the column base at 2.4MCE level, which is 
about 3.2 times the design base shear (=237 kN) in this dual frame system. Large b/t values (i.e., 20-21) 
that exceed the highly ductile box column requirement (λhd =12.2) in AISC 341-22 (2022) still provide 
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satisfactory performance for first-story columns at large drifts (i.e., 0.038 rad). Therefore, the 
moderately ductile limit for b/t ratio (λmd=22.2) can be applied to the dual frame with both SMF and 
BRBF in high seismic areas. Moreover, the all-steel SBRB with no concrete filling in the restraining 
member perform well in all shake table tests and post-earthquake tests, with a cumulative plastic 
ductility of 526.   
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ABSTRACT 
 

Japan is a very earthquake-prone country and has been equipped with various sensor networks and 
monitoring systems to detect and measure the shaking of lands and the response of various built 
facilities. The data collected have been used to advance research and practice on seismology and 
earthquake engineering and promote practice on immediate damage detection and earthquake early 
warning. This article briefly introduces an overview on the current status of Japanese monitoring, 
followed by discussions, based on the quarter-century experience, on how those monitored data have 
been transferred to and utilized for advancing earthquake engineering. 
 
Keywords: 1995 Kobe Earthquake, seismograph networks, monitoring for built facilities, seismic 
hazard maps, performance-based seismic design, nonstructural elements 

 
INTRODUCTION 

 
Japan is earthquake-prone, and earthquake disaster mitigation has been one of the most serious national 
problems for centuries. The 1995 Kobe earthquake caused severe damage to the modern city of Kobe 
and its vicinities, and it revealed various issues that would impede a safer life and society. Out of many, 
two challenges recognized as lessons of the 1995 Kobe earthquake (AIJ, 2000) are: 1) the need for 
detailed data on the shaking of lands and the response of built facilities, and 2) the need for prompt 
responses immediately after a disastrous event to minimize the growth of damage. The public and private 
sectors responded to those needs and began and continue monitoring our lands and built facilities.  
  
First, the progress and current situation of such monitoring is introduced. Then, the influences of the 
data obtained by such monitoring on the assessment and evolution of seismic design practices are 
touched upon. Three episodes are presented, one on seismic hazard assessment, another on performance-
based design, and the last on nonstructural elements' behavior. 
 

PARTIAL SUMMARY OF EARTHQUAKE-RELATED MONITORING IN JAPAN 
 
Monitoring of Land 
 
The history of Japan reveals that it cannot escape large earthquakes and according loss of lives and 
businesses. Even after the turn of the century, more than 150 earthquakes involved human injuries/deaths 
(JMA, 2023). The Nankai Trough, located alongside Japan, is known to rupture periodically with an 
interval of about one to one-half century, and historical documents revealed the ruptures caused severe 
damage to both humans and properties. Following the pattern of rupture occurrences, the next large 
rupture along the Nankai Trough is expected to occur about 70 to 80% of the chance for the coming 30 
years (Cabinet Office of Japan, 2023). The magnitude of damage in the next Nankai Trough rupture 
could be more than ten times in the death toll and direct property loss than the 2011 Tohoku earthquake. 
Furthermore, Japan has many active faults throughout the country, adding threats of severe land shaking.  
 
The history of deployment of strong motion accelerographs was long in Japan. Before the 1995 Kobe 
earthquake, however, systematic and organizational efforts to deploy such accelerographs and record 
and store the data in a unified manner remained limited. Having recognized the importance of 
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monitoring land shaking, the Government of Japan launched national programs immediately after the 
1995 Kobe and deployed various types of sensors to monitor the shaking of land surfaces and underneath. 
The sensor networks developed by the national programs have continued to be maintained and upgraded 
until now. By this writing, over 4,000 such sensors have been deployed throughout Japan, combining 
those operated by the public and private sectors. 
 
Monitoring of Utilities and Mechanical Systems 
 
Monitoring of land shaking, including new installation, maintenance, and replacement, has been led 
exclusively by the Central Government of Japan, with the belief that the Government shall provide its 
people with the basics to maintain their safety, security, and welfare. However, when it comes to 
monitoring of built facilities such as utilities, public transport, manufacturing factories, and private 
buildings, the Government does not offer any financial support. Such monitoring is being implemented 
on the basis of "market," and proprietors of respective facilities and buildings are in charge of necessary 
expenditures.  
 
The Tokai Japan Railway (JR), a railway firm operating the Japanese fast train system dubbed 
"Shinkansen," developed a system in the 1980s in which fast trains would reduce the speed and stop 
safely before primary shaking. In 1992, the system, dubbed UrEDAS (Urgent Earthquake Detection and 
Alarm System), began its operation and has been used successfully for the past three decades. Since the 
start of the operation, the system has been expanded to all fast train systems and upgraded by combining 
it with the JMA's EEW. The JR took care of the entire expenditure associated with the system. 
 
Monitoring of Buildings 
 
The history of building monitoring in Japan is long. Until recently, however, the installation of sensors 
in buildings remained limited, and its use was primarily for calibrating building responses against the 
predicted response. The attitude changed after experiencing the 2011 Tohoku earthquake. About 5.15 
million people in the Tokyo metropolitan region had trouble returning to their homes after the quake, 
which created a severe problem throughout the Tokyo metropolitan region. The Tokyo Metropolitan 
Government (2013) enforced an ordinance in 2013 that, for safety, people should remain in their 
buildings when possible rather than leaving them. Building owners, particularly those who manage 
many buildings and are keen on business continuity planning (BCP), have come to respond to the 
ordinance. This new trend differs from the movement we saw for land monitoring in that the installation 
of building monitoring is driven almost primarily by business and market forces rather than by public 
expenditure. Before the 2011 Tohoku earthquake, the number of instrumented buildings in Japan was 
in the range of 150. Since the market-based instruments began, the number of monitored buildings 
increased dramatically, now (as of 2023) in a range of 1,000, among which over 80% are regarded as 
private-owned and private-operated. 
 
Among the market-based building monitoring systems deployed in Japan, a monitoring system named 
q-NAVIGATOR (or q-NAVI in short), started for installation in 2015, has the largest share, with 530 
buildings equipped with q-NAVI, as presented by Kanda et al. (2011). The system consists of a few 3D 
sensors installed in some stories along the height and wired to the PC installed in the building’s 
maintenance room, the PC for collecting the sensor data and assessing the maximum story drifts and 
floor accelerations, and the screen to show the results, with “safe”, caution,” and “danger.” The PC is 
further connected via the Internet to a cloud system, from which the building owners and managers can 
receive the necessary data within a short period, say 2 to 5 minutes. 
 

UTILITIES OF MONITORING FOR ADVANCMENT IN SEISMIC DESIGN 
 
Design Seismic Loads 
 
In response to the severe damage disclosed in the 1995 Kobe earthquake, the Government of Japan 
established the Headquarters for Earthquake Research Promotion (HERP) of Japan. The institution's 
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primary mission is to develop and regularly update Japan's earthquake hazard maps. The hazard maps 
can serve as a benchmark to evaluate and modify the design seismic loads stipulated in the seismic 
design code. However, in the past two decades, the design seismic loads remained unchanged despite a 
few large earthquakes in some parts of Japan, such as the 2011 Tohoku and 2016 Kumamoto earthquakes.  
  
Differences in the estimated magnitude of strong shaking are significant among the regions in Japan. 
When looking into the hazard maps, the difference is by several times between the largest and smallest 
strong motions. However, the corresponding difference in the design seismic loads is only 20%. 
Furthermore, discrepancies were disclosed in many cases between the level of recorded shaking, say, 
PGA and PGV, and the degree of actual structural damage observed in the recorded region. Such 
observations naturally discouraged the motivation to change (increase) the design seismic loads. Public 
sentiment also plays an essential role in determining the design seismic loads. Japan exercises a 
centralized operation system at the time of disastrous events, and the public sector covers most post-
disaster recovery supports. The general public also values "equality" for such post-disaster recovery 
supports. Those bring cautiousness in the revision of relevant codes and specifications. The full detail 
of this argument is presented in Suzuki et al. (2023). 
 
Performance-based Seismic Design 
 
Japanese seismic design enforces two levels of design seismic load, i.e., Level 1 for serviceability and 
Level 2 for safety. Level 2 corresponds to about 1 g in terms of the pseudo acceleration spectrum. For 
Level 2, the designed building shall stay safe, but damage to the structural and nonstructural members 
and elements is permitted in design. For the past quarter century, the land sensors deployed around Japan 
recorded many ground motions that were more significant than what has been stipulated in the Japanese 
seismic design code. Still, the actual damage to major structural elements and even the damage to 
nonstructural elements remained minimal, ensuring life and business continuities. Many reasons have 
been speculated, for instance, the soil-foundation-structure interaction by which the effective input to 
the superstructure could decrease notably and the contribution of nonstructural elements to the actual 
strength of the building. With the increase in building monitoring, we have learned that structural 
performance has been significantly enhanced in recent years. The structure remains nearly elastic even 
in the Level 2 design seismic load, particularly for large and tall buildings where performance-based 
design (involving response history analysis) is employed. Details about the performance-based design 
and analysis of tall buildings designed by the Japanese seismic codes are presented in Hori et al. (2022) 
and Kolozvari et al. (2022). 
 
Characterization of Damage to Nonstructural Elements 
 
Another notable benefit of building monitoring is characterizing the damage to nonstructural elements. 
After damaging earthquakes, we found various types of damage to nonstructural elements, and such 
surveillance has given us valuable information for assessing the nonstructural damage. However, what 
we saw from the surveillance was only the final state of damage and cannot give us any clue for the 
magnitude of responses, i.e., the maximum interstory drifts and/or the maximum floor accelerations that 
the damaged elements had sustained. We can assess such response magnitudes once the building is 
equipped with sensors. We can develop “fragility curves” for nonstructural elements with the magnitude 
and damage level combined.  
  
There is a good example presented by Kanda et al. (2021), in which various nonstructural elements 
(exterior walls, window glasses, interior walls, doors, ceilings, furniture, and expansion joints) were 
surveyed in detail for 27 buildings shaken during the 2018 Osaka earthquake. Observed were only for 
27 buildings, but the numbers of nonstructural elements, for instance, the number of ceilings, were very 
many when counted for each room as a ceiling unit. Considering the inherent nonuniformity and 
variability of nonstructural elements, particularly in their connection details, “approximate” but “many” 
sample data are exceptionally suited for developing “fragility curves.” This benefit of building 
monitoring can never be underestimated. 
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CONCLUSIONS 

 
This article presented two issues related to monitoring land shakings and responses of built facilities. 
First, the current status of such monitoring in Japan was summarized, followed by discussions on how 
such observed data have influenced the seismic design practice. Three relevant episodes were presented. 
One is the interaction of seismic hazard assessment with design seismic loads. It was observed that 
compared to the regional differences in the magnitude of shakings (estimated) by the seismic hazard 
assessment, the differences in the magnitude of design seismic loads are significantly more minor. 
Another is the differences between the expected performance in design and the actual performance 
observed in real earthquakes. In not a few cases, the actual performance was significantly superior to 
the expected performance. The last is the benefit of building monitoring to characterize the behavior and 
performance of nonstructural elements. The maximum inter-story drifts and maximum floor 
accelerations obtained by monitoring can significantly help us establish fragility curves for major 
nonstructural elements. 
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received his B.S. and M.S. degrees from the University of 
Texas, Austin in Architectural and Civil Engineering, 
respectively, and Ph.D. degree from the University of 

California, Berkeley. His current research interests include: (1) the behavior of structural steel 
connections, members, and systems under extreme loading conditions, including seismic, 
fire, wind, and blast loading; (2) performance-based design of resilient structural systems for 
extreme loading conditions; (3) development of resilient civil infrastructure concepts using 
innovative structural systems, including passive and semi-active controlled devices for 
reduction of damage from natural-hazards; (4) offshore wind turbine structures subject to 
aeroelastic, hydrodynamic, and mechanical loading effects; (5) resiliency of coastal civil 
infrastructure; and, (6) large-scale multi-directional real-time hybrid simulation of structural 
systems subject to dynamic loading conditions. As the Director of the Lehigh NHERI 
Experimental Facility, Professor Ricles has been leading the development in large-scale 
multi-directional real-time hybrid simulation, a technique that enables the development and 
experimental validation of performance-based engineered resilient structural system concepts 
that mitigate the effects of natural hazards. Professor Ricles is the Editor-in-Chief for the 
Engineering Structures Journal published by Elsevier and a member of the Advisory Editorial 
Board for the Journal of Earthquake Engineering and Structural Dynamics published by 
Wiley. He is a registered professional engineer in the State of California, active in working 
with industry to disseminate and promote concepts for structural resiliency, and serves on 
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ABSTRACT 
 

For seismic design of steel structures, designated structural members that are expected to dissipate 
energy through plastic hinging in the form of axial, flexural, or shear action need to be designed and 
detailed to provide ductile response by controlling, not eliminating, buckling. At the section level, 
building codes usually specify limiting width-thickness (b/t) limits such that excessive local buckling 
that leads to a significant degradation of strength can be avoided. In this paper, history of the 
development of local buckling limits in the AISC Seismic Provisions that lead to the latest (2022) 
edition is presented. Concerns that were raised from this code cycle and ongoing efforts to address 
these issues for the next (2027) edition are discussed. 
 
Keywords: seismic design, steel structures, local buckling, AISC Seismic Provisions 

 
INTRODUCTION 

 
AISC 341 provides requirements based on the ductility and capacity design principles. For structural 
components designated to experience inelastic action, detailing requirements are specified. One 
important aspect is the control of local instability, which aims to delay, but not prevent, the onset of 
local buckling when these structural components are strained way beyond the yield strain. These 
requirements also aim to reduce the rate of strength degradation and the potential for fracture due to 
low-cycle fatigue.  
 
Two types of limiting width-to-thickness ratios (b/t or h/t) are specified in AISC 341-22 (AISC 2022). 
For members that are expected to experience “significant” inelastic deformation, a Highly Ductile limit, 
𝜆𝜆ℎ𝑑𝑑, is required. When only “limited” inelastic deformation is required, these members only need to 
meet the Moderately Ductile limit, 𝜆𝜆𝑚𝑚𝑚𝑚 . For examples, limiting aalues for two popular systems are 
proaided below. For Special Moment Frames (SMF), significant flexural yielding is expected in the 
beam ends and the base of the columns. Therefore, sections of both beams and columns are to meet the 
highly ductile limits.  But only moderately ductile limits are required for beams and columns of 
Intermediate Moment Frames (IMF). Similarly, diagonal braces in a Special Concentrically Braced 
Frame (SCBF) need to meet the Highly Ductile requirement, but braces in an Ordinary Concentrically 
Braced (OCBF) Frame only need to be Moderately Ductile. 
 
In the following, seaeral major changes made to AISC 341-22, concerns that were raised during this 
code cycle, and ongoing efforts to resolae these issues for the next (2027) edition are presented. 
 

FORMAT OF WIDTH-TO-THICKNESS LIMITS 
 
The width-to-thickness limits are a function of the yield stress of the steel materials. When the Seismic 
Proaisions were first published in 1990, these limits were expressed in the form as follows:  

(𝑏𝑏𝑡𝑡)limit
= 𝐶𝐶1
√𝐹𝐹𝑦𝑦

 (1) 

where 𝐹𝐹𝑦𝑦  is the specified minimum yield stress. This form was then re-written as the following by 
introducing the elastic Young’s modulus, E, while the aalues of these limiting ratios remained unchanged:  
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(𝑏𝑏𝑡𝑡)limit
= 𝐶𝐶1
√𝐹𝐹𝑦𝑦

 (1) 

where 𝐹𝐹𝑦𝑦  is the specified minimum yield stress. This form was then re-written as the following by 
introducing the elastic Young’s modulus, E, while the aalues of these limiting ratios remained unchanged:  

 
 

(𝑏𝑏
𝑡𝑡)

limit
= 𝐶𝐶2

√𝐹𝐹𝑦𝑦/𝐸𝐸
 (2) 

The format was changed again in the 2016 edition such that the 𝑅𝑅𝑦𝑦 factor, which represents the ratio 
between the expected yield stress and the specified minimum yield stress, 𝐹𝐹𝑦𝑦, was introduced while the 
aalues of these limits still remained practically unchanged from the preaious editions: 

(𝑏𝑏
𝑡𝑡)

limit
= 𝐶𝐶3

√(𝑅𝑅𝑦𝑦𝐹𝐹𝑦𝑦)/𝐸𝐸
 (3) 

In doing so, a value of 𝑅𝑅𝑦𝑦 needed to be assumed as a compromise. Taking 𝜆𝜆ℎ𝑑𝑑for flange local buckling 
of I-shaped beams and columns for example, the aalue of 𝐶𝐶2 (= 0.30) was increased to 0.32 by assuming 
𝑅𝑅𝑦𝑦 = 1.1, which corresponded to that for A992 steel; this steel grade is commonly used for I-shaped 
members in the US.  Next consider the HSS section for diagonal braces of SCBF. The aalue of 𝐶𝐶2 was 
0.55 in AISC 341-10. The correspond 𝐶𝐶3 aalue in AISC 341-16 was increased to a larger extent to 0.65 
because 𝑅𝑅𝑦𝑦 = 1.4 was assumed to reflect the fact that A500 Gr. B steel was common for construction 
at the time. This would unnecessarily penalize other similar sections grouped in the same category as 
the HSS section, e.g., built-up box shapes with a steel grade having a lower 𝑅𝑅𝑦𝑦 value (e.g., 1.1) when 
used as diagonal members in an SCBF. 
 
In developing AISC 341-22, it was realized that researchers would traditionally use the measured yield 
stress in recommending width-to-thickness limits in the literature (Schafer et al. 2022). However, code 
committees would then adopt the recommendation by keeping the numerator 𝐶𝐶1 (or 𝐶𝐶2) while rename 
the actual yield stress as the specified minimum yield stress, i.e., in a form like Eq. (2), for the 2010 and 
previous editions of AISC 341. Realizing that 𝐹𝐹𝑦𝑦 in Eq. (2) is already the actual yield stress as reported 
in the literature, the procedure that was used to convert Eq. (2) in the 2010 edition to the 2016 edition 
was incorrect. This was corrected in the 2022 edition, i.e., the format of Eq. (3) is used, but the 
coefficient 𝐶𝐶2 used in the 2010 edition is retained. 
 
With this decision, 𝜆𝜆ℎ𝑑𝑑 for HSS diagonal braces would haae been significantly impacted due to the high 
aalues of 𝑅𝑅𝑦𝑦 for the commonly used steel grade of A500 for HSS members in the US. Citing insufficient 
test data to justify the proposed change, the code committee was then decided to retain the aalue of 𝐶𝐶2 
as 𝐶𝐶3 for AISC 341-22 before further research is conducted.  Led by researchers at the University of 
Washington, AISC is currently sponsoring research projects to address this issue for the next edition. 
 

SPLIT OF LIMITING WIDTH-TO-THICKNESS RATIO TABLE 
 
AISC 341 summarizes all the limiting width-to-thickness ratios in Table D1.1. As the number of cases 
covered in the table expanded over the past three decades and with an attempt to make the table concise, 
it at times was not only less user-friendly but also created issues. One notable problem is related to the 
HSS member design. Up to the 2016 edition, the limiting width-to-thickness ratios for HSS members 
are the same no matter whether these members are used as diagonal braces in an SCBF or beams and 
columns in an SMF.  As a results, the same limiting ratios that were originally intended for SCBF 
diagonals also apply to SMF beams and columns. Partly motivated by this issue, Table D1.1 has been 
split into two sub-tables in AISC 341-22.  Specifically, Table D1.1(a) is for “Compression 
ElementsDiagonal Braces” and Table D1.1(b) is for “Compression ElementsAll Members Diagonal 
Braces.” 
 
With this split, it is possible to fine-tune the limiting ratios of HSS members for moment frames in 
parallel with the University of Washington’s research on HSS braces.  Since it is judged that the current 
limits would severely penalize the design and construction of SMF with HSS members, AISC is 
sponsoring a joint research project in the US in partnership with NCREE in Taiwan (led by Profs. C.C. 
Chou and T.U. Wu). In the US, eight jumbo HSS columns have been fabricated for testing at the 
University of California, San Diego, and finite element simulation is to be conducted at the University 
of Michigan (led by Prof. J. McCormick).  One test was conducted so far.  The specimen size was HSS 
16×16×5/8 with a length of 18 ft. The b/t ratio was 24.5, which exceeded 𝜆𝜆ℎ𝑑𝑑 (=11.6) by a aery large  
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Figure 1. Cyclic response of an HSS 16×16×5/8 column 
 
margin. Based on the preliminary test result shown in Figure 1, it is expected that the limiting width-to-
thickness ratios will be relaxed in AISC 341-27. 
 
AISC 341 has been specifying the same limiting width-to-thickness ratios for both the HSS and built-
up box sections.  Parallel to the HSS column study in the US, researchers at NCREE will focus on built-
up columns, the type of columns widely used for building construction in Taiwan. 
 

I-SHAPED COLUMNS 
 
Aside from the two changes (b/t limiting format change and split of Table D1.1), the most significant 
change made to AISC 341-22 is the 𝜆𝜆ℎ𝑑𝑑 and 𝜆𝜆𝑚𝑚𝑚𝑚 limits for the web of I-shaped columns. This change 
was based on a research project sponsored by National Institute of Standards and Technology (NIST).  
A total of 44 deep columns were tested at the Uniaersity of California, San Diego to address the concerns 
of buckling because deep column sections tend to haae a much higher h/tw ratio and a smaller ry. Testing 
showed that this type of columns is indeed aulnerable to interactiae flange-web local buckling, 
sometimes combined with lateral-torsional buckling (Chansuk et al. 2021).  The deformation capacity 
is also sensitiae to the axial force leael as shown in Figure 2.  Based on results from both experimental 
testing finite element simulation, alternate 𝜆𝜆ℎ𝑑𝑑 and 𝜆𝜆𝑚𝑚𝑚𝑚 limits deaeloped by Ozkula et al. (2021) haae 
been adopted in AISC 341-22.  Figure 3 shows a comparison of the limiting ratios between the 2016 and 
2022 editions of AISC 341. 
 

 
Figure 2. Effect of axial compression force level on cyclic response of W24×131 columns 

 

 
(a) Highly ductile limit 

 
(b) Moderately ductile limit 

Figure 3. Comparison of I-shaped column web h/tw limiting ratios 
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Figure 1. Cyclic response of an HSS 16×16×5/8 column 
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(a) Cyclic response 

 

 
(b) Member end 

 

 
(c) Weld fracture 

Figure 4. Cyclic behavior of W14132 column under alternating axial load 
 

BRACED FRAME I-SHAPED COLUMNS 
 
Applying the newly developed 𝜆𝜆ℎ𝑑𝑑 and 𝜆𝜆𝑚𝑚𝑚𝑚 limits for braced frame columns is too conseraatiae for two 
reasons. First of all, shallow sections (e.g., W12 and W14) with stocky web are usually used in braced 
frames. Secondly, these columns are subjected to cyclic axial load with alternating compression and 
tension due to oaerturning of the braced frame. Since these issues were not the main focus of the NIST 
research program, the code committee in deaeloping AISC 341-22 decided to retain the same limits as 
in the 2016 edition but with the coefficients restored to the 2010 edition as explained preaiously. 
 
To address braced frame column issues, AISC has initiated a research program with a goal to deaelop 
recommendations for AISC 341-27.  Six shallow columns (W12 and W14) haae been planned for testing 
at Uniaersity of California, San Diego, with finite element simulation to be conducted at the Uniaersity 
of Wisconsin, Platteaille (led by Prof. G. Ozkula). Two columns under alternating axial load with cyclic 
drifts haae been tested so far. Figure 4 shows the obseraed performance of a W14132 column under 
alternating axial load, with the normalized axial load, 𝐶𝐶𝑎𝑎(=

𝑃𝑃𝑢𝑢
𝑅𝑅𝑦𝑦𝑃𝑃𝑦𝑦

), ranging from 0.8 in compression and 

0.2 in tension. Unlike those under constant axial compression in the NIST program, this column showed 
very little buckling, nor with strength degradation. Testing was ended due to overload and fracture of 
the CJP groove welds connecting the column to the end plates. 
 

SUMMARY AND CONCLUSIONS 
 
Local buckling control plays an important role for providing sufficient deformation capacity in seismic 
steel design. This paper provides a brief summary of important changes that have been made in the 2022 
edition of AISC 341. Reasons for these changes, concerns that were raised, and ongoing AISC efforts 
to resolve these issues for the next (2017) edition of AISC 341 are presented. 
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ABSTRACT 
 

Three sources of data can be used to constrain non-ergodic path terms in California: recorded ground 
motions from seismic stations, simulated ground motions for 3-D crustal structure, and macroseismic 
intensity data.  The three data types provide complementary information for the path effects: the 
recorded ground motions provide broadband constraints, but they have limited spatial coverage; the 3-
D simulations provide dense spatial coverage, but the 3-D path effects are only constrained for long 
periods (T>1 sec); the intensity data also provides dense spatial coverage, but there can be large 
uncertainties in converting intensity data to ground motion values. The non-ergodic behavior is 
captured through the approach of Sung et al. (2023) which quantifies the anisotropic path effects due 
to the 3-D velocity structure using the varying coefficient model in an iterative process. There is a 
strong correlation between the path terms for observed ground motions at short periods and the path 
terms for intensity data, indicating that the non-ergodic path behavior from the intensity data can 
provide useful constraints for path terms for non-ergodic GMMs. 3-D simulations can be used to 
contain the median non-ergodic path effects for long-period ground motion, but the epistemic 
uncertainty in the path effects due to the uncertainty in the 3-D velocity structure has not been estimated.  
 
Keywords: non-ergodic ground-motion models, path effects, intensity data, 3-D simulations 

 
INTRODUCTION 

 
Over the last decade, there has been a move from using global average ground-motion models (GMMs) 
in probabilistic seismic hazard (PSHA) to using non-ergodic GMMs that account for the systematic and 
repeatable effects for a specific source-path combination. The non-ergodic GMMs include source, path, 
and site terms. The development of non-ergodic path terms requires source/site-specific data. There are 
three types of data that can be used to constrain non-ergodic path effects: recorded ground-motions from 
seismic stations, simulated ground motions using 3-D velocity structures, and macroseismic intensity 
data.  These data sets have strengths and weaknesses for constraining non-ergodic path terms. 
 
The recorded ground motions provide constraints on the path terms for both low and high frequencies, 
but the spatial density of the recordings is limited. In some regions with dense seismic instrumentation, 
the seismic stations are a few km apart, but in many regions in the western US, the spacing between 
seismic stations is 10-50 km.  The 3-D simulations can be computed at dense spatial sampling (REF), 
but they only constrain the path effects at low frequencies because the 3-D velocity model is only 
constrained at long wavelengths corresponding to periods greater than 1 sec. The intensity data is 
available at dense spatial sampling, but there is the issue of the uncertainty in the relation between 
intensity and ground motion. The correlation of the path effects for intensity is best correlated with the 
path effects for short-period ground motion.   
 
In this paper, we summarize how recorded ground motions and 3- D simulations have been used in 
previous studies to develop non-ergodic GMMs and show that the intensity data provides useful 
information for constraining non-ergodic path effects for short-period ground motions despite the large 
uncertainties associated with intensity data and ground motions.  
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ABSTRACT 
 

Three sources of data can be used to constrain non-ergodic path terms in California: recorded ground 
motions from seismic stations, simulated ground motions for 3-D crustal structure, and macroseismic 
intensity data.  The three data types provide complementary information for the path effects: the 
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captured through the approach of Sung et al. (2023) which quantifies the anisotropic path effects due 
to the 3-D velocity structure using the varying coefficient model in an iterative process. There is a 
strong correlation between the path terms for observed ground motions at short periods and the path 
terms for intensity data, indicating that the non-ergodic path behavior from the intensity data can 
provide useful constraints for path terms for non-ergodic GMMs. 3-D simulations can be used to 
contain the median non-ergodic path effects for long-period ground motion, but the epistemic 
uncertainty in the path effects due to the uncertainty in the 3-D velocity structure has not been estimated.  
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NON-ERGODIC GMMS 

 
Most current non-ergodic GMMs are developed using recorded ground motions. For example, 
Lavrentiadis, G. and N. Abrahamson (2023) developed a non-ergodic GMM for California sites, 
source, and path effects using only recorded ground motions. In regions with sparse data, the epistemic 
uncertainty in the non-ergodic terms becomes large. To reduce the uncertainty of the non-ergodic 
terms, additional spatial sampling of the paths is needed. This can be from additional ground-motion 
data from small-magnitude earthquakes or from simulated ground motions from 3-D velocity 
structures. 
 
Non-ergodic GMMs are beginning to be developed using 3-D simulations. For example, Sung and 
Abrahamson (2022) developed a non-ergodic GMM for Cascadia using 3-D simulations for M9 
earthquakes. With 3-D simulations for a single scenario, the path and site effects are not separable, so 
the non-ergodic term is the combined path and site effect.  If the set of 3-D simulations includes 
multiple scenarios at different locations, then the path effects can be separated from the site effects. 
Sung et al. (2023) developed a methodology to use the large set of CyberShake simulations with 
multiple scenarios that sampled a wide range of ray paths to incorporate the non-ergodic path effects 
of the 3-D velocity structure into a reference ergodic GMM for long spectral periods. 
 
Intensity data provides dense spatial sampling of path effects, but these data have not yet been used to 
develop non-ergodic GMMs. One approach is to convert the intensity data into ground-motion 
estimates using ground-motion-intensity conversion equations (GMICE) such as Worden et al. (2012). 
Gallahue and Abrahamson (2023) found that there can be a large bias in the estimated ground motion 
(PGA or PGV) if standard GMICE are used.  To address this bias, new GMICE need to be developed.   
 
As an alternative to using GMICE to convert intensity data to ground-motion data, the residuals of 
intensity-prediction equations (IPE) can be computed and correlated with the residuals of a GMM. 
This avoids the bias in the ground motions from using the GMICE.   We used the Atkinson et al. 
(2014) IPE to estimate the intensity residuals. These residuals are then used with the non-ergodic 
methodology described in the following section to evaluate the correlation of path effects from 
intensity data and the path effects from PGA. 

 
METHODOLOGY 

 
The non-ergodic path effects are estimated using the approach of Sung et al. (2023) which quantifies 
the anisotropic path effects due to the 3-D velocity structure using the varying coefficient model in an 
iterative process.  The within-event residuals are computed for each data set. The within-site residuals 
are computed by first removing the non-ergodic site term from the within-even residual. Using the 
within-site residuals, the path terms are estimated for one site at a time with the spatial correlation 
based on the separation distance between earthquakes. Next, the model results of step 1 are used to 
estimate the median and epistemic uncertainty of the non-ergodic path terms for a specific source 
location for all site locations.  This leads to a model that can be applied to any source location and any 
site location.  This methodology is applied to the recorded ground-motion data, the 3-D simulations, 
and the intensity data.   
 
As an example of non-ergodic terms based on 3-D simulations, the non-ergodic path terms for the 
spectral acceleration at T=3 sec for a site in the Los Angeles region is shown in Figure 1.  For this site, 
the path terms can lead to an increase of about a factor of 7 (0.7 LN units) or a decrease of about a 
factor of 1.5 (0.4 LN units).  The change in the distance scaling in three directions is shown in the 
lower frame of Figure 1. 
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CORRELATION OF PATH TERMS 
 
The non-ergodic path terms from the intensity data are compared to the non-ergodic path terms from the 
recorded ground motions. The spatial sampling of the two data sets for an M5.4 event is shown in Figure 
2. The intensity data has a much denser spatial sampling than the ground-motion data. The maps of the 
path terms for this event show similar overall spatial patterns between the intensity path effects and the 
ln(PGA) path effects. Because the intensity data has much denser spatial sampling, the epistemic 
uncertainty in the path terms is much smaller for the intensity data than for the ground-motion data as 
shown in the right-hand frame of Figure 2. 
 
The correlations of the path terms are shown in Figure 3 for different azimuth bins. For this earthquake, 
the correlation coefficients are about 0.8 for three azimuths and lower for the other three azimuths. For 
the 0-60 azimuth, the correlation coefficient is low (0.08). Overall, there is a significant correlation 
between the path effects for intensity data and PGA.  We also evaluated the correlation of the path terms 
for spectral acceleration at T=3 sec with the intensity path terms. The correlation is much lower for the 
long-period ground motion, indicating that the intensity data will be most useful for constraining the 
short-period path effects. 
  

CONCLUSIONS 
 
To constrain non-ergodic path effects, all sources of data should be used including recorded ground 
motions, 3-D simulations, and macroseismic intensity data. Although the relation between intensity and 
ground motion has a large uncertainty, the dense spatial sampling of the intensity data makes it a 
valuable data set for constraining non-ergodic path effects at short spectral periods.  The dense spatial 
sampling of simulated ground motions based on 3-D velocity models provides constraints on the non-
ergodic path effects at long spectral periods. Results from 3-D simulations and compiled intensity data 
are key data sets for estimating non-ergodic path terms in regions with limited seismic station coverage.  
 

ACKNOWLEDGMENTS 
 
The DYFI intensity data set was compiled by Mike Hearns and Eric Thompson at the U.S. Geological 
Survey. 
 
 

REFERENCES 
 
Atkinson, G. M., C. B. Worden, and D. J. Wald (2014). "Intensity prediction equations for North America, Bulletin 

of the Seismological Society of America 104(6), 3084-3093. 

Gallahue, M. and N. Abrahamson (2023). “New Methodology for Unbiased Ground-Motion Intensity Conversion 
Equations (GMICE)", Bulletin of the Seismological Society of America, 113(3), 1133-1151. 

Lavrentiadis, G. and N. Abrahamson (2023). “A non‑ergodic spectral acceleration ground motion model for 
California developed with random vibration theory", April 2023, Bulletin of Earthquake Engineering, online 
edition. 

Sung, C-H., and N. Abrahamson (2022). “A partially nonergodic ground-motion model for Cascadia interface 
earthquakes", Bulletin of the Seismological Society of America, 112(5), 2520-2541.  

Sung, C-H., N. Abrahamson, and M. Lacour (2023). "A Methodology for Including Path Effects Due to 3-D 
Velocity Structure in Non-Ergodic Ground-Motion Models", Bulletin of the Seismological Society of America, 
June 2023, online 

Worden, C., M. Gerstenberger, D. Rhoades, and D. Wald (2012). Probabilistic relationships between ground-
motion parameters and modified Mercalli intensity in California, Bulletin of the Seismological Society of 
America, 102(1), 204-221. 

 

38

PS3-1



39

PROCEEDINGS

 
 

CORRELATION OF PATH TERMS 
 
The non-ergodic path terms from the intensity data are compared to the non-ergodic path terms from the 
recorded ground motions. The spatial sampling of the two data sets for an M5.4 event is shown in Figure 
2. The intensity data has a much denser spatial sampling than the ground-motion data. The maps of the 
path terms for this event show similar overall spatial patterns between the intensity path effects and the 
ln(PGA) path effects. Because the intensity data has much denser spatial sampling, the epistemic 
uncertainty in the path terms is much smaller for the intensity data than for the ground-motion data as 
shown in the right-hand frame of Figure 2. 
 
The correlations of the path terms are shown in Figure 3 for different azimuth bins. For this earthquake, 
the correlation coefficients are about 0.8 for three azimuths and lower for the other three azimuths. For 
the 0-60 azimuth, the correlation coefficient is low (0.08). Overall, there is a significant correlation 
between the path effects for intensity data and PGA.  We also evaluated the correlation of the path terms 
for spectral acceleration at T=3 sec with the intensity path terms. The correlation is much lower for the 
long-period ground motion, indicating that the intensity data will be most useful for constraining the 
short-period path effects. 
  

CONCLUSIONS 
 
To constrain non-ergodic path effects, all sources of data should be used including recorded ground 
motions, 3-D simulations, and macroseismic intensity data. Although the relation between intensity and 
ground motion has a large uncertainty, the dense spatial sampling of the intensity data makes it a 
valuable data set for constraining non-ergodic path effects at short spectral periods.  The dense spatial 
sampling of simulated ground motions based on 3-D velocity models provides constraints on the non-
ergodic path effects at long spectral periods. Results from 3-D simulations and compiled intensity data 
are key data sets for estimating non-ergodic path terms in regions with limited seismic station coverage.  
 

ACKNOWLEDGMENTS 
 
The DYFI intensity data set was compiled by Mike Hearns and Eric Thompson at the U.S. Geological 
Survey. 
 
 

REFERENCES 
 
Atkinson, G. M., C. B. Worden, and D. J. Wald (2014). "Intensity prediction equations for North America, Bulletin 

of the Seismological Society of America 104(6), 3084-3093. 

Gallahue, M. and N. Abrahamson (2023). “New Methodology for Unbiased Ground-Motion Intensity Conversion 
Equations (GMICE)", Bulletin of the Seismological Society of America, 113(3), 1133-1151. 

Lavrentiadis, G. and N. Abrahamson (2023). “A non‑ergodic spectral acceleration ground motion model for 
California developed with random vibration theory", April 2023, Bulletin of Earthquake Engineering, online 
edition. 

Sung, C-H., and N. Abrahamson (2022). “A partially nonergodic ground-motion model for Cascadia interface 
earthquakes", Bulletin of the Seismological Society of America, 112(5), 2520-2541.  

Sung, C-H., N. Abrahamson, and M. Lacour (2023). "A Methodology for Including Path Effects Due to 3-D 
Velocity Structure in Non-Ergodic Ground-Motion Models", Bulletin of the Seismological Society of America, 
June 2023, online 

Worden, C., M. Gerstenberger, D. Rhoades, and D. Wald (2012). Probabilistic relationships between ground-
motion parameters and modified Mercalli intensity in California, Bulletin of the Seismological Society of 
America, 102(1), 204-221. 

 

38
 

 

      
 

 
Figure 1. Example of non-ergodic path effects for T=3 sec using 3-D simulations. The site location is 
shown by the triangle. The mapped values are for different source locations. The color scale is in 
natural units. The distance scaling along three directions is shown in the lower frame. (From Sung et 
al., 2023). 
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Figure 2. Example of non-ergodic path effects for ln(PGA) using recorded ground motion data in the 

NGA-W2 data set and for MMI using the Did-you-feel-it intensity data (MMI). The triangles 
on the left-hand frames show the locations of the seismic stations (top) and the intensity 
observations (bottom). The color scale is in natural log units. 
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NGA-W2 data set and for MMI using the Did-you-feel-it intensity data (MMI). The triangles 
on the left-hand frames show the locations of the seismic stations (top) and the intensity 
observations (bottom). The color scale is in natural log units. 
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Figure 3. Example of the correlation of the path terms for ln(PGA) from the recorded ground motions 

and the path terms from the intensity data. The individual plots are for the azimuth bins 
shown in Figure 2. 
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ABSTRACT 
 

This paper summarizes a recently developed probabilistic distribution model for surface principal fault 
displacement at a location on the main rupture trace of a strike-slip earthquake in the magnitude range 
of 6 ≤ M ≤ 8.3.  The model is the result of a collaborated study by a team of researchers from the 
California Geological Survey, Caltech, USGS, and California Department of Transportation to update 
the previously published model of Petersen et al. The update uses a vetted dataset of observed rupture 
data compiled by the Probabilistic Fault Displacement Hazard Initiative project, as well as several 
revisions to the formulation of Petersen et al., including the adoption of a left-skew non-normal 
probabilistic distribution. These revisions not only significantly improve the fit to the histogram of 
observed displacements but also predict more reasonable upper quantiles of displacement for large-
magnitude ruptures.  
 
Keywords: probabilistic fault displacement hazard analysis, surface rupture, principal surface 
displacement, strike-slip earthquake 

 
INTRODUCTION 

 
Coseismic surface displacement poses a geological hazard to structures and lifelines that cross active 
faults. Probabilistic fault displacement hazard analysis (PFDHA) (Youngs et al., 2003; Petersen et al. 
2011) is a quantitative method to evaluate the displacement hazard for use in engineering design to 
mitigate the displacement hazard. PFDHA relies on the principal fault displacement model (FDM) to 
assess the probability of future principal displacement exceeding a specified test value, given there is 
coseismic surface rupture at the site location on or near the main fault trace.  Prior to 2021, only a few 
published FDMs were available for use in PFDHA: Youngs et al. (2003) for normal faults, Petersen et 
al. (2011) for strike-slip faults, and Moss and Ross (2011) for reverse faults. The Fault Displacement 
Hazard Initiative (FDHI) (Borzognia et al., 2021) is a multi-year multi-agency research project to 
advance the state of practice by increasing the quality and quantity of the empirical rupture data and 
updating existing, or developing new, FDMs. The Chiou et al. (2023) FDM summarized in this paper is 
one of the FDMs resulting from the FDHI project. The Chiou et al. (2003) FDM is an effort to update 
Petersen et al. (2011) to the rupture data compiled and vetted by the FDHI project (Sarmiento et al., 
2021). In addition to the data update, formulations of the Petersen et al. model are substantially revised 
to achieve improved fits to the histogram of observed displacements and to provide reasonable 
predictions of high percentiles of the predicted displacement distributions for large earthquakes.  Model 
development and displacement predictions from the updated FDM are summarized below; details can 
be found in Chiou et al. (2023).    
  

SURFACE DISPLACEMENT DATABASE 
 

The FDHI database is the data resource used by Chiou et al. (2023), who also made two improvements 
to the data preparation processes. First, an objective and automated method was developed to help define 
the main rupture trace (Thomas et al., 2003). The resulting main trace was then used to define an 
earthquake-specific coordinate system in which the along-strike and the cross-strike distances of a data 
point or a site location are computed. The second improvement is the aggregation of net principal 
displacements measured along overlapped principal rupture traces. A total of 3,334 aggregated net 
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principal displacements from 29 strike-slip earthquakes in the 6 ≤ M ≤ 7.9 range were selected and used 
in Chiou et al. (2023, Chapter 2).  
 

PROBABILISTIC DISTRIBUTION MODEL 
 
Probability Distribution of ln(D) 
 
It has been known that the Gaussian distribution does not appropriately match the distribution of the 
natural logarithm of observed principal displacement 𝑙𝑙𝑙𝑙(𝐷𝐷). This is also the case for the selected FDHI 
displacement data, as shown in Figure 1.  
 

 
Figure 1. Histogram of the residuals of an interim simple update to Petersen et al. (2011). This update 

is a repeat of the regression analysis of Petersen et al. using the selected FDHI data. The 
model formulation, including the normality assumption for  𝑙𝑙𝑙𝑙(𝐷𝐷), was unchanged. See 
Chiou et al. (2023, Section 3.2.1) for details. 

 
To improve the distributional fit, Chiou et al. (2023) modeled 𝑙𝑙𝑙𝑙(𝐷𝐷) as a Gaussian variate (𝐺𝐺 ~ 𝑁𝑁(𝜇𝜇, 𝜎𝜎)) 
minus an exponential variate (𝐸𝐸 ~ 𝐸𝐸𝐸𝐸𝐸𝐸()), G and E being independent, 
 

                                                              𝑙𝑙𝑙𝑙(𝐷𝐷) =  𝑌𝑌 = 𝐺𝐺 − 𝐸𝐸                                                          (1) 

The Gaussian component 𝐺𝐺 is analogous to the Gaussian variate used in Petersen et al. (2011).  In a 
complex surface rupture, fault displacements near the endpoints of two or more adjacent interacting 
rupture segments are tapered toward the endpoints (Scholz and Lawler, 2004; Martel and Shacat, 2006). 
The 𝐸𝐸 component in Eq. (1) models the tapering effects marginalized along the surface ruptures and 
over all earthquakes. Probabilistically, the subtrahend 𝐸𝐸 modifies the symmetric Gaussian distribution 
to a left-skew distribution, matching the shape of the residual distribution shown in Fig. 1.  
 
Chiou et al. (2023) called the distribution of (𝐺𝐺 − 𝐸𝐸) the negative Exponentially Modified Gaussian 
distribution, or nEMG distribution for short. This distribution is characterized by the distribution 
parameters of the two stochastic components. The probability density function (PDF) and the cumulative 
distribution function (CDF) of the nEMG distribution are described in Chiou et al. (2023, Appendix C). 
The basic statistical measures of the nEMG distribution are as follows: mean = 𝜇𝜇 − ; variance = 𝜎𝜎2 +
2 = 2 [1 +   𝜎𝜎2

2 ]; skewness = −2 [1 + 𝜎𝜎2

2 ]
−1.5

; excess kurtosis = 6 [1 +  𝜎𝜎2

2 ]
−2

. Parameter 𝜇𝜇 affects only 
the mean, and 𝑣𝑣 affects all four measures. The skewness of the nEMG distribution is always negative 
and approaches 0 as  decreases to 0. 
 
Distribution Parameter Models 
 
As in Petersen et al. (2011), the 𝜇𝜇 parameter of the 𝑙𝑙𝑙𝑙(𝐷𝐷) distribution is modeled as a function of two 
predictors: the earthquake moment magnitude (𝐌𝐌) and the along-strike position 𝑙𝑙 normalized by the 
length of the main rupture trace L, 𝑙𝑙2𝐿𝐿 = 𝑙𝑙/𝐿𝐿. The 𝑙𝑙2𝐿𝐿 variable is folded at the midpoint of the main 
rupture trace to yield 𝑙𝑙2𝐿𝐿𝑓𝑓 (0 ≤ 𝑙𝑙2𝐿𝐿𝑓𝑓 ≤ 0.5), which is then used in the modeling of the along-strike 
variation of 𝜎𝜎. The 𝑣𝑣 parameter is modeled as a constant.  
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; excess kurtosis = 6 [1 +  𝜎𝜎2

2 ]
−2

. Parameter 𝜇𝜇 affects only 
the mean, and 𝑣𝑣 affects all four measures. The skewness of the nEMG distribution is always negative 
and approaches 0 as  decreases to 0. 
 
Distribution Parameter Models 
 
As in Petersen et al. (2011), the 𝜇𝜇 parameter of the 𝑙𝑙𝑙𝑙(𝐷𝐷) distribution is modeled as a function of two 
predictors: the earthquake moment magnitude (𝐌𝐌) and the along-strike position 𝑙𝑙 normalized by the 
length of the main rupture trace L, 𝑙𝑙2𝐿𝐿 = 𝑙𝑙/𝐿𝐿. The 𝑙𝑙2𝐿𝐿 variable is folded at the midpoint of the main 
rupture trace to yield 𝑙𝑙2𝐿𝐿𝑓𝑓 (0 ≤ 𝑙𝑙2𝐿𝐿𝑓𝑓 ≤ 0.5), which is then used in the modeling of the along-strike 
variation of 𝜎𝜎. The 𝑣𝑣 parameter is modeled as a constant.  
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𝜇𝜇𝑖𝑖𝑖𝑖(𝐌𝐌𝑖𝑖,  𝑥𝑥𝑖𝑖𝑖𝑖
∗ ) = (𝑐𝑐0 + 𝛿𝛿𝑒𝑒𝑒𝑒,𝑖𝑖) + 𝑚𝑚2(𝐌𝐌𝑖𝑖 − 𝑚𝑚3) + 𝑚𝑚2 − 𝑚𝑚1

𝑐𝑐𝑛𝑛
𝑙𝑙𝑙𝑙 (1 + 𝑒𝑒−𝑐𝑐𝑛𝑛 (𝐌𝐌𝑖𝑖−𝑚𝑚3)

2 ) + 𝑐𝑐1 (𝑥𝑥𝑖𝑖𝑖𝑖
∗ − 1)  (2)  

𝑥𝑥𝑖𝑖𝑖𝑖
∗ = √1 −

( 𝑙𝑙2𝐿𝐿𝑖𝑖𝑖𝑖 − 0.5)2

0.52  

 
                                                  𝜎𝜎𝑖𝑖𝑖𝑖(𝑙𝑙2𝐿𝐿𝑓𝑓,𝑖𝑖𝑖𝑖) = 𝑐𝑐𝑣𝑣3 𝑒𝑒𝑐𝑐𝑣𝑣4 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 (𝑙𝑙2𝐿𝐿𝑓𝑓,𝑖𝑖𝑖𝑖−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,   0)                                               (3) 

                                                                              𝑣𝑣𝑖𝑖𝑖𝑖 = 𝑐𝑐𝑣𝑣5                                                                                (4) 

, where index j refers to a displacement measurement in earthquake i. The above equations incorporate 
several upgrades to the formulation of Petersen et al. (2011): (1). Random earthquake effect 𝛿𝛿𝑒𝑒𝑒𝑒 on the 
intercept 𝑐𝑐0  of the 𝜇𝜇  parameter;  𝛿𝛿𝑒𝑒𝑒𝑒 ~ 𝑁𝑁(0, 𝜎𝜎𝑒𝑒𝑒𝑒

2 (𝐌𝐌))  and  𝜎𝜎𝑒𝑒𝑒𝑒(𝐌𝐌) =  𝑚𝑚𝑚𝑚𝑚𝑚(𝑐𝑐𝑣𝑣1 𝑒𝑒𝑐𝑐𝑣𝑣2 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚(𝐌𝐌−6.1,0), 0.4) , 
where 𝜎𝜎𝑒𝑒𝑒𝑒 is capped by the value at M = 6.1 and floored by 0.4; (2). Bi-linear scaling of the 𝜇𝜇 parameter 
with M; the scaling rate transitions from 𝑚𝑚1 to 𝑚𝑚2 over a magnitude interval centered at M = 𝑚𝑚3;  (3). 
Exponential decrease of the 𝜎𝜎  parameter with  𝑙𝑙2𝐿𝐿𝑓𝑓 ;  𝜎𝜎  is capped by the value at  𝑙𝑙2𝐿𝐿𝑓𝑓 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and 
symmetrical with respect to the midpoint of the main trace. (4). A constant 𝑣𝑣 for the interior tapering 
effects marginalized over 𝑙𝑙2𝐿𝐿 and over earthquakes.  
 
Note that the  𝑙𝑙2𝐿𝐿𝑓𝑓-dependence described in Eqs. 3 and 4 differ from those of Chiou et al. (2023, Eq. 
3.14), where 𝜎𝜎 was modeled as a constant and 𝑣𝑣 as a function of 𝑙𝑙2𝐿𝐿𝑓𝑓. The reformulated models for 𝜎𝜎 
and 𝑣𝑣, which were prompted and guided by a residuals analysis carried out after the publication of Chiou 
et al. (2023), supersede those of Chiou et al. (2023).   
 
 

REGRESSION METHOD AND RESULTS 
 
Estimation of the coefficients in Eqs. 2, 3, and 4 was carried out using the maximum-likelihood method 
provided in the R package GAMLSS (Generalized Additive Model for Location, Scale, and Shape) 
(Rigby et al., 2020). With coefficients 𝑐𝑐𝑛𝑛 and 𝑚𝑚3 being unknown, the 𝜇𝜇 model is a nonlinear mixed-
effect model, which currently is not supported by GAMLSS. Therefore, for GAMLSS regression, the 𝜇𝜇 
model was transformed into a linear mixed-effect model by fixing 𝑐𝑐𝑛𝑛 and 𝑚𝑚3 to 10 and 7.1, respectively. 
These two values were estimated prior to the main GAMLSS regression; the readers are referred to 
Chiou et al. (2023, Section 3.5) for details.  
 

 
The coefficient estimates conditioned on 𝑚𝑚3 = 7.1 are listed in Table 1 (Model7.nEMG), along with 
three other sets conditioned on three different 𝑚𝑚3 values selected to represent the assessed credible range 
of 𝑚𝑚3 (Chiou et al., 2023, Section 3.5). The assessed range is centered at 𝑚𝑚3 = 7.1, bounded above by 
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𝑚𝑚3 = 7.32 and below by 𝑚𝑚3 = 6.4. A 𝑚𝑚3 value larger than 7.32 was considered untenable because the 
corresponding 𝑚𝑚2  estimate would have been negative. The 𝑐𝑐𝑣𝑣2  estimate (the rate of decrease of 
 𝜎𝜎𝑒𝑒𝑒𝑒 with M) conditioned on 𝑚𝑚3 = 6.4 differs substantially from the other three estimates, due to the 
large 𝑚𝑚2 over-predicting the event terms 𝛿𝛿𝑒𝑒𝑒𝑒,𝑖𝑖 at the high end of M range. Therefore, 𝑚𝑚3 < 6.4 was also 
considered untenable. The sets of coefficients in Table 1 are intended to be used in a PFDHA to represent 
the epistemic uncertainty of the probabilistic distribution for 𝑙𝑙𝑙𝑙(𝐷𝐷) due to the estimation uncertainty of 
the M-scaling relation in the 𝜇𝜇 model. 
 

RESIDUALS 
 
The goodness-of-fit by the fitted FDM is examined using the normalized quantile residuals 
(Stasinopoulos et al., 2017), defined as 𝑟̂𝑟𝑖𝑖𝑖𝑖 = −1[F(𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖𝑖𝑖) | 𝜇𝜇𝑖𝑖𝑖̂𝑖, 𝜎𝜎𝑖𝑖𝑖̂𝑖, 𝑖𝑖𝑖̂𝑖)] , where (𝜇𝜇𝑖𝑖𝑖̂𝑖, 𝜎𝜎𝑖𝑖𝑖̂𝑖, 𝑖𝑖𝑖̂𝑖 ) are the 
estimated distribution parameters for observation j in earthquake i; F(𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖𝑖𝑖) | 𝜇𝜇𝑖𝑖𝑖̂𝑖, 𝜎𝜎𝑖𝑖𝑖̂𝑖, 𝑖𝑖𝑖̂𝑖) is the CDF of 
 𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖𝑖𝑖) given (𝜇𝜇𝑖𝑖𝑖̂𝑖, 𝜎𝜎𝑖𝑖𝑖̂𝑖, 𝑖𝑖𝑖̂𝑖); and −1[. ] is the inverse CDF of the standard normal distribution. If the 
estimated distributional model is correct, 𝑟̂𝑟𝑖𝑖𝑖𝑖 will follow the standard normal distribution, aside from 
sampling variability. The histogram, the empirical CDF, and the Q-Q plot (Fig. 2) all indicate that 𝑟̂𝑟𝑖𝑖𝑖𝑖 of 
the fitted FDM follows closely the standard normal distribution. Based on Fig. 2, it is concluded that the 
assumed nEMG distribution is appropriate and the fitted FDM provides good (distributional) fits to the 
displacement data.   
 

 
 

Figure 2. Diagnostic plots of normalized quantile residuals of the fitted FDM. 
 

PREDICTIONS 
 
The 𝑙𝑙𝑙𝑙(𝐷𝐷) distribution predicted by any of the FDMs in Table 1 is conditioned on random earthquake 
effect 𝛿𝛿𝑒𝑒𝑒𝑒~ 𝑁𝑁(0, 𝜎𝜎𝑒𝑒𝑒𝑒

2 ). The compound (unconditioned) distribution, obtained by marginalizing out 𝛿𝛿𝑒𝑒𝑒𝑒, 
is again a nEMG distribution with the same 𝜇𝜇 and but an increased 𝜎𝜎′ = √𝜎𝜎2 + 𝜎𝜎𝑒𝑒𝑒𝑒2 .  Examples of the 
PDF of the compound distribution are shown in Fig. 3 for several locations along a M 7.9 rupture trace. 
To further highlight the differences between the updated FDM and Petersen et al. (2011), the 5th, 50th, 
and 95th percentiles predicted by the two FDMs are compared in Fig. 4 as a function of M for 𝑙𝑙2𝐿𝐿 = 0, 
0.2, and 0.5. Away from the rupture edge (𝑙𝑙2𝐿𝐿 > 0) and for M > 7.2, the 95th percentiles from the updated 
FDM are substantially lower than those from Petersen et al. (2011).  For 𝑙𝑙2𝐿𝐿 = 0.5 and M = 8, the 
predicted 95th percentile from the updated FDM is about 15 m, much smaller than the 40 m from Petersen 
et al. (2011). For reference, the maximum displacement of strike-slip earthquakes in the FDHI database 
is 13.6 m, from the M 7.7 Balochistan earthquake. Rodgers and Little (2006) reported a dextral slip of 
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 𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖𝑖𝑖) given (𝜇𝜇𝑖𝑖𝑖̂𝑖, 𝜎𝜎𝑖𝑖𝑖̂𝑖, 𝑖𝑖𝑖̂𝑖); and −1[. ] is the inverse CDF of the standard normal distribution. If the 
estimated distributional model is correct, 𝑟̂𝑟𝑖𝑖𝑖𝑖 will follow the standard normal distribution, aside from 
sampling variability. The histogram, the empirical CDF, and the Q-Q plot (Fig. 2) all indicate that 𝑟̂𝑟𝑖𝑖𝑖𝑖 of 
the fitted FDM follows closely the standard normal distribution. Based on Fig. 2, it is concluded that the 
assumed nEMG distribution is appropriate and the fitted FDM provides good (distributional) fits to the 
displacement data.   
 

 
 

Figure 2. Diagnostic plots of normalized quantile residuals of the fitted FDM. 
 

PREDICTIONS 
 
The 𝑙𝑙𝑙𝑙(𝐷𝐷) distribution predicted by any of the FDMs in Table 1 is conditioned on random earthquake 
effect 𝛿𝛿𝑒𝑒𝑒𝑒~ 𝑁𝑁(0, 𝜎𝜎𝑒𝑒𝑒𝑒

2 ). The compound (unconditioned) distribution, obtained by marginalizing out 𝛿𝛿𝑒𝑒𝑒𝑒, 
is again a nEMG distribution with the same 𝜇𝜇 and but an increased 𝜎𝜎′ = √𝜎𝜎2 + 𝜎𝜎𝑒𝑒𝑒𝑒2 .  Examples of the 
PDF of the compound distribution are shown in Fig. 3 for several locations along a M 7.9 rupture trace. 
To further highlight the differences between the updated FDM and Petersen et al. (2011), the 5th, 50th, 
and 95th percentiles predicted by the two FDMs are compared in Fig. 4 as a function of M for 𝑙𝑙2𝐿𝐿 = 0, 
0.2, and 0.5. Away from the rupture edge (𝑙𝑙2𝐿𝐿 > 0) and for M > 7.2, the 95th percentiles from the updated 
FDM are substantially lower than those from Petersen et al. (2011).  For 𝑙𝑙2𝐿𝐿 = 0.5 and M = 8, the 
predicted 95th percentile from the updated FDM is about 15 m, much smaller than the 40 m from Petersen 
et al. (2011). For reference, the maximum displacement of strike-slip earthquakes in the FDHI database 
is 13.6 m, from the M 7.7 Balochistan earthquake. Rodgers and Little (2006) reported a dextral slip of 
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18.7 m in the rupture of the 1855 New Zealand earthquake (whose magnitude is thought to be greater 
than 8.1) on the Wairarapa fault.  Lastly, dynamic rupture modeling by Wang and Goulet (2022) yields 
a maximum displacement in the range of 10 to 20 m for scenarios of M 8 to M 8.2. Based on the above, 
it is judged that the updated FDM predicts a more reasonable 95th percentile for large magnitude than 
Petersen et al. (2011) does.  
 

 
 
Figure 3. Probability distribution functions of 𝑙𝑙𝑙𝑙(𝐷𝐷) predicted by the updated FDM (red curves) and 

Petersen et al. (2011) (gray curves) for locations along the surface rupture of an M 7.9 event. 
 

 
 
Figure 4. Predicted percentiles versus earthquake magnitude. (Left) At rupture’s edge (𝑙𝑙2𝐿𝐿=0). (Middle)  

At 𝑙𝑙2𝐿𝐿 = 0.2. (Right) At the center of the main trace (𝑙𝑙2𝐿𝐿 = 0.5).  
 

CONCLUSIONS 
 
The adopted nEMG distribution and the fitted FDM provide good (distributional) fits to the selected 
FDHI displacement data.  In addition, the 95th percentile displacement predicted by the updated FDM is 
judged to be more reasonable than that predicted by Petersen et al. (2011) for large magnitudes. The 
applicable magnitude range of the updated FDM is assessed to be in the range of 6 ≤ M ≤ 8.3, despite 
the fact that the regression dataset is limited to M ≤ 7.9. Increasing the upper bound from M 7.9 to M 
8.3 is justified by the ability of the estimated bi-linear M scaling relation to track the average surface 
displacements of M > 7.9 earthquakes collected in three other studies (Fig. 5).    
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Figure 5. The M-scaling relations of the updated FDM and its three epistemic variants, shifted down by 

a factor of 2.147. For comparison, average surface displacement data collected in four studies 
are plotted as solid gray symbols in separate panels 
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ABSTRACT 

 
We performed post-earthquake reconnaissance in Taiwan following the 18 September 2022 Mw 6.9 
Chihshang, Taiwan earthquake. The mainshock produced surface rupture along approximately 40 km 
of the plate boundary consisting of the east-dipping Longitudinal Valley fault (LVF) and the west-
dipping Central Range fault. Near-field seismic stations measured PGAs exceeding 0.5 g along the 
fault. PGVs increased in the direction of the rupture; average amplitudes of 8 cm/sec near the epicenter 
increased along the fault to 89 cm/sec at the northern terminus. The ground motion recordings of the 
east (approximately fault parallel) component showed strong velocity pulses in the direction of the 
rupture. Our team investigated surface fault rupture and bridge damage using traditional reconnaissance 
techniques as well as unmanned aerial vehicles (UAVs) equipped with cameras and lidar. Field 
observations from our reconnaissance indicate that the majority of surface rupture manifested on the 
Yuli fault, a shallow branch of the causative Central Range fault; triggered surface rupture was also 
documented along the trace of the Longitudinal Valley Fault. Despite the proximity of the rupture to 
important locations throughout the alluvial plain from Chihshang to Ruisui, we did not observe any 
surface manifestations of liquefaction. We speculate that liquefaction did not occur due to a 
combination of short earthquake durations as well as a variation of soil types throughout the alluvial 
plain. The observations are important for geotechnical engineers practicing in seismically active areas 
with nearby, active faults capable of creating strong velocity pulses. 
 
Keywords: 2022 Chihshang Earthquake, fault rupture, fling effects, bridge damage, pulse 

 
INTRODUCTION 

 
The MW6.9 Chihshang, Taiwan earthquake occurred on 18 September 2022 at 14:44 local time. The 
strike-slip earthquake occurred on the north-south trending Central fault extending along the southeast 
coast of Taiwan. Figure 1 shows the contours of peak ground velocity (PGV) as reported in real-time by 
the early warning network P-Alert, composed of MEMS accelerometers across the island operated by 
the National Taiwan University (Wu et al., 2016). The U. S. Geological Survey (USGS) reports the 
earthquake’s epicentral location at 23.138 N 121.344 E with an epicentral depth of 10.0 km. The fault 
ruptured north, leading to directivity effects. The earthquake caused bridge collapses, surface fault 
rupture, and landslides throughout the epicentral region. Despite the epicentral region being an alluvial 
plain, surficial evidence of liquefaction was sparse to non-existent. Carey et al. (2023) documents some 
of the prior observations. Notably, a MW6.5 foreshock occurred on 17 September 2022 at 21:41local 
time (approximately 17 hours before the MW6.9 mainshock). Figure 1 shows the location of the 
foreshock epicenter, which the USGS reports being at 23.119 N 121.414 E with an epicentral depth 
of 10.0 km. The MW6.5 foreshock undoubtedly caused damage before the MW6.9 mainshock, and in 
some cases, may have caused material yielding to bridges that subsequently collapsed during the MW6.9 
mainshock. Notwithstanding the foregoing point, our field observations focused on documenting 
evidence of damage associated with the MW6.9 mainshock, because we did not have access to many 
field observations between the two earthquakes to isolate the MW6.5 foreshock damage. 
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Figure 1. The real-time peak ground velocity recorded by the P-Alert network. The left panel shows the 

first shock on 17 Sept. The second panel shows the larger mainshock on 18 September (source: 
twitter.com) 

 
The U.S. National Science Foundation (NSF)-funded Geotechnical Extreme Events Reconnaissance 
(GEER) team arrived in Taipei on 15 and 16 October 2022 and traveled to the affected region on 17 
October. We conducted five days of fieldwork. The GEER team, which included eight U.S.-based 
members, was hosted by a team of geologists, geotechnical engineers, and researchers from Taiwan’s 
National Center for Research on Earthquake Engineering (NCREE). The team was also followed in the 
field by Prof. Kuo-lung Wang and his graduate students from the National Chi Nan University, who 
documented high resolution drone imaging of structural and geotechnical damage associated with 
landslides and fault rupture along the affected area of our reconnaissance. We refer to the U.S.-Taiwan 
field reconnaissance team as the GEER-NCREE team herein. The team was separated into three focus 
groups to optimize our field campaign: 1) the bridge team, 2) the ground failure team, and 3) the surface 
fault rupture team. Figure 2 shows the location of major reconnaissance activities split by team. We 
have arranged the report with respect to the observations of the sub-teams. Our entire reconnaissance 
team bridges a wide range of expertise, so membership of the sub-teams remained fluid during our field 
campaign. The remainder of the paper describes our main findings in the areas of fault rupture, ground 
motions and bridge performance that we inspected along the Longitudinal Valley. 
 

 
 

Figure 2. Location of major reconnaissance activities split by team. 
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SURFACE RUPTURE OBSERVATIONS 

 
 Prior to the start of field reconnaissance on October 18th, it was 
understood that geologists from Taiwan’s Central Geological 
Survey and researchers from multiple Taiwanese academic 
institutions had been in the field documenting surface rupture in 
the weeks following the earthquakes. To avoid duplicating the 
ongoing Taiwanese efforts where possible, the surface rupture 
team worked to document surface rupture with a focus on 
engineering-related topics including: 1) surface rupture/structure 
interaction, 2) distribution and rupture zone width, 3) 
triggered/off-fault deformation, 4) oblique strain accommodation, 
and 5) expression of surface faulting at sites with prior historic 
ruptures. The takeaways of the team on the subject of surface fault 
ruptures were:  
1. Fault deformation was complex and rarely with oblique 

sinistral slip. In most instances, displacement along the LVF 
was expressed as either nearly pure sinistral strike slip 
(mostly in Fuli) or nearly pure shortening (Dongli), at least 
where offsets could be clearly defined. Where localized 
changes in fault strike were observed, sense of slip was 
strongly influenced by these geometry changes. 

2. Although the M 6.9 earthquake is well documented to have 
occurred on the Central Range/Yuli fault, in the 
region between Chihshang and Dongli School 
the event resulted triggered slip along the LVF 
only.  

3. As is commonly observed, surface ruptures for 
the M 6.9 September 2022 earthquake were 
strongly influenced by the built environment. 
Faults consistently followed structural 
weaknesses where they encountered manmade 
structures. This manifested as fault rupture 
intersecting the edges of building foundations 
or along the edges of storm grates.  

4. Multiple locations with surface rupture 
documented during the 1951 earthquake and 
subsequent events re ruptured in September 
2022. In Yuli, the position, sense, and 
magnitude of displacement were similar, 
whereas along the LVF, offsets were apparently 
much smaller than 1951. The latter observation 
is consistent with triggered rather than primary 
displacement during the 2022 earthquake 
(Figure 4). 

5. Existing morphology proved to be an 
inconsistent predictor of fault rupture position. 
In Fuli, rupture locations are likely to have been 
predicted within a few meters to a few tens of 
meters. In contrast, ruptures at Dongli school 
would have been very difficult to predict and 
design for without prior subsurface fault 
investigation and exposure.  

 

9

Figure 3. Tracklog and observation 
map from the surface fault 
rupture team. 

 

Figure 4. Detailed map of surface rupture at the 
Road 23 intersection in Fuli. Note 
position of September 2022 and prior 
surface ruptures at this location. 
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GROUND MOTIONS & TECTONIC OFFSET 
 

Strong motion time series were collected and processed in close collaboration with NCREE engineers. 
We used data from four networks, specifically SANTA, CWBSN, TSMIP, EEWS. Their contribution 
to our work is hereby acknowledged. When the tectonic offset was computed from the strong motion 
records, results were verified by comparison with recordings from the GNSS dataset.  
Figure 5 shows the horizontal (left) and vertical (right) displacement computed from strong motion 
records that were not baseline corrected to preserve the offset. Our slip estimates are consistent with the 
observations from the GPS stations, with the largest offset observed in the middle and northern end of 
the rupture. On the Central Range Fault (CRF) hanging wall we calculated 1m of right lateral slip and 
1m of uplift; while on the LVF hanging wall we calculated 90cm of shortening near the fault and 30cm 
of shortening 14km east of the rupture. We also used the strong motion records to compute the peak-to-
peak velocity pulse, also shown in Figure 5. We observed strong fault normal pulses in rupture direction 
and strong fault parallel pulses accommodating the permanent slip. 
 

 

 
Figure 5. Mw 6.9 Chishang, Tectonic Offset (top left: horizontal; top right: vertical) and peak-to-peak 

velocity (bottom) 
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OBSERVATIONS OF BRIDGE DAMAGE 
 
Light to heavy damage was surveyed in eight bridges as part of the reconnaissance mission. The 
locations of the five most heavily damaged bridges along the trace of the Longitudinal Valley fault (LVF) 
and M6.9 epicenter are given in Figure 6. Ground motion recordings near the bridges are also provided. 
All the bridges were located within 2 km of the fault due to the narrowness of the valley, but none of 
the bridges were identified as crossing the LVF, which would have made them susceptible to damage 
from fault offset. Overall, two bridges had multi-span, and foundation pier collapses, three were closed 
for repair, and the remaining bridges were operational but with reductions in service. The ground motion 
recordings in Figure 6 show a velocity pulse intensified northerly along the fault and in the direction of 
rupture. These directivity effects placed greater seismic demands on the bridges at the northern end of 
the valley than the undamaged bridges south epicenter. The displacement time histories include 
permanent displacements caused by fault offset.  
 

 
Figure 6. Locations of the five most heavily damaged bridges, the traces of the Longitudinal Valley 

Fault, the epicenter of the M6.9 earthquake, and select acceleration, velocity, and 
displacement time series from that event (from Carey et al, 2023). 

 
Our key field observations from the bridge inspections are that most failures were caused by bridge 
girder unseating, which in turn was likely caused by large velocity pulses. The girder unseating triggered 
cascading failure in piers which resulted in some cases in catastrophic failure. Large velocity pulses also 
likely caused gravity wall movements and failure, while no ground failure was observed despite the soft 
sedimentary structure of the foundation soils in the valley.  
 

DISCUSSION 
 
The Chishang events nucleated on the high-angle, west-dipping Central Range Fault (CRF), which is 
blind in the south, and was not in the official active faults map issued by the Taiwan Geological Survey.  
The GEER-NCREE team performed field observations approximately a month following the events, 
and observed systematic bridge damage caused by large velocity pulses and differential displacements 
of the abutments caused by fling. The observed damage has important implications for design and 
retrofit of bridges in other seismically active areas. For instance, we should re-examine current seismic 
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design guidelines, and also start considering earthquake motions rotated in bridge normal and bridge 
parallel directions. The team is also assessing why liquefaction was not triggered in the alluvial 
sediments at the damaged bridges. Our current hypothesis is the duration of strong shaking was not long 
enough to cause sufficient pore water pressure buildup. We performed passive horizontal-to-vertical 
spectral ratio (HVSR) testing at the collapsed bridges to establish underlying ground conditions. Our 
analysis will use the data from HVSR testing, ground motions records, and liquefaction analysis 
procedures for ground motions with pulse-like directivity effects (e.g., Green et al. 2008). The findings 
have implications for liquefaction analysis procedures performed at sites susceptible to ground motion 
directivity effects. Lastly, as mentioned above, existing morphology proved to be an inconsistent 
predictor of fault rupture position: in some cases (Fuli), ruptures of recent events were separated by 
distances of a few meters, while in other cases (Dongli), ruptures would have been very difficult to 
predict and design for without prior subsurface fault investigation and exposure.  
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ABSTRACT 
 

The linear and mildly nonlinear dynamic properties of basalt rock from the Idaho National Laboratory, 
USA, were investigated in this study. Two types of basalt rock were tested: (1) vesicular basalt which 
had some voids, and (2) aphanitic basalt which had almost no voids. The combined resonant column 
and torsional shear (RCTS) device was employed to evaluate the shear modulus (G) and the material 
damping ratio in shear (D) of the rock over shearing strains ranging from about 10-5% to 0.02%. The 
elastic threshold shear strain (γt

e) for basalt specimens ranged from about 10-3% to 10-2%. The linear 
dynamic properties (Vs, Gmax, and Dmin) and nonlinear dynamic properties (G/Gmax - log γ and D - log γ 
curves) exhibited little change with confining pressure. The minimum value of G/Gmax was 0.84 at γ = 
0.014%. On the other hand, the maximum value of D was 2.12% at γ = 0.013%. As a simple 
geotechnical engineering comparison, the nonlinear curves of basalt and sand are compared. 
 
Keywords: rock dynamics, basalt, torsional resonant column test, shear wave velocity, shear modulus, 
material damping ratio, elastic threshold shear strain 

 
INTRODUCTION 

 
Shear modulus and material damping ratio of soil and rock are key parameters in many geotechnical 
engineering problems, including earthquake site response analyses, deep excavations, tunneling, and 
foundations of critical structures. Realistic measurements and accurate predictions of the dynamic 
properties are very important in many of these analyses. Over the past several decades, researchers have 
actively been developing approaches to measure and predict the linear and nonlinear dynamic properties 
of soil. However, compared to soil, very limited shear modulus reduction and material damping ratio 
curves for rock exist in the literature. The nonlinear behavior of rock during dynamic loading conditions 
in Civil Engineering has generally been treated as linear elastic and even though rock also shows 
nonlinear behavior. Therefore, it is of importance to investigate both the linear and nonlinear behaviors 
of rock and the factors influencing these behaviors. In this paper, the linear and mildly nonlinear 
dynamic properties of basalt rock from the Idaho National Laboratory, USA are presented. A more 
detailed description of this work is given in Li (2023). 
 

EXPERIMENTAL PROGRAM 
 
Test Device 
 
The equipment used in this study is the combined resonant column and torsional shear (RCTS) device 
in the Soil and Rock Dynamics Laboratory at the University of Texas, as shown in Fig. 1. The RCTS 
device is of the fixed-free type, with the bottom of the specimen fixed and torsional excitation applied 
to the top cap at the free end. The apparatus as well as the procedures to determine the shear modulus 
(G), material damping ratio (D), and shear strain amplitude (γ) of the specimen in the resonant column 
(RC) tests are described in more detail in Keene (2017). 
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Figure 1. Combined resonant column and torsional shear (RCTS) device: (a) Top view of drive and 

monitoring systems and (b) Section A-A of RCTS device with a specimen in place. 
 
Test Material and Specimen Preparation 
 
In this study, two types of basalt from the Idaho National Laboratory (INL) are investigated: vesicular 
basalt and aphanitic basalt. The tested specimens included 17 basalt specimens (8 vesicular and 9 
aphanitic). The two types of basalt specimens are shown in Figs. 2(a) and (b), respectively. The vesicular 
basalt has some voids, and the aphanitic basalt has almost no voids. The basic information on the 17 
basalt specimens is presented in Table 1, including specimen ID, depth, basalt type, dimensions 
(diameter and length), total unit weight (γt), estimated void ratio (e), and estimated in-situ mean stress 
(σm). The basalt specimens are approximately 4 cm in diameter and 11 cm in length, which are the typical 
dimensions for test specimens in the resonant column test. It should be noted that the estimated void 
ratio was calculated by assuming a specific gravity (Gs) equal to 2.90 and a water content equal to 0 for 
all basalt specimens. Also, the estimated in-situ mean stress was computed by assuming the at-rest earth 
pressure coefficient (K0) equal to 0.5. As listed in Table 1, e varies from 0.015 to 0.358 and σm is between 
55 kPa and 3247 kPa for the basalt specimens. 
 
The basalt specimen in place on the base pedestal and with a top cap in the RC test is shown in Fig. 2(c). 
Before beginning any RC testing, the basalt specimen was securely epoxied to the base pedestal, and a 
top cap was securely epoxied to the specimen (Choi, 2007). The curing time for the epoxy glue was at 
least 24 hours. Also, all basalt specimens were in an air-dried condition before any assembling. 
 

 
Figure 2. (a) Vesicular basalt; (b) Aphanitic basalt; and (c) Basalt specimen setup with specimen glued 

to the base pedestal and top cap and covered with a membrane. 
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Table 1. Basic information for the 17 basalt specimens 

Specimen 
ID. 

Depth 
(m) Basalt Type Diameter 

(cm) 
Length 
(cm) 

Total 
Unit 

Weight 
(kN/m3) 

Estimated 
Void 
Ratio 

Estimated 
In-Situ 
Mean 
Stress 
(kPa) 

1 51.6 - 52.2 Vesicular 3.8 11.1 26.0 0.093 827 
2 155.9 - 156.3 Aphanitic 3.8 11.0 26.2 0.085 2586 
3 115.8 - 116.2 Aphanitic 3.8 10.6 25.9 0.100 1889 
4 54.1 - 54.6 Aphanitic 3.8 11.0 26.0 0.092 883 
5 46.2 - 46.6 Aphanitic 3.8 11.0 26.9 0.058 745 
6 34.9 - 35.4 Vesicular 3.8 11.0 24.5 0.162 552 
7 63.0 - 63.4 Vesicular 3.8 11.0 21.0 0.353 1034 
8 5.5 - 5.8 Aphanitic 3.8 10.6 25.6 0.112 83 
9 174.5 - 174.9 Aphanitic 3.8 11.0 26.9 0.057 2903 
10 57.5 - 57.9 Aphanitic 3.8 11.0 27.0 0.052 938 
11 3.7 - 4.1 Vesicular 3.8 11.0 25.1 0.135 55 
12 34.6 - 34.9 Aphanitic 3.8 11.0 28.0 0.015 552 
13 202.1 - 202.5 Aphanitic 3.8 11.0 24.4 0.166 3247 
14 90.2 - 90.5 Vesicular 3.8 10.8 23.4 0.215 1489 
15 73.9 - 74.2 Vesicular 3.8 11.0 21.1 0.346 1213 
16 69.2 - 69.5 Vesicular 3.8 11.0 20.9 0.358 1103 
17 160.0 - 160.5 Vesicular 3.8 10.9 24.5 0.163 2661 

 
Test Procedure and Program 
 
Typically, the RCTS device is used to conduct resonant column tests at multiple confinement stages and 
over a range in shear strain levels, known as stage testing (Choi, 2007). The pressure level sequences 
used in the resonant column testing of the basalt specimens are listed in Table 2. In this study, each 
basalt specimen was tested at 6 isotropic confining pressures (σ0), denoted as 6 stages in Table 2. The 
isotropic confining pressure at each stage depends on the magnitude of the estimated σm of the specimen. 
The applied confining pressures generally ranged from below, equal to, and above the estimated σm of 
the specimen. Moreover, after completing one phase of testing at a lower pressure, the confining pressure 
was typically increased by a factor of two. The reason why four different pressure-level sequences were 
used is that the maximum capacity of the pressure chamber is 2206 kPa (320 psi) and some of the 
specimens had either an estimated σm that exceeded 2206 kPa (320 psi) or, when doubled, exceeded 
2206 kPa (320 psi). 
 

Table 2. Pressure level sequences in the resonant column test for basalt specimens 
Testing Pressure Levels Stage #1 Stage #2 Stage #3 Stage #4 Stage #5 Stage #6 

σm <= 552 kPa 0 kPa σm/4* σm/2 σm* 2σm 4σm* 

552 kPa < σm <= 1379 kPa 0 kPa σm/8 σm/4* σm/2 σm* 2σm or 
2206 kPa* 

1379 kPa < σm < 2206 kPa 0 kPa σm/16 σm/8 σm/4* σm/2* σm* 
σm >= 2206 kPa 0 kPa 138 kPa 276 kPa 552 kPa* 1103 kPa* 2206 kPa* 

Note: symbol * represents the HARC test. 
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In this study, two types of tests were performed. These tests were low-amplitude resonant column 
(LARC) tests and high-amplitude resonant column (HARC) tests. In the LARC tests, only low-
amplitude (γ < 0.0003%) dynamic properties (Vs, Gmax, and Dmin) were measured. In the HARC tests, 
the traditional nonlinear measurements (from small to large strains) were performed to determine the G 
- log γ, G/Gmax - log γ, and D - log γ curves of the specimens. LARC tests were performed at every 
confinement stage to evaluate the effects of time and magnitude of confinement on the linear dynamic 
properties. HARC tests were performed at 3 confinement stages to determine the nonlinear dynamic 
properties of basalts at different confining pressures. The details of the test program for basalt specimens 
in the RC tests are given in Table 2. Since negligible time-dependent changes in low-amplitude dynamic 
properties were found for the basalt specimens, the confinement time for each confining pressure was 
30 minutes. The LARC tests were performed first at each pressure level, followed by any HARC tests 
(if required). Note that Specimen #17 was only tested in the unconfined state since there were too many 
large voids on the surface of the specimen which negated the use of a membrane. 
 

TEST RESULTS AND DISCUSSIONS 
 
Linear Dynamic Properties of Basalts 
 
The variations in the estimated void ratio (e), low-amplitude shear wave velocity (Vs), low-amplitude 
shear modulus (Gmax), and low-amplitude material damping ratio (Dmin) with σ0 for the 17 basalt 
specimens are shown in Figs. 3(a) - (d), respectively. It is obvious that all basalt specimens show little 
or no change in e, Vs, Gmax, and Dmin with increasing σ0. As seen in Fig. 3(a), vesicular basalt specimens 
have a larger void ratio compared with aphanitic basalt specimens. However, the ranges in the linear 
dynamic properties (Vs, Gmax, and Dmin) are quite similar for the two types of basalts, as shown in Figs. 
3(b) - (d). In general, for the 17 basalt specimens, Vs ranges from 1,500 m/s to 2,300 m/s, Gmax ranges 
from 6,000 MPa to 13,000 MPa, and Dmin ranges from 0.4% to 1.0%. These results show that the basalt 
specimens have high stiffnesses and low material damping ratios in shear. It is interesting to see, 
however, that Dmin was nearly constant with increasing σ0 below 1,000 kPa (like Gmax) after which Dmin 
increased slightly as shown in Fig. 3(d). This difference between Gmax and Dmin with increasing σ0 could 
possibly indicate that fracturing in the specimen affects Dmin more than Gmax but more studies are needed. 
 

   

    
Figure 3. Effect of isotropic confining pressure on (a) e, (b) Vs, (c) Gmax, and (d) Dmin. 
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The relationship between Dmin and Vs in the unconfined state is that Dmin decreases slightly with 
increasing Vs. When Vs increases from about 1,600 m/s to 2,200 m/s, Dmin decreases from around 0.75% 
to 0.50%. The database is, however, quite limited, but it is helpful to understand this relationship in 
terms of Dmin versus Vs because Vs is regularly measured in the field and, the field Vs can be used as an 
initial indicator of Dmin. This relationship is discussed in more detail in Li (2023). 
 
Nonlinear Dynamic Properties of Basalts 
 
The effect of confining pressure on the nonlinear dynamic properties of basalt Specimen #5 (aphanitic 
basalt) is presented in Fig. 4. The G - log γ curves, G/Gmax - log γ curves, and D - log γ curves are almost 
unchanged when σ0 increases from 186 kPa to 1,489 kPa. Thus, Specimen #5 exhibits little or no change 
in nonlinear dynamic properties with increasing σ0. In fact, all vesicular and aphanitic basalt specimens 
in this study show essentially the same pressure-independent, nonlinear behavior. 
 

 
Figure 4. Nonlinear dynamic properties of Specimen #5 (aphanitic basalt) at different isotropic confining 

pressures: (a) G - log γ curves; (b) G/Gmax - log γ curves; and (c) D - log γ curves. 
 
Considering the pressure independence of the nonlinear dynamic properties of basalts, Figs. 5(a) and 
5(b) show the G - log γ curves of 8 vesicular basalt specimens and 9 aphanitic basalt specimens at the 
highest confining pressure, respectively. It can be seen that the largest shear strains generated in the RC 
tests for the 17 basalt specimens are all less than 0.02% because of the power limitation of the RCTS 
device combined with the stiffness and dimensions of the basalt specimens. However, larger shear 
strains can be created in smaller rock specimens as shown by Li (2023). 
 

           
Figure 5. G - log γ curves at the highest isotropic confining pressures of (a) 8 vesicular basalt specimens 

and (b) 9 aphanitic basalt specimens. 
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The G/Gmax - log γ and D - log γ curves of the 17 basalt specimens are compared with the same set of 
nonlinear curves presented by Seed and Idriss (1970) for sand in Figs. 6(a) and 6(b), respectively. It is 
clear that the G/Gmax - log γ and D - log γ curves of the two types of basalt specimens are very similar 
and show very little nonlinearity over the shear strain range that could be generated in this study. For 
the 17 basalt specimens, the minimum value of G/Gmax was 0.84 at γ = 0.014% (Specimen #8). On the 
other hand, the maximum value of D was 2.12% at γ = 0.013% (Specimen #3). By fitting the G/Gmax - 
log γ curves of the 17 basalt specimens, the elastic threshold shear strains (γt

e, i.e., the shear strain when 
G/Gmax equals 0.99) for the basalt specimens ranged from about 10-3% to 10-2%. Comparing the G/Gmax 
- log γ and D - log γ curves of the basalt specimens and sand (Seed and Idriss, 1970) in Fig. 6, it is clear 
that the basalt specimens have a larger linear range than sands, as expected because the basalt specimens 
had no obvious fracturing. 
 

           
Figure 6. Comparisons between basalt specimens at the highest confining pressure and sand (Seed and 

Idriss, 1970): (a) G/Gmax - log γ curves and (b) D - log γ curves. 
 

CONCLUSIONS 
 
In this study, a series of resonant column tests were performed to investigate the linear and mildly 
nonlinear (to shear strains of about 0.02%) dynamic properties of two types of basalts (vesicular basalt 
and aphanitic basalt) from Idaho National Laboratory, USA. Test results show that the linear and 
nonlinear dynamic properties of the basalts are both pressure independent. The ranges of linear and 
nonlinear dynamic properties are similar for the two types of basalts. The elastic threshold shear strain 
(γt

e) for basalts ranges from 10-3% to 10-2%. As expected, basalt has a larger linear range than sand. 
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nonlinear dynamic properties are similar for the two types of basalts. The elastic threshold shear strain 
(γt

e) for basalts ranges from 10-3% to 10-2%. As expected, basalt has a larger linear range than sand. 
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Day1 (Monday, Sep. 25th, 2023) 16:10~16:45 

Epistemic Uncertainty in Site Response for Site-Specific PSHA 

Adrian Rodriguez-Marek 
Professor, Civil and Environmental Engineering Department, 

Virginia Tech, Blacksburg, VA, U.S.A. 
Dr. Adrian Rodriguez-Marek obtained his B.S. and M.S. in 
Civil Engineering from Washington State University, and his 
Ph.D. from U.C. Berkeley in 2000 working under the guidance 
of Prof. Jonathan Bray. After getting his Ph.D. in August 2000 
Adrian went back to WSU as an Assistant Professor. He stayed 
at WSU until 2010 when he moved to Virginia Tech where he 

is now a professor in the Civil and Environmental Engineering Department. Dr. Rodriguez-
Marek’s research is in the general area of geotechnical earthquake engineering. He has led 
NSF-funded reconnaissance teams to study the geotechnical aspects of three separate 
earthquakes (2001 Southern Peru; 2003 Colima, Mexico; and 2007 Pisco, Peru earthquakes). 
He has also made contributions to the engineering characterizations of ground motions in 
general and near-fault ground motions in particular. He has also been a leading developer of 
the concept of non-ergodic seismic hazard analysis. This concept leads to a much more 
rigorous treatment of uncertainty in ground motions in hazard analysis applications. Dr. 
Rodriguez-Marek has been a member of the ground motion characterization team in several 
project for the seismic hazard assessment of critical facilities in the U.S. and abroad. 
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ABSTRACT 
 

This short note presents a summary of the site response logic tree approach for capturing epistemic 
uncertainty in site response. Key to this approach is that the uncertainty should be sampled in ground 
motion space rather than in shear-wave velocity space to avoid under-representing the epistemic 
uncertainty. An additional component of epistemic uncertainty is model error in site response analyses. 
The paper includes a discussion of alternative approaches to incorporate this uncertainty. 
 
Keywords: Site response analyses, PSHA, epistemic uncertainty 

 
INTRODUCTION  

 
Most project for the seismic hazard assessment of critical facilities now use the partially non-ergodic 
approach. This approach implies that the component of aleatory variability that corresponds to site-to-
site variability is not accounted for in the hazard integral. The reduced aleatory variability (i.e., sigma) 
is known as the single-station sigma. The use of a reduced sigma implies that the epistemic uncertainty 
in site response must be fully accounted for. Recent projects have adopted the use of the site response 
logic tree to capture this uncertainty more systematically. This short note summarizes this approach as 
adopted in recent projects, with a focus of highlighting consideration in its implementation. 
 

SITE RESPONSE LOGIC TREE 
 
Site response analyses in seismic hazard assessment are conducted with the purpose of modifying a 
ground motion prediction equation (GMM) such that it is consistent with the particular characteristics 
of a site. This is best achieved if site response analyses are conducted both for the target profile and for 
a profile that is consistent with the predicted site effects in the GMM (Williams and Abrahamson, 2021; 
Boore et al., 2022). This profile is referred to as the “host” profile (Al Atik and Abrahamson, 2021). 
The host-to-target conversion for site effects is quantified by Site Adjustment Factors (SAFs) computed 
as the ratio of target to host amplification factors (AF) computed using a common input motion. In 
PSHA applications, it is important to capture not only the best-estimated value of the SAF, but also their 
epistemic uncertainty. This is particularly true when the aleatory variability in hazard is the single-
station sigma (Rodriguez-Marek et al., 2013). 
 
The site response logic tree is an approach to organize the epistemic uncertainty in a graphical and easy 
to interpret manner. Details of the site response logic tree are presented elsewhere (e.g., Rodriguez-
Marek et al., 2021a and b), and only a summary is presented here via a simple example extracted from 
Rodriguez-Marek et al. (2021a). Figure 1 shows a simple profile consisting of a layer of soil overlying 
a weathered rock which in turns rests on a stiff bedrock. There are three interpretations of the shear-
wave velocity (VS) for the soil. In addition, there is uncertainty in the transition from soil to rock, in the 
depth to basement, and in the presence of a low-velocity layer at an intermediate depth. These 
uncertainties are organized into the logic tree shown in Figure 1 (the weights are nominal interpretations 
and not important for this paper). Figure 2 shows the site response for the three highest weighted profiles 
in the logic tree. Observe how the epistemic uncertainty for some frequency ranges is small, despite the 
difference in the three highest-weighted profiles. Alternatively, site response analyses can be conducted 
for each of the end-branches of the logic tree (in this case, that is 1,350 profiles). The resulting 

64

PS4-2



65

PROCEEDINGS

 
 

EPISTEMIC UNCERTAINTY IN SITE RESPONSE FOR SITE-SPECIFIC 
PSHA 

 
 

Adrian Rodriguez-Marek1  
1. Professor, Civil and Environmental Engineering Department, Virginia Tech, Blacksburg, VA, U.S.A. Email: 

adrianrm@vt.edu  
 
 

ABSTRACT 
 

This short note presents a summary of the site response logic tree approach for capturing epistemic 
uncertainty in site response. Key to this approach is that the uncertainty should be sampled in ground 
motion space rather than in shear-wave velocity space to avoid under-representing the epistemic 
uncertainty. An additional component of epistemic uncertainty is model error in site response analyses. 
The paper includes a discussion of alternative approaches to incorporate this uncertainty. 
 
Keywords: Site response analyses, PSHA, epistemic uncertainty 

 
INTRODUCTION  

 
Most project for the seismic hazard assessment of critical facilities now use the partially non-ergodic 
approach. This approach implies that the component of aleatory variability that corresponds to site-to-
site variability is not accounted for in the hazard integral. The reduced aleatory variability (i.e., sigma) 
is known as the single-station sigma. The use of a reduced sigma implies that the epistemic uncertainty 
in site response must be fully accounted for. Recent projects have adopted the use of the site response 
logic tree to capture this uncertainty more systematically. This short note summarizes this approach as 
adopted in recent projects, with a focus of highlighting consideration in its implementation. 
 

SITE RESPONSE LOGIC TREE 
 
Site response analyses in seismic hazard assessment are conducted with the purpose of modifying a 
ground motion prediction equation (GMM) such that it is consistent with the particular characteristics 
of a site. This is best achieved if site response analyses are conducted both for the target profile and for 
a profile that is consistent with the predicted site effects in the GMM (Williams and Abrahamson, 2021; 
Boore et al., 2022). This profile is referred to as the “host” profile (Al Atik and Abrahamson, 2021). 
The host-to-target conversion for site effects is quantified by Site Adjustment Factors (SAFs) computed 
as the ratio of target to host amplification factors (AF) computed using a common input motion. In 
PSHA applications, it is important to capture not only the best-estimated value of the SAF, but also their 
epistemic uncertainty. This is particularly true when the aleatory variability in hazard is the single-
station sigma (Rodriguez-Marek et al., 2013). 
 
The site response logic tree is an approach to organize the epistemic uncertainty in a graphical and easy 
to interpret manner. Details of the site response logic tree are presented elsewhere (e.g., Rodriguez-
Marek et al., 2021a and b), and only a summary is presented here via a simple example extracted from 
Rodriguez-Marek et al. (2021a). Figure 1 shows a simple profile consisting of a layer of soil overlying 
a weathered rock which in turns rests on a stiff bedrock. There are three interpretations of the shear-
wave velocity (VS) for the soil. In addition, there is uncertainty in the transition from soil to rock, in the 
depth to basement, and in the presence of a low-velocity layer at an intermediate depth. These 
uncertainties are organized into the logic tree shown in Figure 1 (the weights are nominal interpretations 
and not important for this paper). Figure 2 shows the site response for the three highest weighted profiles 
in the logic tree. Observe how the epistemic uncertainty for some frequency ranges is small, despite the 
difference in the three highest-weighted profiles. Alternatively, site response analyses can be conducted 
for each of the end-branches of the logic tree (in this case, that is 1,350 profiles). The resulting 

64
 

 

amplification factors can be sampled into a lower-order distribution (that preserves mean and variance) 
using statistical approaches (Miller and Rice, 1983). The resulting factors are shown in Figure 3.  
 

 

 

Figure 1. Left: a schematic profile showing with three interpreted velocity profiles. Right: site response 
logic tree representing epistemic uncertainty in the profile (from Rodriguez-Marek et al., 
2021). 

 

 
Figure 2. Amplification factors computed via equivalent linear site response analyses for the profiles 

shown on the left side of Figure 1. The arrows point to oscillator periods where the predicted 
amplification of the three profiles coincide and thus the apparent epistemic uncertainty is 
near zero (from Rodriguez-Marek et al., 2021). 

 

 
Figure 3. Gray lines represent site response analyses results for each of the end branches for the site 

response logic tree in Figure 1. The colored lines are the sampled Amplification Factors 
following the Miller and Rice (1983) sampling scheme (from Rodriguez-Marek et al., 2021). 
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The simplicity of the site response logic tree approach often hides an important concept that underlies 
this approach. The onus of the analyst is not to capture uncertainties in the profile itself, but the resulting 
uncertainties in the resulting amplification factors. A similar concept underlies the proposed “backbone” 
approach for ground motion models (Atkinson et al., 2014). Albeit simple, the examples shown in 
Figure 2 illustrates how the uncertainties in amplification function space can be underestimated even 
when ample uncertainties are considered in the underlying VS profiles. 
 
An important consideration in implementing the site response logic tree is the potential for correlations 
between different branches of the logic tree. These correlations can arise for several reasons and must 
be carefully considered by the analyst. One example is that amplification at high frequencies can occur 
either due to site effects (e.g., high frequency resonances), or due to low values of the site attenuation 
parameter (𝜅𝜅0 ). If ground motion measurements are used to constrain the value of 𝜅𝜅0 , then the 
correlation between the node in the logic tree that may control high frequency resonances (i.e., the VS 
profile) and the small-strain damping noted (controlled by 𝜅𝜅0) must be accounted for. The recent project 
conducted for the Idaho National Lab (INL 2022) implemented a correlation in the site response logic 
tree resulting in a reduction in epistemic uncertainty. 
 
An additional consideration that is important in site response analyses is model error. When 
amplification factors are computed using analytical methods, it is important to consider the potential for 
model error and model bias in the resulting amplification factors. Model error can be quantified using 
downhole arrays (Stewart and Afshari, 2021; Bahrampouri and Rodriguez-Marek, 2023). The 
implementation of model error into the site response logic tree can then be via two approaches:  
 
 Alternative 1: Add model error as an additional uncertainty component (i.e., one additional 

branch in the site response logic tree).  
 Alternative 2: Use model error as a minimum epistemic uncertainty 

 
The two implementations are shown for a hypothetical example in Figure 4. Alternative 1 implies that 
model error is added (addition of variances) to the epistemic uncertainty that results from the application 
of the site response logic tree. This implies the assumption that estimates of model error are not 
contaminated by parametric uncertainty. Alternative 2 assumes that estimates of model error include 
potential errors in the parameters of the site response analyses, hence they constitute a lower bound to 
the total epistemic uncertainty. Arguments can be made for both alternatives, and the reality is likely 
somewhere in between both.  
 

CONCLUSIONS 
 
This paper presented an abbreviated discussion of use of the site response logic tree concept for 
capturing epistemic uncertainty in site response. The main reason for adopting a site response logic tree 
is that it allows for the capture of epistemic uncertainty directly in the resulting amplification factors 
(i.e., in ground motion space). This is analogous to the concept of a backbone model in the construction 
of logic trees for ground motion models. While details on the implementation of the site response logic 
tree are presented elsewhere (Rodriguez-Marek et al., 2021a and b); this paper emphasizes two 
important concepts. First, the importance of considering potential correlations between different nodes 
of the logic tree. Second, the need to also consider model error in site response analysis in the evaluation 
of epistemic uncertainty. 
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Figure 4. Alternative approaches for capturing model error Left: model error as an additional epistemic 

uncertainty. Right: model error as minimum epistemic uncertainty. 
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Geotechnical Insights: Lessons Learned from the 2022 ML 6.8 
Chihshang Earthquake, Taiwan 
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Jack Moehle is a Professor of the Graduate School in Civil and 
Environmental Engineering at UC Berkeley. Moehle’s research 
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ABSTRACT 
The shear stress at failure of concrete elements without shear reinforcement decreases with increased 
member depth in accordance with the size effect, which is particularly sensitive in foundation mats. 
This paper summarizes seven beam tests conducted at UC Berkeley that show the extent of the size 
effect in beams with high-strength longitudinal reinforcement. It also addresses key design 
considerations for foundation mats with and without shear reinforcement. Tests show that minimum 
shear reinforcement greatly increases the shear strength, while tests without shear reinforcement show 
a clear size effect that should be considered when designing thick mats. 
 
Keywords: Mat Foundations, Shear, Size Effect, High Strength Reinforcement, UC Berkeley 

 
INTRODUCTION 

 
Mat foundations are commonly used for high-rise buildings on the West Coast of the United States. 
During large seismic or wind events, these mass concrete elements must resist immense forces from the 
overturning moments due to lateral load. Traditionally, mat foundations have been designed to avoid 
the need for shear reinforcement by sizing them deep enough to accommodate the shear demands, and 
then placing sufficient longitudinal steel to meet the moment demands. The potential for substantially 
reduced shear strength due to the size effect may make this traditional design approach uneconomical.   
 
Under ACI 318-14 and prior versions of the code, mat foundations without shear reinforcement were 
permitted to use 2.0√𝑓𝑓𝑐𝑐′  psi (0.17√𝑓𝑓𝑐𝑐′  MPa) as its unit one-way shear strength. Buildings adopting 
performance-based approaches on the other hand typically used 1.0√𝑓𝑓𝑐𝑐′ psi (0.083√𝑓𝑓𝑐𝑐′ MPa) to account 
for the size effect, which refers to the decrease in unit shear strength with increasing member depth. In 
the 2019 update to ACI 318, the effects of size and low longitudinal reinforcement ratio (𝜌𝜌) were 
recognized in the revised one-way shear equations. The combination of large depth and low 𝜌𝜌 
commonly pushes unit shear strengths in mat foundations down to 0.5√𝑓𝑓𝑐𝑐′ psi (0.041 √𝑓𝑓𝑐𝑐′ MPa) or even 
lower depending on 𝜌𝜌 and mat thickness. Prior to the tests conducted at UC Berkeley in 2021, only two 
beams without shear reinforcement of depths representing foundation mats were tested. These tests 
reported unit shear strengths of 0.7√𝑓𝑓𝑐𝑐′ psi (0.06 √𝑓𝑓𝑐𝑐′ MPa) by Shioya et al. (1984) and 0.8√𝑓𝑓𝑐𝑐′ psi (0.07 
√𝑓𝑓𝑐𝑐′ MPa) by Collins et al. (2015), much lower than the permissible 2.0√𝑓𝑓𝑐𝑐′ psi (0.17√𝑓𝑓𝑐𝑐′ MPa) and lower 
than the 1.0√𝑓𝑓𝑐𝑐′ psi (0.083√𝑓𝑓𝑐𝑐′ MPa) adopted in performance-based approaches.  
 
Most research on shear is conducted via beam tests, the results of which require interpretation for a 
foundation. In a foundation, the shear forces may partially be mitigated by arch action between points 
of applied load above the mat and points of support in the soil (Uzel, 2011). However, this mechanism 
does not apply at points about 1.5 mat thicknesses away from the applied loads and decreases in 
effectiveness for sufficiently soft soils. The scatter in strength predictions by different approaches, and 
concerns of further reductions on shear strength due to emerging use of high-strength reinforcement in 
foundations, prompted the research at UC Berkeley into full depth mat foundations. 
 

UC BERKELEY TEST SPECIMENS 1 AND 2 
 
Test beam 1 is configured like that of a mat foundation and loaded in symmetrical 3-point bending plus  
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self-weight, with details in Figure 1. The overall dimensions of this beam are 76 ft (23.2 m) long, 140 
in (3.6 m) deep, and 10 in (0.25 m) wide, with supports centered at 3 ft (0.91 m) from each end. The 
beam is divided into two tests designated Phase 1 and Phase 2 on opposite sides of the loading point at 
midspan.  Each side of the beam has the same shear span to depth ratio (a/d = 3.23) but different 
reinforcement configurations, requiring different applied loads to fail each side. All longitudinal steel is 
ASTM A1035 Gr. 100 steel, which exhibits 120 ksi (830 MPa) yield strengths. Concrete compressive 
strengths from cylinder testing yielded 4600 psi (32 MPa) for both Phase 1 and Phase 2 testing. 
 
The beam is monotonically loaded until failure is reached on the weaker right side by design, which is 
referred to as Phase 1. Phase 1 has no shear reinforcement and a reinforcing ratio of 0.45%, which is 
representative of a typical mat foundation reinforcement ratio. The low reinforcement ratio results in 
relatively high longitudinal steel stresses during shear failure. Following a shear repair and moment 
strengthening procedure where the shear and moment strengths on Phase 1 are increased, the beam is 
reloaded until failure is reached on the opposite span (Phase 2). Phase 2 has ACI 318-19 minimum shear 
reinforcement to determine if the size effect is overcome. The shear reinforcement is headed to reduce 
congestion and verify the effectiveness of headed bars as shear reinforcement. 

 
Figure 1: UCB Beam 1 specimen details for Phase 1 and Phase 2. 

 
The second specimen was designed based on the findings of Test Beam 1 and pressing questions from 
the profession regarding differences between shear in beams and shear in foundations. As shown in 
Figure 2, the beam is 73.5 ft (22.4 m) long, 96 in (2.44 m) deep, and 10 in (0.25 m) wide. The beam is 
reinforced uniformly on both spans using the same Gr. 100 steel as Test Beam 1. This reinforcement 
was installed at a very low ratio of 0.22%, which is just above the minimum ratio of 0.18% for footings 
to represent very lightly reinforced footings that are still code permissible. Concrete compressive 
strengths were 4600 psi (32 MPa) and 5000 psi (34 MPa) for Phase 3 and Phase 4 respectively. 
 
The testing conditions for Phase 3 are similar to the conditions of a mat foundation. During an 
earthquake, the soil pressure distribution under the compression side of the mat will vary depending on 
relative stiffness of the soil and foundation. A uniform soil pressure is representative for common 
conditions encountered on the West Coast of the United States. To replicate this condition, the west span 
representing Phase 3 was loaded with a line of jacks that applied equal upward force, applied through a 
force-distributing medium, with the midspan and the opposite end pinned as shown for Phase 3 in Figure 
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ABSTRACT 
The shear stress at failure of concrete elements without shear reinforcement decreases with increased 
member depth in accordance with the size effect, which is particularly sensitive in foundation mats. 
This paper summarizes seven beam tests conducted at UC Berkeley that show the extent of the size 
effect in beams with high-strength longitudinal reinforcement. It also addresses key design 
considerations for foundation mats with and without shear reinforcement. Tests show that minimum 
shear reinforcement greatly increases the shear strength, while tests without shear reinforcement show 
a clear size effect that should be considered when designing thick mats. 
 
Keywords: Mat Foundations, Shear, Size Effect, High Strength Reinforcement, UC Berkeley 

 
INTRODUCTION 

 
Mat foundations are commonly used for high-rise buildings on the West Coast of the United States. 
During large seismic or wind events, these mass concrete elements must resist immense forces from the 
overturning moments due to lateral load. Traditionally, mat foundations have been designed to avoid 
the need for shear reinforcement by sizing them deep enough to accommodate the shear demands, and 
then placing sufficient longitudinal steel to meet the moment demands. The potential for substantially 
reduced shear strength due to the size effect may make this traditional design approach uneconomical.   
 
Under ACI 318-14 and prior versions of the code, mat foundations without shear reinforcement were 
permitted to use 2.0√𝑓𝑓𝑐𝑐′  psi (0.17√𝑓𝑓𝑐𝑐′  MPa) as its unit one-way shear strength. Buildings adopting 
performance-based approaches on the other hand typically used 1.0√𝑓𝑓𝑐𝑐′ psi (0.083√𝑓𝑓𝑐𝑐′ MPa) to account 
for the size effect, which refers to the decrease in unit shear strength with increasing member depth. In 
the 2019 update to ACI 318, the effects of size and low longitudinal reinforcement ratio (𝜌𝜌) were 
recognized in the revised one-way shear equations. The combination of large depth and low 𝜌𝜌 
commonly pushes unit shear strengths in mat foundations down to 0.5√𝑓𝑓𝑐𝑐′ psi (0.041 √𝑓𝑓𝑐𝑐′ MPa) or even 
lower depending on 𝜌𝜌 and mat thickness. Prior to the tests conducted at UC Berkeley in 2021, only two 
beams without shear reinforcement of depths representing foundation mats were tested. These tests 
reported unit shear strengths of 0.7√𝑓𝑓𝑐𝑐′ psi (0.06 √𝑓𝑓𝑐𝑐′ MPa) by Shioya et al. (1984) and 0.8√𝑓𝑓𝑐𝑐′ psi (0.07 
√𝑓𝑓𝑐𝑐′ MPa) by Collins et al. (2015), much lower than the permissible 2.0√𝑓𝑓𝑐𝑐′ psi (0.17√𝑓𝑓𝑐𝑐′ MPa) and lower 
than the 1.0√𝑓𝑓𝑐𝑐′ psi (0.083√𝑓𝑓𝑐𝑐′ MPa) adopted in performance-based approaches.  
 
Most research on shear is conducted via beam tests, the results of which require interpretation for a 
foundation. In a foundation, the shear forces may partially be mitigated by arch action between points 
of applied load above the mat and points of support in the soil (Uzel, 2011). However, this mechanism 
does not apply at points about 1.5 mat thicknesses away from the applied loads and decreases in 
effectiveness for sufficiently soft soils. The scatter in strength predictions by different approaches, and 
concerns of further reductions on shear strength due to emerging use of high-strength reinforcement in 
foundations, prompted the research at UC Berkeley into full depth mat foundations. 
 

UC BERKELEY TEST SPECIMENS 1 AND 2 
 
Test beam 1 is configured like that of a mat foundation and loaded in symmetrical 3-point bending plus  
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2. Following failure of the Phase 3 span, a shear repair was conducted so that further loading in 3-pt 
bending results in failure on the Phase 4 span. 
 

 
 

Figure 2: UCB Beam 2 specimen details and loading configurations for Phase 3 and Phase 4. 
 
Results of phase 1 and phase 2 
 
Phase 1 is the test of a beam without shear reinforcement. Figure 3 shows the measured relationship 
between midspan applied force P and midspan deflection. Following the formation of the first flexural 
cracks at LS1, the slope of the load-displacement curve decreases but maintains a somewhat linear 
relationship all the way up to failure at LS7a. Between these points, cracks progressively form on the 
bottom of the tension face as flexural cracks grow vertically at first, then incline towards the loading 
point when shear stresses increase, eventually reaching the beam failure state in Figure 4.  
 
At LS7a, East Crack 1 had reached a width of approximately 0.1 in (3 mm), indicating significant 
reduction in the shear-carrying capacity along that inclined crack. The steel strains along the span at 
failure also show significant tension shift, with the tensile strains remaining nearly constant for much of 
the Phase 1 span. This effect may be important to consider if bar cutoffs are included in the construction 
of mat foundations. Over the relatively small increase in vertical displacement from LS7a to LS7b, an 
irrecoverable reduction in the load-carrying capacity was observed along with the rapid formation of 
East Crack 2. With a sharp cracking sound, this crack formed rapidly and grew to about 0.2 in (5 mm) 
in width while slipping by 0.08 in (2 mm) along the crack plane. In contrast, East Crack 1 did not slip 
appreciably. As shear slip is necessary for shear forces to be carried at large crack widths, it was 
determined that East Crack 2 was unlikely to have additional capacity and the test was stopped to 
preserve the integrity of the compression zone so that the beam could be repaired more readily.   
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Figure 3: Load displacement response at midspan of Phase 1 (left) and Phase 2 (right). 

 
Figure 4: Phase 1 state at failure with reinforcement strains at LS7a and LS7b 

Following a repair procedure whereby the moment and shear strength of Phase 1 is increased, the beam 
is reloaded in the same configuration to induce a shear failure in the opposite span for Phase 2. The 
presence of just twelve No. 5 bars evenly spaced over 35 ft (s = 35 in (890 mm)) increased the failure 
load to 4.6 times the failure load of Phase 1 (Figure 3). The shear reinforcement also allows for multiple 
load paths, resulting in a more complex and well distributed crack pattern (Figure 5) when compared 
with Phase 1. This also mutes the large tension shift effect observed in Phase 1. Evidence from the test 
showed that the size effect is suppressed when minimum shear reinforcement is used, allowing the 
concrete contribution to shear strength Vc to reach close to 2.0√𝑓𝑓𝑐𝑐′ (0.17√𝑓𝑓𝑐𝑐′ MPa). 

 
Figure 5: Phase 2 state at failure with reinforcement strains at LS15a. 

 
RESULTS OF PHASE 3 AND PHASE 4 

 
The load displacement plot for Phase 3 and Phase 4 are presented in Figure 6. The y-axis for Phase 3 
should be interpreted as the vertical applied load that is resolved by a uniform support reaction on the 
left and a point support on the right. For Phase 3, displacements are measured at the tip of the beam as 
Phase 3 is loaded as an upside-down cantilever. Phase 4 is tested using a point load in 3-pt bending with 
displacements recorded at midspan. To connect the results of Phase 3 to Phase 4 for the east span, 
displacement and load data from the uniform load in Phase 3 are transformed into an equivalent point 
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the Phase 1 span. This effect may be important to consider if bar cutoffs are included in the construction 
of mat foundations. Over the relatively small increase in vertical displacement from LS7a to LS7b, an 
irrecoverable reduction in the load-carrying capacity was observed along with the rapid formation of 
East Crack 2. With a sharp cracking sound, this crack formed rapidly and grew to about 0.2 in (5 mm) 
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determined that East Crack 2 was unlikely to have additional capacity and the test was stopped to 
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load response. This results in the equivalent midspan load on the y-axis starting at -22 k (-98 kN) as less 
self-weight is carried on the right support in Phase 3 than in Phase 4. 
 

 
Figure 6: Load displacement response of Phase 3 (left) and Phase 4 (right). 

 
Figure 7: Phase 3 cracked state at failure. 

 
Figure 8: Phase 4 cracked state at failure. 

 
The shear span for both Phase 3 and Phase 4 was 35 ft (10.7 m) to provide a direct comparison between 
the shear response of a beam versus a footing. During Phase 3 loading on the west (left) span in Figure 
7, the uniform load results in cracking only in the vicinity of the top restraint. In direct comparison with 
this, the opposite side, representative of a beam, has multiple flexural cracks distributed evenly along 
the shear span. Despite the observed differences in the crack pattern, failure of Phase 3 and Phase 4 
occurs at very similar sectional shear forces. Failure of Phase 3 occurred with the formation of the left-
most crack, corresponding to a shear of 63.5 k (282 kN) at a section located d (93 in = 2.36 m) away 
from the top restraint in accordance with ACI 318-19 practices. Phase 4 failed along the thick crack in 
Figure 8, at a similar load of 61 k (271 kN) located a section located d away from the right support.  
 
Peak longitudinal steel stresses were 86 ksi (593 MPa) and 113 ksi (779 MPa) in Phase 3 and Phase 4 
respectively. Despite the relatively high steel stresses and associated flexural crack widths, the beam did 
not fail prematurely and carried more load than predicted using calibrated FEM models. It appears that 
use of high-strength reinforcement does not result in additional penalties on the shear strength when 
compared with using Gr. 60 steel, even in cases where the observed steel stresses exceed the 
conventional yield stress of 60 ksi (414 MPa) for Gr. 60 steel.  
 
UC Berkeley Size Effect Series 
 
In addition to the above tests, 3 smaller specimens of 3 ft, 2 ft, and 1 ft (914 mm, 610 mm, and 305 mm) 
depth were tested as companion specimens to the larger beams. The series of 6 tests form a size effect 
series that illustrates how unit shear strengths decrease with increased depth when high-strength 
reinforcement is used. This is plotted alongside various other size effect series (Bentz, 2018) in Figure 
9.  The lines for each size effect series show a clear reduction in unit shear strength with increased size 
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and show that the “Low Rho Size Effect” series of beams reinforced with Gr. 60 steel at 0.35% is very 
similar to the “UC Berkeley Size Effect” series using high-strength reinforcement at 0.22%, suggesting 
that the responses are very similar. 

 
Figure 9: Size effect series for various longitudinal reinforcement ratios (UC Berkeley series in green). 

 
DESIGN RECOMMENDATIONS AND CONCLUSIONS 

 
Seven shear tests were conducted at UC Berkeley on beams with and without shear reinforcement. The 
findings show a clear size effect when shear reinforcement is not used. The experiments also suggest 
that shear strength is not sensitive to the use of high-strength longitudinal reinforcement. Minimum 
shear reinforcement is effective in overcoming the size effect.  
 
The following recommendations are made based on results of the test program:  

 ACI 318 minimum shear reinforcement is effective in overcoming the size effects when 
designing deep mats. Headed shear reinforcement was demonstrated to be effective. There may 
also be economic or environmental incentives to use shear reinforcement to decrease the mat 
depth, reducing construction time and concrete quantities.  

 If shear reinforcement is absent, the penalties of the size effect and low reinforcement ratio 
effect on shear strength can be severe, though the combined penalty is not as severe as indicated 
by ACI 318-19 one-way shear strength equations. A lower bound near 1.0√𝑓𝑓𝑐𝑐′ psi (0.083√𝑓𝑓𝑐𝑐′ 
MPa) seems reasonable.  

 Where shear reinforcement is not used, conservative bar cutoff locations need to account for the 
significant tension shift that occurs.   
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ABSTRACT 

 
The importance of seismic resilient engineering structures is highlighted as it not only reduces the 
seismic-induced damage during earthquakes but also reduces the time and financial costs associated 
with post-earthquake recovery, known as robustness and recoverability. Therefore, improving 
structural seismic resilience has become one of the research hotspots in the structural earthquake 
engineering. The present paper systematically summarizes the current status of research on seismic 
resilience for both aboveground and underground structures considering the variations in their damage 
mechanism and seismic control theory, and highlights the differences in seismic resilience between 
aboveground and underground structures. It emphasizes that while there has been considerable research 
on seismic resilience for aboveground structures, the same cannot be said for underground structures, 
particularly regarding the research on functional recovery. Most resilience designs for underground 
structures primarily follow those developed for aboveground structures. Given the distinct seismic 
response characteristics of underground structures, it is imperative to further develop a regional seismic 
control strategy and functional recovery theory specifically tailored to underground structures. 
 
Keywords: Seismic resilience, underground structures, aboveground structures, seismic resilience 
design 

 
INTRODUCTION 

 
Strong earthquakes, including the 1995 Kobe earthquake (An et al., 1997; Iida et al., 1996), the 1999 
Chi-Chi earthquake (Chang et al., 2004), and the 2008 Wenchuan earthquake (Kawashima et al., 2009), 
have inflicted severe damage on both aboveground and underground structures. These earthquakes have 
not only led to numerous casualties and substantial economic losses but have also resulted in a profound 
impact on economic development. Consequently, ensuring seismic safety for engineering structures has 
remained a prominent area of global research interest (Huang and Chen, 2021a). 
Seismic research on engineering structures should consider not only the casualties and property losses 
caused by structural damage but also the time and financial costs required for post-earthquake recovery 
or reconstruction. Take the 1995 Kobe earthquake as an example where the restoration of Daikai Station 
took a year and cost nearly 10 billion yen (Ma et al., 2022). Recently, seismic research for urban 
structures has gradually evolved from “performance-based seismic design” to "resilience-based seismic 
design". Resilience refers to the system's capacity to absorb or endure disturbances while maintaining 
and restoring its normal functions. A resilience-based seismic design not only focuses on effective 
resistance to seismic disasters during earthquakes but also emphasizes rapid functional recovery 
afterward, encompassing the notions of robustness and recoverability. Seismic resiliency can be 
conceptualized at both city and structure levels, and the present study primarily focuses on the latter. At 
the structural level, reducing the structural damage and eliminating the post-earthquake residual 
deformation emerge as two crucial factors for seismic resilience (Miller, 1998). Additionally, there are 
differences in the seismic control theory between aboveground and underground structures owing to 
their distinct seismic damage mechanisms. The seismic response of aboveground structures is closely 
associated with structural vibration characteristics, whereas the seismic response of underground 
structures is controlled by the surrounding soil and exhibits less sensitivity to structural vibration 
characteristics (Huang and Chen, 2021b). The current paper presents a systematic and comprehensive 
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review of the seismic resilience for both aboveground and underground structures, as well as a 
comparative analysis of resilience theories and measures between the aboveground and underground 
structures. 
 

SEISMIC RESILIENCE FOR ABOVEGROUND STRUCTURES 
 
There are mainly two approaches to enhance the robustness of aboveground structures. The first 
approach is to obstruct the propagation path of seismic motion from the ground to structures, and the 
second approach is to install dampers within structures to reduce seismic responses. 
The first approach is achieved by installing isolation bearings between the main structure and its 
foundation. Various types of isolation bearings, such as lead rubber bearing (LRB) and friction 
pendulum bearing (FPB) are commonly used. These bearings effectively reduce the horizontal stiffness 
of the structure and extend its natural period. By adjusting the structural natural period away from the 
predominant period, the seismic responses of the structure can be reduced.  
The second approach is generally achieved by installing hysteretic dampers within structures to dissipate 
seismic energy concentratedly and thereby reduce structural seismic responses (Figure 1). Commonly 
used hysteretic dampers include Buckling-Restrained Brace (BRB) (Feng et al., 2021a; Gu et al., 2022; 
Yang et al., 2019; Feng et al., 2021b; Yamazaki et al., 2016a), Shear Panel Damper (SPD) (Ge et al., 
2011; Ge et al., 2012; Li et al., 2017), Buckling Restrained Rippled Plate (BRRP) (Yamazaki et al., 
2016b), etc. as shown in Figure 2. These hysteretic dampers employ friction, plastic deformation, or 
other mechanical behaviors during earthquakes to dissipate seismic energy concentratedly so that the 
main structural components can be undamaged or slightly damaged. The seismic performance of 
dampers can be further improved by optimizing their structural design and configuration within damper 
systems. One example of an improved damper design is the Rippled Plate Buckling-Restrained Brace 
(PR-BRB) proposed by Yamazaki et al. (2016a) (Figure 2a). The PR-BRB replaces the flat plate in the 
traditional BRB with a rippled plate, resulting in longer and multiple-wave core members. This 
innovation enhances the energy dissipation capabilities of the BRB compared to conventional designs. 
In addition, Feng et al. (2021a) introduced a novel energy dissipation system called the multi-toggle 
brace damper (MTBD) system. Compared to the traditional toggle brace damper systems, the proposed 
MTBD system exhibits a larger amplification factor, a fuller hysteresis loop, and a more obvious energy 
dissipation effect. Consequently, it enhances the vibration control effect. 
 

 
Figure 1. The installation of hysteretic dampers: (a) in buildings, (b) under bridges 

To improve the recoverability of aboveground structures, researchers improved traditional BRB by 
incorporating self-centering or replaceability design. Wang et al. (2022) proposed a novel resilient 
system known as the dual self-centering variable friction brace (DSC-VFB) as shown in Fig. 3. The 
DSC-VFB system exhibits self-centering behavior and possesses energy-dissipating capabilities that 
effectively reduce residual deformation of structures. The grooved friction plates and self-centering 
system can be conveniently disassembled and replaced, improving its recoverability. 
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Figure 2. Hysteretic dampers: (a) RP-BRB (Yamazaki et al., 2016a), (b) SPD, and (c) BRRP (Yamazaki 

et al., 2016b) 

 
Figure 3. Dual self-centering variable friction brace (DSC-VFB) (Wang et al., 2022) 

 
SEISMIC RESILIENCE FOR UNDERGROUND STRUCTURES 

 
Compared to aboveground structures, the development of seismic control techniques for underground 
structures has lagged behind and those techniques for underground structures differ significantly from 
those used for aboveground structures. This disparity arises from the distinct response characteristics 
exhibited by underground structures. Due to the constraints of the surrounding soil, the seismic 
responses of underground structures are mainly controlled by the deformation of the surrounding soil 
and not strongly influenced by its vibration characteristics (Huang et al., 2023; Chen et al., 2021). Given 
this, the main seismic control strategies for underground structures can be divided into two categories 
according to structural forms. Linear structures such as tunnels and tubes employ the strategy of setting 
isolation layers around the surface of underground structures. This approach transforms the original 
dynamic system from a ground-underground structures system into a ground-isolation layer-
underground structures system. It weakens the constraints exerted by the surrounding soil and absorbs 
seismic energy, thus reducing structural seismic responses (Chen et al., 2018; Chen and Shen, 2014). 
To validate the effectiveness of this approach, Chen and Shen (2014) carried out dynamic centrifuge 
tests on a tunnel model with an isolation layer around its surface. The results demonstrated that the 
isolation layer can significantly reduce the seismic responses of tunnels by absorbing earthquake-
induced ground deformation as shown in Figure 4. 

 
Figure 4 Mechanism of isolation layer on shock absorption 

For underground spatial structures such as subway stations, studies have revealed that the central 
columns are the most vulnerable components. Earthquake records show that the limited horizontal 
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review of the seismic resilience for both aboveground and underground structures, as well as a 
comparative analysis of resilience theories and measures between the aboveground and underground 
structures. 
 

SEISMIC RESILIENCE FOR ABOVEGROUND STRUCTURES 
 
There are mainly two approaches to enhance the robustness of aboveground structures. The first 
approach is to obstruct the propagation path of seismic motion from the ground to structures, and the 
second approach is to install dampers within structures to reduce seismic responses. 
The first approach is achieved by installing isolation bearings between the main structure and its 
foundation. Various types of isolation bearings, such as lead rubber bearing (LRB) and friction 
pendulum bearing (FPB) are commonly used. These bearings effectively reduce the horizontal stiffness 
of the structure and extend its natural period. By adjusting the structural natural period away from the 
predominant period, the seismic responses of the structure can be reduced.  
The second approach is generally achieved by installing hysteretic dampers within structures to dissipate 
seismic energy concentratedly and thereby reduce structural seismic responses (Figure 1). Commonly 
used hysteretic dampers include Buckling-Restrained Brace (BRB) (Feng et al., 2021a; Gu et al., 2022; 
Yang et al., 2019; Feng et al., 2021b; Yamazaki et al., 2016a), Shear Panel Damper (SPD) (Ge et al., 
2011; Ge et al., 2012; Li et al., 2017), Buckling Restrained Rippled Plate (BRRP) (Yamazaki et al., 
2016b), etc. as shown in Figure 2. These hysteretic dampers employ friction, plastic deformation, or 
other mechanical behaviors during earthquakes to dissipate seismic energy concentratedly so that the 
main structural components can be undamaged or slightly damaged. The seismic performance of 
dampers can be further improved by optimizing their structural design and configuration within damper 
systems. One example of an improved damper design is the Rippled Plate Buckling-Restrained Brace 
(PR-BRB) proposed by Yamazaki et al. (2016a) (Figure 2a). The PR-BRB replaces the flat plate in the 
traditional BRB with a rippled plate, resulting in longer and multiple-wave core members. This 
innovation enhances the energy dissipation capabilities of the BRB compared to conventional designs. 
In addition, Feng et al. (2021a) introduced a novel energy dissipation system called the multi-toggle 
brace damper (MTBD) system. Compared to the traditional toggle brace damper systems, the proposed 
MTBD system exhibits a larger amplification factor, a fuller hysteresis loop, and a more obvious energy 
dissipation effect. Consequently, it enhances the vibration control effect. 
 

 
Figure 1. The installation of hysteretic dampers: (a) in buildings, (b) under bridges 

To improve the recoverability of aboveground structures, researchers improved traditional BRB by 
incorporating self-centering or replaceability design. Wang et al. (2022) proposed a novel resilient 
system known as the dual self-centering variable friction brace (DSC-VFB) as shown in Fig. 3. The 
DSC-VFB system exhibits self-centering behavior and possesses energy-dissipating capabilities that 
effectively reduce residual deformation of structures. The grooved friction plates and self-centering 
system can be conveniently disassembled and replaced, improving its recoverability. 
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deformation capacity of central columns under high axial pressure is the primary factor contributing to 
the damage of subway stations during earthquakes (Chen et al., 2016). Given this, current research 
efforts have predominantly focused on installing seismic control devices at the ends of central columns, 
such as flexible rubber bears (Liu et al., 2020), sliding isolation bears (Zhuang et al., 2020), SPD (Chen 
et al., 2014), and FPB (Jia and Chen, 2021; Chen and Jia, 2021) as shown in Figure 5. Liu et al. (2020) 
carried out a series shaking table tests on a subway station with rubber bearings equipped at the column 
ends. The results showed a significant decrease in bending moment (60%-80%) and shear force (90%) 
at the column ends. However, the installation of flexible bearings led to a reduction in the lateral stiffness 
of the structure, resulting in increased lateral deformation. The study by Liu et al. (2020) revealed that 
the layer drift of the subway station increased by 30%-50%, and the bending moment of the sidewall 
increased by 5%-25%. In contrast, flexible energy-dissipation bearings can mitigate the increase in 
lateral deformation through energy dissipation. The study by Chen and Jia (2021) reveals that the FRB 
can reduce the internal forces on the central column and at the same time without causing a significant 
increase in lateral deformation of subway stations. 

 
Figure 5. The bearings for underground structures: (a) rubber bearing (Liu et al., 2020), (b) SPD (Chen 

et al., 2014), (c) FPB (Jia and Chen, 2021)  
 
The research aimed at improving the recoverability of underground structures mainly focuses on 
addressing the vulnerability of the central column. These studies can be categorized into two approaches: 
self-centering central column and replaceable central column, by which the recoverability of 
underground structures can be improved (Du et al., 2018; Chen and Zhou, 2019). Some researchers 
combined the concept of replaceability and self-centering to propose replaceable self-centering 
structural forms for central columns. Chen and Zhou (2019) proposed a self-centering energy-dissipation 
column base for underground structures. The self-centering mechanism primarily relies on the unbonded 
prestressed tendons, self-weight, and the overlying soil pressure. Replaceable energy-dissipating devices 
at the column foot are employed to dissipate seismic energy concentratedly through rocking behavior 
during earthquakes. By employing self-centering or replaceable design strategies, the recoverability of 
underground structures, particularly in relation to the central column, can be improved. 
 

DISCUSSION AND CONCLUSION 
 
Compared to aboveground structures, the resilience strategy for underground structures is still in its 
early stage, with most of these resilience designs being adapted from those used for aboveground 
structures, such as the isolation bearings and rocking structural components. However, it is noteworthy 
that there are notable differences in the seismic control mechanism between aboveground and 
underground structures.  
Firstly, both isolation bearings for aboveground structures and the isolation layer for underground 
structures are employed to obstruct the propagation path of seismic energy. However, their specific 
functions differ. The isolation bearings for aboveground structures are used to prolong the structural 
natural period and keep it away from the predominant period. In contrast, for underground structures, 
structural vibration characteristics are not the main factors influencing structural seismic responses. The 
main purpose of the isolation layer around underground structures is to weaken the constraints imposed 
by surrounding soils and to absorb seismic shocks. 
Secondly, similar types of isolation bearings can be used for both aboveground and underground 
structures. However, in the case of underground structures, the isolation bearings are typically installed 
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at the ends of central columns and serve to weaken the horizontal connection between central columns 
and beams. As mentioned earlier, central columns are the most vulnerable components of underground 
structures. By installing flexible isolation bearing, the internal forces of the central column can be 
significantly reduced, but at the same time, the structural layer drift and internal forces of sidewalls may 
increase. In contrast, the installation of hysteretic dampers in aboveground structures can reduce the 
seismic responses of the whole structure. 
Thirdly, both the aboveground and underground structures can utilize the rocking structure or rocking 
structural components to reduce the seismic deformation of the structure or structural components. In 
the aboveground structures, the rocking behavior typically occurs at the structure level, and the seismic 
energy is dissipated through collisions at the rocking interface rather than structural deformation. 
However, achieving large rigid body rotational deformations is challenging for underground structures. 
Rocking behavior in underground structures commonly occurs at the component level, particularly in 
the central column. The rocking interface weakens the connection between columns and beams, thereby 
cutting off the stress transfer path and protecting the central column. 
Compared to aboveground structures, seismic control strategies for underground structures are still 
insufficient. While some resilience design concepts from aboveground structures can be applied to 
underground structures, it is crucial to consider the unique characteristics and response mechanisms 
specific to underground environments. While the use of isolation layers can effectively reduce the 
overall seismic responses of underground structures, current research primarily focuses on tunnel 
structures characterized by small cross-sectional areas and spans. For underground spatial structures 
with large structural span, complex structural form, and high structural density, such as subway stations, 
the application of the isolation layer is limited to some extent. Although the isolation bearings can be 
used in underground spatial structures to improve their seismic performance, they can also lead to a 
reduction in structural stiffness and result in an increase in structural layer drift and internal force of 
sidewalls. Considering the seismic response characteristics of underground structures, it is crucial to 
develop a regional seismic control strategy that addresses these challenges. 
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ABSTRACT 
 

Performance-based earthquake engineering (PBEE) aims to assess the performance of structures using 
metrics that are immediately valuable to both engineers and stakeholders. The PBEE framework 
encompasses the assessment of seismic hazards, structural responses, resulting damage, loss and 
downtime involved in recover the building to its original state, through a coherent probabilistic analysis. 
In this paper, the performance-based earthquake engineering framework is first described. Then, two 
previous case studies of PBEE were reviewed. Finally, the paper describes the future vision on the 
potential integration of PBEE with novel AI and smart technologies. 

 
Keywords: Performance-based earthquake engineering, seismic analysis, artificial intelligence, 
computer vision. 
 

 
INTRODUCTION 

 
Recent seismic events in various regions, including Japan, Chile, New Zealand, and others, have 
effectively demonstrated that even countries with well-established building codes are still susceptible to 
substantial financial devastation when faced with significant seismic activities. Historically, code-based 
design aimed to provide minimum safety to prevent complete or partial structural failure during intense 
seismic occurrences. Nevertheless, this conventional approach to design has led to considerable 
financial losses in previous earthquake incidents (Lee and Mosalam 2006). In order to efficiently address 
seismic vulnerabilities, it is imperative to identify the structural elements that suffer notable damage due 
to seismic activity and accurately assess the associated monetary losses. For this reason, in the past 
decades, the performance-based earthquake engineering (PBEE) methodology has been developed and 
applied to numerous case studies to quantify the performance of structural and nonstructural components 
in the event of earthquake, which enable decision makers to have a well-defined tool to rapidly quantify 
the seismic resilience of structures.  
 

GENERIC PBEE FRAMEWORK 
 
Within the PBEE framework, four essential steps are defined in the performance assessment including 
the probabilistic seismic hazard analysis (PSHA), response analysis, damage analysis, and loss analysis. 
Figure 1 shows the framework of performance assessment. Seismic hazard analysis is to quantify the 
mean annual rate of exceeding a given value of the seismic intensity measure (𝑖𝑖𝑖𝑖) and determine what 
types of earthquakes are most important to the seismic hazard. Response analysis is to analyze the 
responses of structural and nonstructural components under the selected ground motions and determine 
response statistics related to engineering demand parameters. Damage analysis is to quantify the 
structural and nonstructural component damage and obtain fragility curves. Finally, loss analysis is to 
provide decision variables for stakeholders based on the damage quantities. The mean annual rate of the 
decision variable exceeding a threshold value is expressed in Equation 1.  
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𝜆𝜆(𝑑𝑑𝑑𝑑 < 𝐷𝐷𝐷𝐷) = ∫ ∫ ∫ 𝐺𝐺(𝑑𝑑𝑑𝑑|𝑑𝑑𝑑𝑑)𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑|𝑒𝑒𝑒𝑒𝑒𝑒)𝑑𝑑𝑑𝑑(𝑒𝑒𝑒𝑒𝑒𝑒|𝑖𝑖𝑖𝑖)|𝑑𝑑𝑑𝑑(𝑖𝑖𝑖𝑖)|
𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖

(1) 
 
where 𝑖𝑖𝑖𝑖 is the seismic intensity measure. 𝑑𝑑𝑑𝑑 is the damage measure. 𝑒𝑒𝑒𝑒𝑒𝑒 is the engineering demand 
parameter. 𝑑𝑑𝑑𝑑 is the statistically independent of 𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑖𝑖𝑖𝑖. 𝜆𝜆(𝑑𝑑𝑑𝑑 < 𝐷𝐷𝐷𝐷) represents the mean rate of 
events {𝑑𝑑𝑑𝑑 < 𝐷𝐷𝐷𝐷}. Function 𝑑𝑑𝑑𝑑(𝑎𝑎|𝑏𝑏) represents the conditional complementary cumulative 
distribution function. 
 

 
 

Figure 1. Framework of PBEE framework. 
 

CASE STUDIES 
 
To illustrate the implementation procedures, a case study (Yang et al., 2015) is reviewed which includes 
the theory and implementation of the PBEE framework on a multi-storey building. In that study, a five-
story steel frame building located in Vancouver, British Columbia (Figure 2), Canada, was selected and 
designed using 9 pre-qualified SFRS methods which included the ductile moment resisting frame (MRF), 
moderately and limited ductility concentrically braced frame (CBF and CBFLD), ductile eccentrically 
braced frame (EBF), ductile buckling restrained braced frame (BRBF), ductile and limited ductility steel 
plate shear wall (SPSW and SPSWLD), X-braced frame (XBF), and suspended zipper-braced frame 
(SZBF) to verify the proposed art performance-based assessment procedure. The building has a bay 
width of 9 m, a first-story height of 4.25 m, and a floor height of 3.65 m for 2 to 5 floors. The building 
is symmetric in both the north-south and east-west directions. 
 

  
(a) 3D view                                                              (b) Plan view 
 

Figure 2. (a) 3D view of the prototype building. (b) Location of the SFRS on the plan view 
 
In this study, the prototype building was divided into 26 performance groups (PGs). Table 1 shows the 
summary of the PGs included in this study. 
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ABSTRACT 
 

Performance-based earthquake engineering (PBEE) aims to assess the performance of structures using 
metrics that are immediately valuable to both engineers and stakeholders. The PBEE framework 
encompasses the assessment of seismic hazards, structural responses, resulting damage, loss and 
downtime involved in recover the building to its original state, through a coherent probabilistic analysis. 
In this paper, the performance-based earthquake engineering framework is first described. Then, two 
previous case studies of PBEE were reviewed. Finally, the paper describes the future vision on the 
potential integration of PBEE with novel AI and smart technologies. 

 
Keywords: Performance-based earthquake engineering, seismic analysis, artificial intelligence, 
computer vision. 
 

 
INTRODUCTION 

 
Recent seismic events in various regions, including Japan, Chile, New Zealand, and others, have 
effectively demonstrated that even countries with well-established building codes are still susceptible to 
substantial financial devastation when faced with significant seismic activities. Historically, code-based 
design aimed to provide minimum safety to prevent complete or partial structural failure during intense 
seismic occurrences. Nevertheless, this conventional approach to design has led to considerable 
financial losses in previous earthquake incidents (Lee and Mosalam 2006). In order to efficiently address 
seismic vulnerabilities, it is imperative to identify the structural elements that suffer notable damage due 
to seismic activity and accurately assess the associated monetary losses. For this reason, in the past 
decades, the performance-based earthquake engineering (PBEE) methodology has been developed and 
applied to numerous case studies to quantify the performance of structural and nonstructural components 
in the event of earthquake, which enable decision makers to have a well-defined tool to rapidly quantify 
the seismic resilience of structures.  
 

GENERIC PBEE FRAMEWORK 
 
Within the PBEE framework, four essential steps are defined in the performance assessment including 
the probabilistic seismic hazard analysis (PSHA), response analysis, damage analysis, and loss analysis. 
Figure 1 shows the framework of performance assessment. Seismic hazard analysis is to quantify the 
mean annual rate of exceeding a given value of the seismic intensity measure (𝑖𝑖𝑖𝑖) and determine what 
types of earthquakes are most important to the seismic hazard. Response analysis is to analyze the 
responses of structural and nonstructural components under the selected ground motions and determine 
response statistics related to engineering demand parameters. Damage analysis is to quantify the 
structural and nonstructural component damage and obtain fragility curves. Finally, loss analysis is to 
provide decision variables for stakeholders based on the damage quantities. The mean annual rate of the 
decision variable exceeding a threshold value is expressed in Equation 1.  
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Table 1. Summary of Performance Group 
PG Name Location EDP 
1 SH12 Between levels 1 and 2 ISD1 
2 SH23 Between levels 2 and 3 ISD2 
3 SH34 Between levels 3 and 4 ISD3 
4 SH45 Between levels 4 and 5 ISD4 
5 SH5R Between levels 5 and R ISD5 
6 CW12 Between levels 1 and 2 ISD1 
7 CW23 Between levels 2 and 3 ISD2 
8 CW34 Between levels 3 and 4 ISD3 
9 CW45 Between levels 4 and 5 ISD4 
10 CW5R Between levels 5 and R ISD5 
11 INTD12 Between levels 1 and 2 ISD1 
12 INTD23 Between levels 2 and 3 ISD2 
13 INTD34 Between levels 3 and 4 ISD3 
14 INTD45 Between levels 4 and 5 ISD4 
15 INTD5R Between levels 5 and R ISD5 
16 Contents2 Below level 2 a2 
17 Contents3 Below level 3 a3 
18 Contents4 Below level 4 a4 
19 Contents5 Below level 5 a5 
20 ContentsR Below level R aR 
21 Ceiling2 Below level 2 a2 
22 Ceiling3 Below level 3 a3 
23 Ceiling4 Below level 4 a4 
24 Ceiling5 Below level 5 a5 
25 CeilingR Below level R aR 
26 Elevator at level R aR 

where the ISD and a are the inter-story drift and floor acceleration, respectively. 
 
The seismic hazard analysis was conducted with three hazard levels, including 2%probability of being 
exceeded in 50 years (2∕50), 10%probability of being exceeded in 50 years (10∕50) and 50% probability 
of being exceeded in 50 years (50∕50). The ground motions were selected from PEER (2012) according 
to the requirements in the National Building Code of Canada. Figure 3 presents an illustrative example 
of the scaled spectra for the 2∕50 hazard level. 

 
Figure 3. Ground motion scaling for the 2∕50 hazard 

 
The finite element model for the 9 different design methods was built using OpenSees (UCB 2012) to 
simulate the structural response by conducting a dynamic response analysis for each of the selected and 
scaled ground motion records. The engineering demand parameter (edp) associated with each PG was 
monitored. The peak edp values would be summarized in a matrix for each ground motion record. Three 
edp matrices should be defined for each seismic hazard level considered in this case. Table 2 summarize 
the sample peak structural response at 2∕50 hazard level. 
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Table 2. Peak structural response at 2∕50 hazard level 

EDP 
[units] 

EBF CBF CBFLD SZBF BRBF XBF SPSW SPSWLD MRF 

ISD2* [%] 0.88 0.48 0.44 0.55 0.63 0.33 0.28 0.27 1.43 
ISD3 [%] 0.35 0.46 0.53 0.49 0.49 0.39 0.30 0.20 1.11 
ISD4 [%] 0.21 0.51 0.28 0.44 0.59 0.33 0.40 0.20 0.93 
ISD5 [%] 0.18 0.23 0.26 0.23 0.6 0.39 0.63 0.30 0.84 
ISDR [%] 0.10 0.12 0.13 0.04 0.34 0.32 0.52 0.20 0.72 

ag [g] 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 
a2 [g] 0.49 0.61 0.69 0.67 0.56 0.61 0.51 0.63 0.53 
a3 [g] 0.42 0.65 0.77 0.67 0.56 0.81 0.53 0.69 0.51 
a4 [g] 0.36 0.70 0.78 0.62 0.57 0.96 0.54 0.86 0.51 
a5 [g] 0.41 0.65 0.90 0.65 0.55 1.1 0.58 1.01 0.50 
aR [g] 0.60 0.92 1.14 0.76 0.82 1.56 0.82 1.33 0.80 

 
Table 3 summarizes the initial costs, median repair costs at three hazard levels, mean annualized loss 
(MAL) and the total life cycle costs using the proposed PBEE methodology. 
 

Table 3. Summary of Performance Assessment 
 

Design 
type 

 
Median repair cost (million) 

Mean 
annualized 
loss (MAL) 

(104) 

50-year life-
cycle costs @ 
3.5% annual 
interest(106) 

Initial costs 2/50 10/50 50/50 

EBF $46.59 $1.83 $1.22 $0.31 $3.36 $49.11 
EBF $47.32 $1.72 $1.08 $0.10 $1.98 $49.15 

SPSW $46.76 $1.74 $1.38 $0.37 $3.13 $49.16 
BRBF $46.86 $1.72 $1.32 $0.31 $3.54 $49.48 
SZBF $46.95 $1.69 $1.36 $0.31 $3.76 $49.48 

SPSWLD $46.91 $1.73 $1.59 $0.61 $3.99 $49.76 
XBF $46.84 $1.85 $1.59 $0.61 $4.76 $50.07 

CBFLD $47.10 $1.76 $1.56 $0.34 $4.30 $50.10 
CBF $47.32 $1.69 $1.56 $0.34 $3.93 $50.13 

where the life cycle costs were obtained by starting with the initial construction costs and adding the 
mean cumulative annual repair cost every year with 3.5 % annual interest. 
 
The results show that the proposed PBEE procedure can provide a more intuitive perspective to the 
engineers to select the most economical system for a specific project in the financial aspect. 
 

FUTURE VISION 
 
Past development in the field has been focused on enhancing various methodological components within 
the PBEE framework, such as development of different probabilistic seismic hazard analysis models, 
more advanced finite element models, new fragility functions with new experimental data. Recently, 
with the advancement of AI technologies (Pan & Yang, 2022, Pan & Yang, 2022; Pan & Yang, 2023a; 
Pan & Yang, 2023b; Pan et al., 2023) have used the presented a generic framework to evaluates the 
system-level and component-level damage. The result shows that the PBEE can incorporate advanced 
robotic technologies for efficient data collection (e.g., Pan, Tavasoli, & Yang, 2023; Tavasoli, Pan, & 
Yang, 2023; Xiao et al., 2023). These novel robotic technologies, image processing and AI algorithms 
will be continuously developed in the near future. Integrating these technologies into the PBEE 
framework will provide a more rapid and comprehensive performance assessment. 
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The finite element model for the 9 different design methods was built using OpenSees (UCB 2012) to 
simulate the structural response by conducting a dynamic response analysis for each of the selected and 
scaled ground motion records. The engineering demand parameter (edp) associated with each PG was 
monitored. The peak edp values would be summarized in a matrix for each ground motion record. Three 
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Figure 4 shows the prediction by the AI model on the system state and component state of the reinforced 
concrete structures. It is shown that the proposed AI models can assess the damage status from these on-
site images at high accuracy. 

 

 
Figure 4. AI-based evaluation of structural damage state (a) system level; (b) component level 

 
Once the damage states of components are identified, the consequence functions can be used to identify 
the associated losses. Figure 5 shows the cumulative loss function in a case study presented in Pan & 
Yang (2020). The cost simulation results can provide critical risk data for decision making and resource 
allocation during post disaster reconstruction. For example, the decision maker can use the 50% 
probability of non-exceedance to identify the median repair cost for the building. 
 

 
Figure 5. Cumulative loss function 

 
CONCLUSIONS 

 
In this paper, the theory and applications of the PBEE framework have been reviewed. In the past 
decades, numerous studies have been conducted to enhance different methodological components of the 
PBEE framework including PSHA, finite element modelling, fragility function development, and loss 
quantification. In addition, the paper also discussed future research directions on the integration of PBEE 
with AI technologies, which offers new solutions to provide a more comprehensive assessment using 
the PBEE framework. 
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ABSTRACT 
 

In recent years, the strong ground motion records database has significantly expanded, mostly as a consequence 
of the seismic events in Chile, Japan, New Zealand, Turkey, and other countries. Engineers are facing many 
challenges in dealing with these particular records, mainly associated with methods for selection and scaling of 
the motions to use as input for dynamic structural analysis. One of the aspects which has not been thoroughly 
investigated is the link between the characteristics of strong motions and observed damage. A striking example 
is given by the field observations at Tsukidate and Sendai after the Tohoku 2011 earthquake in Japan. The PGA 
at Tsukidate was approximately 3.0 g and it was 1.5 g at Sendai. Despite this extremely large difference in PGA, 
the damage was much greater in Sendai than in Tsukidate, confirming that the PGA is not necessarily a good index 
of damage potential. In this paper, we explore what other characteristics of ground motion record may significantly 
contribute to structural damage. Specifically, we explored the effects of intensity of shaking, duration, frequency 
content and elastic and constant ductility response spectra. The impact of these variables will be assessed using 
reported structural damage data. 
 
Keywords: Strong motion, damage, intensity, duration, response spectrum. 
 
 

INTRODUCTION 
 

When the Tohoku earthquake hit the Japanese coastline on March 11th 2011, the rupture involved three 
different locations in sequence, resulting in a maximum slip of about 40 m and a significant amount of 
energy released in a three- minute span (Shojiro et al., 2011). The moment magnitude associated with 
this event is Mw 9.0. According to the JMA (Japan Meteorological Agency) intensity scale, the 
maximum seismic intensity was 7 in the city of Kurihara (K-NET Tsukidate) (Ochi and Suzuoki, 2011) 
and the rating in Sendai was 6+. 
 
A PGA of 3.0 g was recorded in Tsukidate (MYG004), while at Sendai (MYG013) the PGA was 1.5 
g. As shown in Figure 1, both sites are at comparable epicentral distances (Nishiyama et al., 2011). The 
observed damage at the two locations is not related to the PGA: much more severe damage was 
observed in Sendai than in Tsukidate (Ventura 2011). In particular, wood houses in Tsukidate 
experienced some level of damage, but it was not as severe as expected given the high seismic intensity. 
Figure 5 shows typical examples of damage in Tsukidate. Despite the very high acceleration in Tsukidate, 
many containers and stacked items did not overturn (Figure 2 to 4). 
 
In the city of Sendai, significant damage was observed in wooden houses. Reinforced concrete 
buildings were also damaged (Figure 6 through 9). Post-earthquake evaluations reported several types 
of damage in reinforced concrete buildings, such as: collapse of first and mid-stories, shear failures in 
columns and failure of walls in multi- storey buildings. The structural damage was widespread overall 
and not just isolated to some specific types of structures. 
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Figure 1: Location of the 
epicenter and the stations of 

Tsukidate and Sendai, 
adjusted from [3]. 

Figure 2: Not overturned 
objects in Tsukidate - Example 
1 (Source: Midorikawa Lab). 

Figure 3: Not overturned 
objects in Tsukidate - 
Example 2 (Source: 

Midorikawa Lab) 
 
 

 

 

 

Figure 4: Not overturned objects 
in Tsukidate - Example 3 

(Source: Midorikawa Lab). 
 

Figure 5: Overturned 
objects in Tsukidate - 
Example 1 (Source: 
Midorikawa Lab). 

Figure 6: Damage to the 
pavements in Sendai - 
Example 3 (Source: 
Midorikawa Lab). 

 
 

   
Figure 7: Structural Damage in 
Sendai - Example 1 (Source: 

Midorikawa Lab). 

Figure 8: Structural Damage in 
Sendai - Example 2 (Source: 

Midorikawa Lab). 

Figure 9: Structural Damage 
in Sendai - Example 3 

(Source: Midorikawa Lab). 
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CASE STUDY OF DAMAGE IN TSUKIDATE AND SENDAI 
 

The ground motion records for Tsukidate and Sendai were downloaded from the Japanese Kyoshin 
network K-NET and KiK-net database (NIED). In addition to the traditional ground motion 
parameters, such as PGA, PGV and maximum displacement, attention was focused as well on the 
waveform type, the frequency content and the significant duration D5-95. Table 1 provides a summary 
of the main characteristics of the motions recorded at Tsukidate and Sendai stations. 

 
The seismic intensity expressed in JMA shindo levels (Japan Meteorological Agency, 2017), which 
represents the degree of shaking at different locations, was estimated to be 6+ in Sendai while at the 
Tsukidate station reached the highest scale degree of 7. The station of Tsukidate recorded an extremely 
high acceleration, about 3 g, while the maximum acceleration in Sendai was 1.5 g. Less significant 
differences were observed in terms of velocity, while the maximum displacements were similar and 
about 22 cm for both stations. 

 
Table 1: Characteristics of the Japanese Ground Motion Records. 

 
 Tsukidate Sendai 

Record Name 
Seismic Intensity 
Max. Acceleration 
Max. Velocity 
Max. Displacement 
Waveform 
Frequency Content 
5-95 Significant Duration 

MYG0041103111446-NS MYG0131103111446-NS 
7 6+ 
2.91 g 1.46 g 
110 cm/sec 86 cm/sec 
22.5 cm 22.4 cm 
2-wave groups 2-wave groups 
Short Period (0.2 sec) Intermediate period (0.5-1.0 sec) 
80.85 sec 89.72 sec 

 
From a qualitative point of view, both records have similar time history shapes, which can be 
described by two waves groups as shown in Figure 10. 

 

 

 
Figure 10: Acceleration Time Histories for the NS components in Tsukidate and Sendai 
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Figure 11: Frequency content of the NS 
component records for Tsukidate and 

Sendai. 

Figure 12: Arias Intensity for 
Tsukidate and Sendai. 

 
One of the characteristics of the records which underlines the different nature of the ground motions 
is the frequency content (Figure 11). Tsukidate motions have a much higher frequency content. 
 
The Arias Intensity is a common measure of the energy content of the ground motion (Bommer and 
Boore, 2004). It is defined as the time integral of the ground acceleration squared (Arias, 1970). 
The Arias Intensity of Tsukidate and Sendai are shown in Figure 12. It is clear that the Arias 
intensity for Sendai is only a small fraction of the Arias Intensity of the Tsukidate record. However, 
the damage in Sendai was much greater than the damage in Tsukidate, despite the fact that the Arias 
Intensity is supposed to be a measure of the energy in the ground shaking. Clearly, the Arias Intensity 
is not a good measure of potential damage to structures. 

 
ELASTIC RESPONSE SPECTRA ANALYSIS 

We next probe the relevance of the elastic response spectrum as an index of damage potential. This is 
a logical step because the elastic spectrum is used as the basis for design. 
 
Elastic response spectra for pseudo acceleration (PSA), pseudo velocity (PSV) and spectral 
displacements have been calculated and plotted for both sites as showed respectively in Figure 13 and 
Figure 14 and Figure 15. 

 

 
 

Figure 13: PSA Response Spectra of the NS 
components in Tsukidate and Sendai. 

Figure 14: PSV Response Spectra of the NS 
components in Tsukidate and Sendai. 
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Results show how the most distinctive characteristic is related to the spectral shape of the two records. 
The motion recorded in Tsukidate is associated with a spectral shape featuring a very sharp spike at 
0.24 seconds in the acceleration response spectrum with the maximum response reaching 13 g and 
much lower amplitudes at other spectral periods. On the other hand, the motion recorded in Sendai 
generates responses with significantly lower amplitudes but a broader spectral shape ranging from 0.1 
to 1.5 seconds.The same features characterize the velocity response spectra as well, with the difference 
in spectral shape more evident and a relative difference in the maximum velocity responses less 
pronounced. 

 
The analyses of the elastic response spectra give information about the maximum responses of a variety 
of structures with different fundamental periods but it does not provide a meaningful insight into the 
relationship with potential for structural damage. 

 

  
Figure 15: Displacement Response Spectra of the 

NS components in Tsukidate and Sendai. 
Figure 16: Constant Ductility Spectrum for Tsukidate. 

 

 
CONSTANT DUCTILITY SPECTRA ANALYSIS 

The Constant Ductility Spectrum is a tool used to calculate the lateral resistance of a system to ensure 
that a target ductility is achieved in design (Scott and Mason, 2017). Constant ductility spectra have 
been calculated for Tsukidate and Sendai using Bispec V2 computer program (Earthquake Solutions, 
2017). Different levels of ductility (1.5, 2 and 3) have been considered to explore a broad range of 
nonlinear capacities. Figure 16 and Figure 17 show the constant ductility spectra for the Tsukidate and 
Sendai. 

 
The nonlinear spectra for the motion recorded in Tsukidate show how the spectral shape significantly 
changes for each level of ductility when considering a nonlinear system. This rapid decrease in spectral 
amplitudes is particularly significant in comparison with the very sharp peak at the period of 0.24 sec. A 
slight increase of ductility to 1.5, results in a decrease of about 60% in spectral amplitude, reaching a 
spectral acceleration of about 5 g, much less than the elastic spectral value of 13 g. This shows that even 
a small amount of inelastic behaviour would reduce high intensity low period peaks to significantly 
lower values. 
 
As for the inelastic spectra generated with the Sendai record, the spectral shape is quite similar to the 
broad banded shape of the elastic spectra and the decreases in amplitudes, even for very low value of 
ductility are about than 40%. 
 
In general, it can be seen that the displacement demands for Sendai are higher than the ones generated 
with the ground motion at Tsukidate for a period range from 0.4 to 3.3 sec, for a variety of ductility 
capacities. Based on the results shown in Figure 18 it would seem that the constant ductility displacement 
spectra might be a useful tool for discriminating between the damage potential of the different 
earthquake records. 
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Figure 17: Constant Ductility Spectrum for 

Sendai. 
Figure 18: Comparison of Constant Ductility 

Spectrum for Displacement Response. 
 

CONCLUSIONS 
This paper is a preliminary exploration at understanding how the characteristics of the subduction 
ground motions affect their damage potential. To this purpose, several characteristics have been 
considered for comparison. Peak Ground Acceleration (PGA) has been shown not to be a good index 
for structural damage potential. The Arias intensity was found to be poorly correlated to the structural 
damage observed in the field. Elastic response spectra and constant ductility spectra were generated for 
the two ground motions under consideration. Except for the constant-ductility displacement spectra, 
these spectra did not show a meaningful correlation to the damage potential of the motions. 
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ABSTRACT 
 

Non-ductile reinforced concrete frame buildings and unreinforced masonry (URM) infill or load 
bearing walls suffer significant damage when subjected to strong earthquakes. Existing inventory of 
buildings worldwide includes such non-ductile structures either because they were designed prior to 
the enactment modern seismic design codes or built in regions of the world where code enforcement 
creates challenges. Seismic retrofit of these buildings offers a viable strategy for seismic risk mitigation. 
This has created the impetus for developing innovative retrofit methodologies at the University of 
Ottawa through experimental and analytical research. The retrofit techniques include column jacketing 
either through transverse prestressing or by providing carbon fibre reinforced polymer (CFRP) jackets; 
reinforced concrete frame bracing either by diagonal prestressing strands or buckling restrained braces 
(BRB); and unreinforced masonry (URM) infill or load bearing walls with internal reinforcement 
and/or CFRP sheets. The results, summarized in this paper, show successful enhancement of inelastic 
deformability, and/or seismic force resistance of otherwise seismically deficient buildings, while also 
resulting in improved drift control.  
 
Keywords: CFRP, concrete column jacketing, drift control, earthquake engineering, FRP, infill walls, 
load bearing walls, prestressing, seismic retrofitting, seismic bracing, unreinforced masonry, URF.   

 
INTRODUCTION 

 
Performance of buildings during previous earthquakes has consistently demonstrated that non-ductile 
reinforced concrete frame buildings, with or without masonry infill walls are vulnerable to seismic 
excitations. Load bearing masonry buildings also exhibit brittle behavior under strong earthquake forces. 
Both types of buildings represent a significant proportion of building inventory in the world, especially 
if they were designed and built prior to the enactment of modern building codes which call for ductile 
response with energy dissipation capabilities and capacity protection of non-ductile elements. The same 
type of seismic deficiency can also be found in newer buildings if the implementation of seismic design 
requirements cannot be ensured, and code enforcement creates challenges. It is economically not 
feasible to replace a large number of seismically deficient buildings with newer structures that are code 
compliant. Hence, seismic retrofitting of these seismically deficient buildings remains to be a viable 
seismic risk mitigation strategy. A comprehensive seismic retrofit research program has been underway 
at the Structures Laboratory of the University of Ottawa to develop retrofit methodologies for brittle 
concrete columns and URM walls for buildings that benefit from local seismic improvements, as well 
as seismic bracing of non-ductile frames at the system level for overall building protection. The details 
of individual projects that make up the research program are summarized in the following sections. 
 

CONCRETE COLUMN RETROFITS 
 
Columns are critical elements, responsible for strength and stability of the structure above, especially if 
located at the critical lower levels. In frame structures they play a key role in providing resistance to 
seismic forces. Seismically deficient columns may suffer damage due to lack of inelastic moment 
capacity and/or inelastic deformability (ductility) in flexure, or brittle shear damage associated with 
insufficient diagonal tension capacity. These deficiencies result from lack of properly designed 
transverse column reinforcement. Sometimes lack of proper splicing of longitudinal reinforcement in 
the plastic hinging region results in bar slippage, reducing seismic resistance and energy dissipation. All 
of these seismic deficiencies in existing buildings benefit from externally provided additional transverse 
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reinforcement. Two techniques were researched, as described below, one providing transverse 
prestressing to columns and the other involves the use of CFRP jackets. 
 
Transverse Prestressing for Column Retrofits (RetroBelt) 
 
Transverse reinforcement in reinforced concrete columns (known as a RetroBelt system of seismic 
retrofitting) fulfils three main functions: restraining longitudinal reinforcement against buckling; 
increasing shear resistance; and confining concrete for improved deformability. Lateral confinement 
also improves bond between steel and concrete, playing a crucial role in the performance of spliced 
longitudinal reinforcement. The Retro-Belt system externally applies a lateral prestressing force, which 
improves all three mechanisms, enhancing strength and deformability of concrete columns.  The system 
consists of specially designed anchors, which hold the stress in the prestressing strands, placed as 
individual hoops at a designed spacing and prestress level. The resulting high active lateral pressure 
provides improved concrete confinement as well as diagonal tension (shear) crack control, increasing 
strength and ductility of columns. It also enhances bond between steel and concrete, improving behavior 
in splice deficient regions.  
 
An experimental investigation of the Retro-Belt system was conducted, involving 19 large-scale R/C 
columns tested under simulated seismic loading.  The test columns were designed to investigate shear-
dominant and flexure-dominant columns, as well as the problems associated with lap-splices. Figure 1 
shows application on a circular column and comparison of hysteretic behavior of columns with and 
without the application of RetroBelt system.  
 

 
 

a) Seismically deficient Column BR6 

 
 

b) Column BR7 retrofitted with RetroBelt 
 

Figure 1. Flexure-dominant column with and without the application of the RetroBelt system. 
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Columns with CFRP Jackets 
 
Large-scale square and circular reinforced concrete columns were tested under simulated seismic 
loading with and without carbon FRP (CFRP) sheets. The tests included flexure-dominant and shear-
dominant columns under different levels of constant axial load, accompanied by incrementally 
increasing drift reversals. They were representative of bridge columns having 500 mm to 610 mm cross-
sectional dimensions subjected to 15% of column concentric capacity and building columns having a 
270 mm cross section subjected to 30% to 43% of their concentric capacities. The columns were jacketed 
with different plies of CFRP sheets to assess their effectiveness under different geometric and stress 
conditions. Figure 2 (a) illustrates typical test columns during testing. The concrete strength in the 
columns ranged between 38 MPa for bridge columns and 50 MPa to 90 MPa for building columns. The 
results indicate that CFRP jackets can increase column deformability up to 4% to 6% drift ratios in shear 
dominant columns and 6% to 8% in flexure dominant columns depending on the number of plies, the 
level of axial compression, and the degree of rounding of the corners in square columns prior to the 
application of the CFRP sheets. Figure 2 (b) and (c) show sample hysteretic relationships obtained from 
the test program. Both normal-strength and high-strength concrete columns benefited from CFRP 
jackets with higher number of plies required for high-strength concrete columns. An important 
parameter for jacket design was the effectiveness of the CFRP jacket, which improved with the level of 
axial compression as more concrete in the critical section expanded in transverse direction, bringing 
CFRP strains close to 1.5%. Columns with low levels of axial compression, on the other hand, 
experienced limited transvers strains with CFRP strains approaching between 0.6% and 1% for square 
and circular columns. Some of the columns were designed to have insufficient splice lengths for 
longitudinal reinforcement (20 times the bar diameter) in potential plastic hinge regions as 
representatives of older practice. These columns showed limited benefits from CFRP jacketing. The 
drift capacity was limited to 2% and 3% for square and circular columns, respectively, also exhibiting 
severe pinching of hysteresis loops.  
 

 

         
a) Application of CFRP jackets and column tests 

 
b) Unretrofitted column  

 
c) CFRP retrofitted column 

 
Figure 2. Comparisons of two flexure-dominant columns one with and the other without a CFRP 

jacket. 
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BRACING OF NON-DUCTILE REINFORCED CONCRETE FRAMES 
 
When the number of seismically deficient elements in a multistory building is high, it is more feasible 
to provide a system level retrofit. These frame buildings benefit from increased seismic force resistance 
and drift control while the frames continue fulfilling their gravity load carrying functions. Two frame 
bracing systems were developed experimentally, one involving a buckling restrained brace (BRB) and 
the other involving progressively engaging diagonal prestressing cables. The details are summarized 
below. 
 
Non-ductile Concrete Frames Braced with a Newly Developed BRB System of Retrofitting 
 
An experimental investigation was conducted to assess the performance of a new Buckling Restrained 
Brace (BRB) system for retrofitting seismically deficient reinforced concrete frames. The BRB consists 
of a ductile inner steel core bar designed to yield in tension and compression without buckling, while 
controlling response to seismic forces. The core bar is contained within a tubular steel section, which in 
turn is housed in a larger tubular steel section infilled with mortar providing lateral restraint against 
buckling. Self-consolidating mortar is used as filler material between the two tubular sections to increase 
the buckling resistance. The inner core bar is connected to innovative end units that allow extension and 
contraction during tension-compression cycles while providing lateral restraint against buckling. The 
new BRB system has been verified experimentally by using two large-scale reinforced concrete frames 
and conducting a reference un-retrofitted frame test, as well as 4 retrofitted frame tests. Tests 
demonstrated substantial increases in the lateral load and energy dissipation capacities of retrofitted 
frames with satisfactory drift control. Three different types of steel bars with different strength and 
elongation characteristics were considered. Among the three, stainless steel provided the best strength, 
stiffness and ductility enhancements. Figure 3 shows two companion frames, one with and the other 
without the BRB system of retrofitting. 
 

 
                a) Unretrofitted control frame                                         b) BRB braced frame 

 
c) Hysteretic behavior of control frame 

 
d) Hysteretic behavior of braced frame 

 
Figure 3. Application of BRB to brace a non-ductile reinforced concrete frame. 
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Columns with CFRP Jackets 
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Progressively Engaging Diagonal Cables for Seismic Bracing 
 
Existing bracing systems for seismic retrofitting used in practice can be intrusive and result in lengthy 
down times and expensive structural interventions. An alternative to conventional techniques is the use 
of high-strength prestressing strands or cables, diagonally placed as tension elements. This technique 
was researched at the University of Ottawa through experimental and analytical research in two-phase 
research program. The use of steel strands as tension brace elements proved to be an effective technique 
during the first phase of research. However, the resulting stiffening effects on the frames led to increased 
seismic force demands as well as increased axial forces on the attached columns, potentially generating 
net tension in columns, foundation uplift, and excessive compression in columns on the other side. 
Relatively low elongation characteristics of high-strength cables and slack caused by yielding strands 
and associated pinching of hysteresis curves reduced potential energy dissipation capacity. In the second 
phase of research the technique was improved by developing progressively engaging, initially loose 
multiple strands as tension cables. These cables were placed loosely to engage during seismic response 
at pre-determined drift levels, thereby eliminating premature increase in seismic force demands until 
their participation was required. Tests of a large-scale reinforced concrete frames were conducted as 
proof of concept with subsequent numerical research to expand the results. Figure 4 shows the hysteretic 
response of two frames with cables engaging at different levels of lateral drift. 
 

 

 

 
a) Frame with single loose strand along each diagonal engaging at 1% drift. 

 

 

 

b) Frame with three loose cables along each diagonal designed to have the first cable engage at 
1.5% drift and the other two at 2% drift.  

 
Figure 4. Application of progressively engaging tension only cable braces. 
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MASONRY WALL RETROFITS 
 
Masonry walls (unreinforced or partially reinforced), perform in a brittle manner, often resulting in 
catastrophic failures during strong earthquakes. Innovative retrofit techniques were developed for these 
walls through experimental research involving surface bonded CFRP sheets for shear strengthening and 
different types of flexural reinforcement for improved flexural resistance. The reinforcement for flexural 
strengthening involved the following materials, well anchored to the foundation concrete: 

i. CFRP anchors, shown in Figure 5(a), resulting in limited improvement. 
ii. Ductile steel sheets, shown in Figure 5(b), resulting in energy dissipation. 

iii. Internal reinforcement, shown in Figure 5(c), developing significant flexural strength 
enhancement, but premature shear failure due to diagonal compression crushing. 

iv. Prestressing strands in boundary regions, shown in Figure 5(d), resulting in significant strength 
enhancement with self-centering characteristics.   

 

 
 

  

                a) Wall with CFRP anchors                                       b) Wall with steel sheets as anchors 
 

 
   

  c) Wall with internal reinforcement for flexure                  d) Prestressing at the ends for flexure 
 

Figure 5. Masonry wall retrofit techniques involving CFRP sheets for diagonal tension control and 
different vertical reinforcement for flexural strengthening. 

 
CONCLUSIONS 

 
The following conclusions can be drawn from the experimental research program reported in this paper 
for the development of seismic retrofit methodologies: 

• Transverse prestressing of concrete columns induces active and passive lateral pressure on 
concrete, which improves concrete confinement resulting in enhanced ductility. It also controls 
diagonal tension caused by shear, improving column shear capacity.  

• CFRP jackets result in significant improvements in column flexural and shear capacities while 
also enhancing inelastic deformability. 

• Non-ductile reinforced concrete frames can be braced by BRBs for enhanced lateral force 
resistance and drift control, improving overall seismic response of the entire building. 

• Progressively engaging tension only cable braces can control lateral drift of frame buildings and 
increase seismic force resistance when needed (when engaged at different design drift levels) 
without prematurely stiffening the frames and increasing seismic force demands.  

• Surface mounted CFRP sheets applied on masonry walls increase diagonal tension capacity 
associated with seismic shear force reversals. However, the CFRP sheets cannot prevent 
diagonal compression crushing of masonry units unless the masonry units are filled with 
concrete. The same walls can be strengthened for flexure either by providing CFRP anchors or 
steel sheet anchors externally or reinforcing steel internally. Prestressing the walls by inserting 
strands in boundary regions increases flexural strength while promoting self-centering.  
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ABSTRACT 
 

As with other countries around the world, Canada has put forward several efforts and initiatives to 
support the digital transformation within its built asset industry. Being essentially characterized by the 
adoption and implementation of building information modeling (BIM) and its complimentary 
technologies, these efforts and initiatives have emerged and been driven at various levels within 
industry, academia and government and with different objectives guiding them. Moreover, the scale 
and scope of their deployment have differed as has their impact within industry. After more than two 
decades of such efforts, several lessons can be extracted and reflected upon to inform the next 
generation of initiatives aimed at supporting and accelerating the digital transformation of Canada’s 
built asset industry. This keynote aims to provide an overview of the past and current initiatives across 
Canada, their remit and aim, their high-level impact, and the lessons to be taken to inform future 
initiatives. The results will be presented across three critical domains: Creating and systematizing 
demand for digital project delivery and built asset management, upskilling industry stakeholders across 
industry segments, as well as structuring practice and harmonizing capabilities across supply and value 
chains through standardization. The results show that despite the lack of a structured or harmonized 
approach at the national level, significant gains have been obtained in certain areas and certain 
jurisdictions. Emerging efforts have enabled a more consistent approach across the country. In this 
light, several governmental bodies are now mobilizing resources and laying the groundwork for a more 
common and harmonized approach to digitalization of Canada’s built asset industry.  
 
Keywords: BIM, Digital transformation, Digitalization initiatives, Canadian built asset industry   
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ABSTRACT 
 

As part of a new facility for multi-hazard testing of built infrastructure protection and resilience, a new 
mobile multi-unit shake table system has been developed and recently commissioned at Carleton 
University. The new shake table system consists of four fully reconfigurable 6-degree-of-freedom 
hexapod motion tables that are electro-mechanical powered. The motion tables can be operated 
individually or utilized in any combinations to impose multiple support excitation motions for testing 
of large size or long-span structures. The four motion tables can also be operated in synchronization as 
a single large shake table with four times the payload capacity of the individual table. The paper briefly 
describes the unique and flexible capabilities of the new mobile reconfigurable shake table system. A 
research program using the new shake table system for suspended ceilings in tall buildings is also 
presented.  
 
Keywords: Shake Table, Super-tall Building, Suspended Ceiling, Non-structural Component. 
 

 
INTRODUCTION 

 
New state-of-the-art seismic testing facilities at Carleton University utilize four independent mobile 
shake tables by MTS Systems Corporation and their subsidiary E2M Technologies B.V. Each table 
can duplicate motions in six degrees-of-freedom and the four tables can be controlled such that they 
move individually, each table independent of the movement of the other tables, or such that they move 
together as a single large platform in translation and rotation about one reference location. Since there 
are four separate mobile tables, they can be re-positioned relatively easily into any configuration. This 
gives the researcher a great amount of flexibility in how their tests can be set up. The tables can be 
used as one large table with a test frame connected between the tables or as individual tables that can 
move independently to simulate multiple support excitations such as bridge piers or as a building with 
structural separations. The mobility of the tables is also advantageous in that the tables can be placed 
in storage when not in use and there does not need to be a designated shake table laboratory.  
 

SHAKE TABLE CAPABILITIES 
 
Each table has a relatively large stroke length and can reproduce translational displacements of over 
+/- 500mm in both horizontal directions and over +/- 400mm in the vertical direction as well as 
rotational displacements of over 23° about all three axes. Figure 1, Figure 2 and Figure 3 show one of 
the shake tables with displacements in vertical, horizontal and rotational directions. The result is a 
unique system with flexible capabilities for seismic testing for a wide range of applications of different 
structural systems. Because of its unique combination of 6-degree-of-freedom and large range of 
stroke lengths and rotation angles, it is especially suitable for testing of non-structural or operational 
and functional components (OFC). 
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Figure 1. Shake table with vertical displacement 

 
Figure 2. Shake table with horizontal displacement 

 

118

PS7-3



121

PROCEEDINGS

3 
 

 
Figure 3. Shake table with rotational displacement 

 
TEST SETUP FOR NON-STRUCTURAL COMPONENT TESTING 

 
Over the past decades there have been significant advancements in earthquake engineering in building 
design, resulting in stronger, more resilient, and safer structures. However, over the same period there 
has been more limited development of improvement in other areas concerning building safety, 
especially in the performance of non-structural building components during earthquakes. A modern 
structure designed in accordance with current building codes can be expected to survive a significant 
earthquake, remaining intact even though it may suffer a controlled amount of damage.  In contrast, 
experiences from recent major earthquakes, such as the 1994 Northridge (Norton et al., 1994), 2011 
Christchurch (Dhakal et al., 2011), and the 2011 Tohoku earthquakes (Motosaka and Mitsuji, 2012) 
have clearly demonstrated that non-structural components are susceptible to suffer significant damage 
which affect the operation and functional performance of their hosting structures.  
 
A steel test frame which can be supported by the four tables in a 5.4m x 5.4m square, shown in Figure 
1, was specially designed for testing non-structural components (Davidson, 2021). The test frame is a 
steel braced structure with perimeter beams and open web steel joists forming the roof/floor structure. 
Steel angles can be installed on the perimeter of the test frame at varying heights below the underside 
of the joists to simulate the perimeter support conditions for suspended non-structural components, 
such as suspended ceilings, and allow for different suspension heights. The test frame was designed 
with the intention to reduce the amplification of the input excitations in both the vertical and 
horizontal directions and as such the bare frame’s fundamental frequency in the horizontal and vertical 
directions was designed to be greater than 20 Hz. The relatively high stiffness of the frame will reduce 
amplification and therefore allow desired floor motion responses to be inputted directly and give 
greater control of the response motion to the researchers. In addition, if a lower vertical frequency is 
desired for specific testing, weight can be added to the roof of the frame to lower the frequency. 
Accelerometers mounted on the test frame measure the response of the test frame when it is subjected 
to different input excitations. The measured values are inputted into the shake table control software 
which uses an iterative approach to alter the table input motions and reduce the error between the 
desired response of the test frame and the measured response.  
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Figure 1. Shake table with vertical displacement 

 
Figure 2. Shake table with horizontal displacement 
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Figure 4. Test frame setup (Davidson, 2021) 

 
The first testing program using this facility will investigate the seismic performance of suspended 
ceilings. The test program will use floor motions from a range of building types including supertall 
buildings which include a rotational component. Suspended ceilings are among the many types of non-
structural components commonly used in commercial, office and institutional buildings such as 
schools and some medical facilities. Ceiling failure poses a major life safety hazard as falling ceilings 
are a serious threat to building occupants and can cause significant damage to other collocated 
components like electrical wiring or gas lines, resulting in loss of building function or possibly starting 
fires within the building. Furthermore, fallen ceilings create additional hazards as they can severely 
impede evacuation of the building and subsequent emergency search and rescue response. Damage to 
suspended ceilings has been reported as one of the most commonly observed types of damage to non-
structural components even in moderate earthquakes that have higher probability of occurrence (Phan 
& Taylor, 1996). The capabilities of the tables make these facilities especially suitable for of non-
structural or operational and functional components (OFC) including suspended ceilings because they 
can accurately replicate the floor motion responses from different types of buildings including the 
rotational components of floor motions. 
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ABSTRACT 
 

Earthquake engineering plays a crucial role in mitigating the devastating effects of seismic events on 
infrastructure and communities. As the field evolves, the integration of technology into earthquake 
engineering education has emerged as a new direction in the design of courses related to earthquakes 
in universities to enhance learning outcomes, promote experiential learning, and bolster preparedness. 
This presentation presents the author’s exploration on the significance of technology in earthquake 
engineering education and highlights its impact on both students and future professionals. 
Collaborative platforms and online resources like PEER (earthquake time history database), 
SeismoSignal (data visualization tools), PHIVOLCS (seismic hazard assessment in the Philippines), 
STERA-3D (free software for seismic performance assessment of buildings) among others provide 
students and researchers important tools and data for understanding earthquakes and their impact to the 
built environment. Video presentations from various sites including YouTube enhances the classroom 
and online lectures. The affordability of bench-scale shake table testing equipment has now provided 
opportunities for the students to immerse themselves in realistic scenarios, allowing for hands-on 
experiences in a controlled and safe environment. As seismic events continue to pose significant 
challenges, the incorporation of technology in earthquake engineering education becomes increasingly 
vital in preparing the next generation of engineers to safeguard communities and infrastructure against 
the destructive forces of earthquakes. 
 
Keywords: earthquake engineering education, shake table, earthquake, seismic hazard, STERA-3D, 
SeismoSignal, PHIVOLCS 

 
INTRODUCTION 

 
Recognizing the need for future civil and structural engineers to understand the importance of 
earthquake engineering in professional practice especially in earthquake-prone countries, the current 
directions is to introduce earthquake engineering as a major or elective course in the curriculum in civil 
engineering. Many universities all over the world including the United States do not have a course in 
earthquake engineering at the undergraduate level (Jayamon 2018). As a result, there have been 
proposals on sample syllabi for a course on earthquake engineering and structural dynamics in civil 
engineering undergraduate curriculum. Jayamon (2018) proposed a syllabus that highlights lectures on 
basic concepts in structural dynamics (modeling and dynamic analysis of damped and undamped single 
and multi-degree of freedom systems) and earthquake engineering (different lateral load resisting 
systems, equivalent lateral load analysis of the building structure based on the provisions in ASCE 7 
and requirements of seismic design guidelines for strength and serviceability limits). The proposed 
syllabus by Jayamon (2018) has almost the same content as existing syllabi in earthquake engineering 
from other universities like CE447 Seismic Design of Structures Syllabus by J. Kent Hsiao of Southern 
Illinois University Carbondale and CE 184 Introduction to Earthquake Engineering by Richard 
Armstrong of California State University - Sacramento.  
 
Project-based learning is also emphasized in many proposed syllabi. In the syllabus proposed by 
Jayamon (2018), the major requirement is a case study based project where the students complete the 
design of an office building in a specific geographical location. The project requires students to do 
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assignments like use appropriate tools to find the seismicity of the given location and select suitable 
ground motions that can be used in the analysis of the building, modeling of single and multi-degree of 
freedom systems and solving the system for computing strength and deflections, design simple frame 
structures based on equivalent lateral force methods to apply code provisions. The last stage of the 
project includes the design and detailing of different elements in the lateral load resisting system. Current 
directions now in earthquake engineering education is to integrate “hands-on experiments” using a 
bench-scale shake table with classroom lectures. S.J. Dyke et al (2000) integrated a series of “hands-on” 
experiments into the civil engineering curriculum at Washington University. Students are expected to 
tie the theoretical concepts discussed in class to their experimental observations. The laboratory 
activities are based on the use of a bench-scale seismic simulator, or shake table. Creative utilization of 
the equipment has offered numerous opportunities to supplement the rather conventional content of 
several courses by integrating “hands-on” experiments in earthquake engineering. S.J. Dyke et al (2002) 
did not just focus on Washington University but advanced earthquake engineering education through 
the University Consortium of Instructional Shake Tables (UCIST). The universities that compose the 
consortium have each purchased an instructional shake table lab station. Several tutorials, experiments 
and videos have been developed, and several more are in progress. Each university is also integrating at 
least three experiments into their undergraduate curriculum.  
 
Basic earthquake engineering is also being introduced in the Senior High School level in some schools. 
Doyle et al (2013) presented experiential hands-on tools (instructional table-top earthquake simulators, 
or “shaking tables”) that can be used to teach learners about fundamental physics principles and can 
stimulate their interest in physical science, engineering, mathematics and technology (STEM) careers. 
The activities involving shaking tables are used to introduce complicated topics such as seismology, 
vibration response, and structural performance and design to students. The beauty of the activities is that 
they can utilize shaking tables that range from expensive, higher technology simulators to low cost, low 
technology solutions. One innovative program which was implemented for K-12 students during the 
pandemic was a summer hands-on earthquake engineering curriculum for the virtual classroom at 
California Polytechnic State University (S. Navias 2022). In this program, each student received a $60 
mail-home engineering kit consisting of materials like basswood, cardboard, craft foam and low-cost 
accelerometers. The instructional objectives of the week-long summer program were to spend one hour 
of lecture each day introducing earthquake engineering concepts interspersed with questions and 
discussion, followed by an hour for students to work on a hands-on activity in break-out rooms with 
instructors virtually. These activities formed a project highlighting the engineering design process: (i) 
assemble a shake-table, (ii) design, construct, instrument, test, and analyze a basswood structural model, 
(iii) retrofit and retest the model, and (iv) present to the class on their decision process and 
original/retrofitted structure’s performance. Through the mail-home engineering kit, students were able 
to participate in the hands-on activities. The development of an inexpensive mail-home engineering kit 
(with construction materials and an accelerometer) proved to be critical to these sessions’ success since 
students most appreciated and learned from the hands-on activities. The hands-on component was 
coupled with lectures of varied and engaging content to provide background knowledge on what 
generates earthquake hazard and how structural engineers design buildings and infrastructure to insure 
the seismic resiliency of communities (S. Navias 2022).  
 
With the advancement of online resources, applications and technology and the affordability of bench-
scale shake table testing equipment, engaging student-centered learning activities that complement the 
lectures and quizzes and enhance the learning about earthquakes and their impacts to the built 
environment can now be introduced in the courses related to earthquake engineering. The author and his 
collaborators, explored the integration of technology to enhance the teaching and learning in the course 
syllabi of courses related to earthquake engineering at De La Salle University. These activities including 
traditional exams and problem sets are integrated into an outcomes-based course syllabus. 
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COURSES RELATED TO EARTHQUAKE ENGINEERING 
 
At De La Salle University, Manila Philippines, a three-unit course on Earthquake Engineering (Course 
Code: STERQUA) is required in the undergraduate civil engineering curriculum for structural 
engineering majors. The course content of STERQUA consists of topics which are common to many 
syllabi on introduction to earthquake engineering. The general topics that are discussed in lectures and 
videos with corresponding assignments and projects are described as follows: 

 Earthquakes and Disasters – Basic concepts on seismology (faults, magnitude, intensity, focus, 
epicenter), lessons learned from earthquake hazards and disasters (liquefaction, landslide, 
surface rupture, ground shaking) 

 Earthquake Hazards – Seismic Zones in the Philippines, Hazard Maps and Online Tools by the 
Philippine Institute of Volcanology and Seismology (PHIVOLCS) 

 Basic Structural Dynamics & Earthquake Engineering – Dynamic modeling and analysis of 
undamped and damped single-degree-of-freedom (SDOF) systems, forced vibration of SDOF 
systems, SDOF systems subjected to ground motion, Response spectra 

 Earthquake Engineering and Seismic Design – Seismic provisions of the National Structural 
Code of the Philippines (NSCP), Static lateral force procedure, Irregular structures, Special 
Provisions on Seismic Detailing of RC Structures, Seismic retrofitting concepts 

 
In the graduate program for Master’s and PhD in Civil Engineering, there are also courses related to 
earthquake engineering (DLSU CE Graduate Program website). These courses with their course codes 
and description are: 

 CIV573M (Structural Dynamics) - This course deals with the theory and principles of structural 
dynamics. Highlights of the course are modeling and analysis of structures modeled as single 
and multi-degree of freedom systems considering viscous and proportional damping. Dynamic 
analysis methods like the modal method, response spectra and time-history analysis are included. 

 CIV574M (Seismic Analysis and Design of Buildings) - This course deals with Behavior of 
Buildings (RC, Steel, Masonry) under Seismic Loading; Responses of Structural Elements to 
Earthquake-Type Loading; Ductility; Inelastic Behavior; Damping; Earthquake Damage; 
Earthquake Resistant Design; Seismic Detailing; Recent Studies on Seismic Analysis and 
Design of Structures (Push-over analysis) 

 CIV575M (Earthquake Disaster Mitigation) - This course covers topics such as Introduction to 
Disaster Management with special focus to earthquake hazards; Earthquake Damage, Lessons 
learned from earthquakes, Seismic Vulnerability, Seismic Hazards Rating, Seismic Retrofitting, 
and Recent Studies in Earthquake Disaster Mitigation. 

 CIV602M (Advanced Earthquake Engineering) - This is the equivalent of STERQUA in the 
graduate curriculum but more topics are included like analysis of multi-degree-of-freedom 
systems due to ground motion, lessons learned from earthquakes; and seismic codes.  

 
Integrated in these courses are various activities and assignments where online resources and laboratory 
equipment are used by the teacher and the students in understanding concepts and accomplishing 
assignments on earthquake engineering. The following section describes these online platforms and 
resources and hands-on laboratory exercises and their relevance to understanding earthquake 
engineering.  
 

ONLINE RESOURCES AND TECHNOLOGY 
 
In the present times, the internet has become the source not only of rich and comprehensive information 
but also online tools and applications which makes it an alternative to the traditional library when it 
comes to research. Many websites and publications related to earthquake engineering are accessible for 
public use in the internet. Videos from YouTube are accessible for download or viewing. Hence, several 
exercises and projects can be designed using online platforms in the learning and application of 
earthquake engineering principles. Among these online-based activities are: 
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1. The Philippine Institute on Volcanology and Seismology (PHIVOLCS) has developed online 
and mobile applications specifically applied to the Philippine context. Among the online resources 
used in both the undergraduate and graduate courses are: 

a) Fault Finder is an application capable to do proximity searches to active faults (Figure 1). 
These tool is used by the students to determine the shortest distance between an active fault 
and a specific site which is an important parameter in the base shear computation in the 
National Structural Code of the Philippines (NSCP). The latest version of The PHIVOLCS 
Fault Finder is now on Google Play. 
 

 
Figure 1. PHIVOLCS Fault Finder 

 
b) Hazard Hunter is the country's one-stop shop for hazard assessment (Figure 2. You will be 

informed if a location is prone to seismic, volcanic, or hydrometeorologic hazards. Reports 
on hazard assessment and critical facilities and areas in the vicinity of the site that are prone 
to different hazards can be generated. This tool is useful when the students conduct hazard 
assessment at a site which is an important step in is disaster risk assessment and mitigation 
of a project. Hazard Hunter is also at Google Play. 

 
c) “How safe is my house?” is a rapid assessment and self-check for earthquake safety of 

Concrete Hollow Block (CHB) Houses in the Philippines developed by PHIVOLCS, JICA 
and ASEP.  The checklist is used by students in their assignment on sell-check of their 
respective houses (Figure 3). A mobile app is now available at Google Play. 

 

2. “Understanding Earthquakes and Disasters: Photo-Video Presentations” consists of eight 
short photo-video presentations (Figure 4) developed by the author (Oreta 2008). Before online 
lectures were conducted and YouTube was not yet popular then, the author played these videos in 
the classroom and conferences using a DVD player or a computer with Windows Media Player. 
The photo-video presentations present images with text and music on a specific topic on the 

 
Figure 3 How safe is my house assessment  

Figure 2. Hazard Hunter 
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impact of earthquake hazards – ground shaking, surface rupture, liquefaction, tsunami, landslides 
– to the community and infrastructures. The photo-video presentations were used in the classroom 
lectures in the courses on Earthquake Engineering and Disaster Management. In an online class, 
students watch the videos asynchronously and then write a reaction paper. The materials were also 
used in public awareness campaigns and conferences for professional organizations. The video 
files are accessible at Digital Structures Blogspot and at YouTube.  
 

 
 

Figure 4. Titles of the Photo-Videos on Understanding Earthquakes and Disasters (Oreta 2008) 
 
3. FEMA 154 RVS Level 1 Screening Method was 

applied on selected essential buildings. The FEMA 154 
is a side walk survey of a building where a Rapid Visual 
Screening (RVS) method is used to assist decision 
makers in classifying the buildings into those that 
require detailed investigation and those that do not. 
Sample outputs are shown in Figure 5. Through this tool 
and exercise, students understand concepts on seismic 
vulnerability of buildings. The document is available at 
FEMA website.  
 

4. The web-based Pacific Earthquake Engineering 
Research Center (PEER) ground motion database 
provides tools for searching, selecting and downloading 
ground motion data. The NGA-West2 ground motion 
database includes a very large set of ground motions 
recorded in worldwide shallow crustal earthquakes in 
active tectonic regimes. The database has one of the 
most comprehensive sets of meta-data, including 
different distance measure, various site characterizations, earthquake source data, etc. A student 
exercise on Earthquake Ground Motion Analysis is one activity where the PEER website was 
utilized. The students were first required to select and describe a recent significant earthquake – its 
location, impact with respect to damages and loss of lives accompanied by photos. Then they 
download a ground motion data related to the earthquake and analyze for for acceleration, velocity 
and displacement for maximum responses and Fourier/Power spectra. 
 

5. The free academic license software, SeismoSignal was used to process the earthquake time history 
data downloaded from PEER for acceleration, velocity and displacement for maximum responses 
and Fourier/Power spectra (Figure 7). The extracted time history acceleration data was then 

 
Figure 5. Sample FEMA 154 RVS  
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transferred to MS Excel for the application of dynamic analysis of a damped SDOF or MDOF 
system subjected to ground acceleration using Newmark’s Beta numerical integration method. 
Various problems on seismic performance using earthquake data can be designed like the 
investigation on how the system be modified or retrofitted by changing the dynamic properties of 
the SDOF or MDOF system so that the maximum displacement can be reduced. SeismoSignal is 
very useful in a course on Structural Dynamics. 
 

 
   
Figure 7. 1999 Chi-Chi Earthquake Time History Data downloaded from PEER and processed by SeismoSignal 
 
6. Structural Earthquake Response Analysis 3D or STERA3D is an integrated software for 

seismic analysis of buildings with various structures (reinforced concrete, steel, masonry, base 
isolation, response control, etc.) in three dimensional space developed for research and educational 
purposes. STERA_3D has a visual 
interface to create building models and 
show the results easily and rapidly. In 
the graduate seminar on Earthquake 
Disaster Mitigation, a case study about 
“Seismic Performance of an Irregular 
Building,” Each group modeled and 
analyzed a specific type of irregular 
building using STERA3D. They 
perform both push-over analysis and 
time-history analysis to determine the 
performance of the irregular building 
and identify potential weaknesses. 
They reanalyzed using STERA3D at 
least one retrofit method and compared 
to the original model. A sample output 
is shown in Figure 8.  

 
SHAKE THE TOWER CHALLENGE – A SHAKE TABLE TESTING EXERCISE 

 
Current directions now in earthquake engineering education is to integrate “hands-on experiments” 
using a bench-scale shake table with classroom lectures. Recently, DLSU purchased a Quanser Shake 
Table II, an instructional shake table device that can be used for earthquake simulation, structural 
dynamics, vibration control, and data acquisition through use of sensors and digital control systems on 
scale models. To maximize and test the capability and performance of the shake table, a hands-on group 
exercise, “Shake the Tower Challenge” is introduced as a fourth hour activity in the undergraduate 
course on earthquake engineering with course code, STERQUA. A fourth hour activity is a student-
centered learning activity which is accomplished outside of the regular class meetings at their own time 
and place. The main objective of the exercise is for the students to develop an understanding and an 
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SEISMIC PERFORMANCE OF AN IRREGULAR BUILDING USING STERA-3D: Model and analyze an 
irregular building using STERA3D. Perform Push-Over Analysis and Time-History Analysis. Discuss the 
performance of the irregular building and identify potential weaknesses. Reanalyze using STERA3D 
at least one retrofit method and compare to the original model.

 
Figure 8. STERA-3D Exercise 
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intuition regarding the dynamic nature of structures when subjected to ground shaking. The “Shake the 
Tower Challenge” is a group exercise where the students construct a 24-inch tall tower made of sticks 
glued together by glue stick (Figure 9). The stick towers were subjected to shaking with varying 
amplitude and frequency until collapse (Figure 10). Through this exercise the students observed the 
swaying of the tower at different frequencies and the change of the swaying with respect to frequency 
and amplitude as the tower is damaged. The student feedback on the exercise is positive, to quote one 
student: “The Shake the Tower Challenge was a very interesting activity because I was able to view 
various towers and how they performed under various shake table settings. It helped me understand and 
appreciate the concepts related to structure stiffness, period, frequency, and displacement. It was fun 
building towers and experimenting with the shake table to create the competition parameters because I 
was able to apply the lessons learned (in structural dynamics). I noticed that the best towers were the 
ones that had designs that minimized the number of joints while still being able to provide bracings. 
This helped reinforce my understanding of building retrofitting and the design of earthquake resistant 
structures. I would definitely recommend this type of activity for future reference.” 
 

    
 

Figure 9. The Stick Towers constructed using sticks and glue. 
 

   
 

Figure 10. Testing the Stick Towers on the Shake Table 
 

CONCLUSIONS 
 
In conclusion, the integration of technology in earthquake engineering education offers immense 
benefits for students and professionals alike. The use of the internet for learning and research developed 
in the student’s life-long learning skills and addressed specifically the student outcome on the “ability 
to use techniques, skills, and modern engineering tools necessary for engineering practice.” The shake 
table exercise, on the other hand, provided an opportunity for the students to observe the performance 
of model towers under ground shaking which addressed the student outcome on “an understanding of 
the impact of solutions in global, economic, environmental, and societal contexts.” More problem-based 
and experiential activities can be developed using the internet and the shake table in courses on 
earthquake engineering as demonstrated in some universities in the United States (S.J. Dyke et al 2002). 
This will be the direction that the DLSU Department of Civil Engineering will pursue. 
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ABSTRACT 
 

Conventional seismic isolation systems for engineering structures are effective in reducing the 
damaging effects of the horizontal components of a vibration, but they are not well suited for protection 
against the vertical components of dynamic loads. They are also prone to rocking, further complicating 
the design. Metamaterial-based seismic isolators are very attractive because they can overcome the 
disadvantages existing in conventional seismic isolation systems. These metamaterial-based seismic 
isolators use the foundation of engineering structures to block or reflect the damaging seismic motion 
being transmitted to the engineering structures. This paper presents both the analytical and experimental 
studies to demonstrate the feasibility and effectiveness of the metamaterial-based seismic isolators. To 
date, where we stand on metamaterial-based seismic design of engineering structures is critically 
examined. Guided by solid-state physics, the seismic isolators can be made by the metamaterial to 
exhibit frequency band gaps that are useful in resisting the seismic waves imposed on engineering 
structures from earthquake disturbances. Possessing distinct frequency band gaps, this metamaterial will 
block, or reflect, the incoming seismic motion with the frequencies falling between these gaps. We 
properly designed the frequency band gaps to match the fundamental frequency of an earthquake, so 
that its dynamic response is greatly reduced. 
 
Keywords: metamaterial, seismic design, engineering structure, frequency band gap, periodic 
foundation 

IDEA 
 

       A novel idea on passive seismic isolation created by adopting the concept of phononic crystals in 
solid-state physics (Liu et al., 2000; Sigalas et al., 2005; Kittel, 2005; Thomas et al., 2006; Xiao et al., 
2008; Maldovan, 2013; Khelif et al., 2003; Pennec et al., 2010, Cheng et al., 2013), also called a 
metamaterial-based seismic isolation system or periodic foundation, was proposed for seismic-based 
isolation eleven years ago (Xiang et al., 2012), and a feasibility study and experimental investigations 
were performed (Yan et al., 2014; Yan et al., 2015; Witarto et al., 2018; Ramaswamy et al., 2023). 
Different from the conventional seismic isolation, the metamaterial doesn’t lengthen the natural period 
to reduce the seismic load but simply doesn’t let the seismic wave propagate through the metamaterial 
when the frequency of the incoming seismic waves is within a certain range of frequency (frequency 
band gaps) of well-designed metamaterials. 

THEORY 
 

       The theoretical frequency band gaps of periodic foundations can be solved using Finite Element 
Analysis (FEA). For continuous, isotropic, perfectly elastic and small deformation material, the 
governing equation of motion is shown in Eq. (1) (Cheng and Shi, 2013) without consideration of 
damping,  
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where r is the coordinate vector; u(r) is displacement; ρ(r) is the density; λ(r) and μ(r) are Lame 
constants;  is Laplace operator. Applying the periodic boundary conditions to the governing equation, 
Eq. (1), Eq. (2) can be obtained: 

 2( )   Ω K M u 0  (2) 

where Ω is the stiffness matrix and M is mass matrix of the unit cell. In this way, the wave equations 
can be transferred into an Eigen-value equation, as shown in Eq. (2), which is the so-called dispersion 
equation. Finite Element Analysis (FEA) can be adopted to solve the Eigen-value problem using the 
commercial software.  

FEASIBILITY STUDY 
 

       As presented above, the theoretical derivation for the concept of periodic foundations is promising. 
Several challenges must be addressed in order to experimentally demonstrate the practical application 
of the concept. One such challenge is to achieve a good understanding of the effect of the high 
heterogeneity in materials at the scale of a full-size foundation (base isolator). This is important because 
any heterogeneity is likely to hinder the desired performance of the isolation system. Another issue 
concerns the effect of de-bonding on the performance of the isolator. In order to begin to address these 
and other practical design issues and to validate the theoretical results, a scaled model and a periodic 
foundation were fabricated and tested using the shake table facility at the National Center for Research 
on Earthquake Engineering (NCREE) in Taiwan (Xiang et al., 2012). 
 
       As shown in Figure 1, the three-story steel frame on a 1-D layered periodic foundation (i.e., 
Specimen A) and its fixed-base counterpart (i.e., Specimen B) were installed together on the shake table, 
in order to have a good comparison under the same excitation inputs. 
 
       The main frequency of the recorded ambient vibration, i.e., about 50Hz, falls into the fourth band 
gap of the periodic foundation. The horizontal acceleration time histories at the top story of the frames 
with and without the periodic foundation are shown in Figure 2. It can be seen from Figure 2 that for the 
frame on the periodic foundation (i.e., Specimen A), the acceleration response history is reduced 
significantly compared to that of the frame without the periodic foundation (i.e., Specimen B). The peak 
acceleration responses of Specimens A and B are 0.003g and 0.046g, respectively (the reduction 
attributed to the implementation of the periodic foundation is about 93.5%). The test result indicates that 
the periodic foundation is capable of being an effective filter to isolate the vibration in which the 
frequency contents fall into the desired band gap. 
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Figure 1. Shake Table Test Figure 2. Acceleration Response-Time History 

 
 

SENSITIVITY ANALYSES 
 

       Sobol’ sensitivity analysis is a global sensitivity analysis method using variance decomposition that 
can handle linear and nonlinear mathematical models. The advantage of Sobol’ decomposition that 
allows the reduction of the dimension of the objective function is very beneficial for predicting the first 
frequency band gaps without the need to solve the wave equation. Sobol’ sensitivity analysis is applied 

 

 

Specimen B 

Specimen A 

Shake Table (Ground) 

Reference 

Reference 

133
 

 

WHERE DO WE STAND ON METAMATERIAL-BASED 
SEISMIC DESIGN OF ENGINEERING STRUCTURES 

 
 

Y.L. Mo1, Nagesh H Ramaswamy2, Priyanka Shrestha3, Xiaoliang Li4, Kalyana Babu 
Nakshatrala5, Xiaonan Shan6  
1 Moores Prof., Dept. of Civil and Env. Eng., University of Houston, Houston, Texas, U.S.A. 
2 Ph.D. Student, Dept. of Civil and Env. Eng., University of Houston, Houston, Texas, USA 
3 MS Student, Dept. of Civil and Env. Eng., University of Houston, Houston, Texas, USA 
4 Ph.D. Student, Dept. of Elec. and Computer Eng., University of Houston, Houston, Texas, USA 
5 Assoc. Prof., Dept. of Civil and Env. Eng., University of Houston, Houston, Texas, USA 
6 Assist. Prof., Dept. of Elec. and Computer Eng., University of Houston, Houston, Texas, USA 
Email: yilungmo@central.uh.edu, nhoraked@cougarnet.uh.edu, pshrest5@cougarnet.uh.edu,     
xli67@cougarnet.uh.edu, knakshatrala@uh.edu, xshan@central.uh.edu   
 
 

ABSTRACT 
 

Conventional seismic isolation systems for engineering structures are effective in reducing the 
damaging effects of the horizontal components of a vibration, but they are not well suited for protection 
against the vertical components of dynamic loads. They are also prone to rocking, further complicating 
the design. Metamaterial-based seismic isolators are very attractive because they can overcome the 
disadvantages existing in conventional seismic isolation systems. These metamaterial-based seismic 
isolators use the foundation of engineering structures to block or reflect the damaging seismic motion 
being transmitted to the engineering structures. This paper presents both the analytical and experimental 
studies to demonstrate the feasibility and effectiveness of the metamaterial-based seismic isolators. To 
date, where we stand on metamaterial-based seismic design of engineering structures is critically 
examined. Guided by solid-state physics, the seismic isolators can be made by the metamaterial to 
exhibit frequency band gaps that are useful in resisting the seismic waves imposed on engineering 
structures from earthquake disturbances. Possessing distinct frequency band gaps, this metamaterial will 
block, or reflect, the incoming seismic motion with the frequencies falling between these gaps. We 
properly designed the frequency band gaps to match the fundamental frequency of an earthquake, so 
that its dynamic response is greatly reduced. 
 
Keywords: metamaterial, seismic design, engineering structure, frequency band gap, periodic 
foundation 

IDEA 
 

       A novel idea on passive seismic isolation created by adopting the concept of phononic crystals in 
solid-state physics (Liu et al., 2000; Sigalas et al., 2005; Kittel, 2005; Thomas et al., 2006; Xiao et al., 
2008; Maldovan, 2013; Khelif et al., 2003; Pennec et al., 2010, Cheng et al., 2013), also called a 
metamaterial-based seismic isolation system or periodic foundation, was proposed for seismic-based 
isolation eleven years ago (Xiang et al., 2012), and a feasibility study and experimental investigations 
were performed (Yan et al., 2014; Yan et al., 2015; Witarto et al., 2018; Ramaswamy et al., 2023). 
Different from the conventional seismic isolation, the metamaterial doesn’t lengthen the natural period 
to reduce the seismic load but simply doesn’t let the seismic wave propagate through the metamaterial 
when the frequency of the incoming seismic waves is within a certain range of frequency (frequency 
band gaps) of well-designed metamaterials. 

THEORY 
 

       The theoretical frequency band gaps of periodic foundations can be solved using Finite Element 
Analysis (FEA). For continuous, isotropic, perfectly elastic and small deformation material, the 
governing equation of motion is shown in Eq. (1) (Cheng and Shi, 2013) without consideration of 
damping,  

132

PS8-2



136
 

 

to 1D periodic materials to characterize the influential parameters in obtaining the frequency band gaps 
(Witarto et al., 2019). It is found that the density ratio and height ratio are the most significant in 
determining the frequency band gaps. 
 

EXPERIMENTAL PROGRAM 
 

       Field tests were conducted to verify the effectiveness of a 3D periodic foundation. Figure 3 shows 
the RC footing with an upper steel column as Specimen E, and the 3D periodic foundation with an 
upper steel column as Specimen F. 
 
 

 
 

Figure 3. Test Setup of 3D periodic 
foundation. 

 
 

Figure 4. Acceleration in X direction at the top 
of the column under modified 

BORAH.AS/HAU090 with a main frequency of 
35.1Hz 

       Figure 4 shows that, for the steel column on the 3D periodic foundation, i.e., with a peak acceleration 
of 0.14g, the peak acceleration in the X direction was reduced to 8.08% as compared to that of the steel 
column with the conventional foundation, i.e., with a peak acceleration of 1.73g (Yan et al., 2015). 
 

IMPLEMENTATION 
 

        The concept of the periodic foundation is implemented in a real small modular reactor building 
(Witarto et al., 2018). A periodic foundation was designed (Figure 5) and tested at NCREE (Figure 6). 
The isolation mechanism of the 1D periodic foundation can be observed from the Fourier spectra of the 
recorded time series. Figure 7 shows the Fourier spectra of the test results of Case 4. The spectra show 
that the majority of the main frequency contents of all four earthquakes are located within 3.7-50 Hz, 
which is overlapping with the tested attenuation zone and the theoretical frequency band gaps. As one 
can clearly see, the frequency content of the input waves in this region is effectively filtered out. 

 
 

 
Figure 5. Design process of superstructure model: (a) NuScale SMR Building; (b) Finite element 
model of prototype building; (c) Modal analysis result of prototype building; (d) Modal analysis 

result of scaled model. 
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Figure 6. Test setup of 1D periodic 
foundation with SMR building structure 

Figure 7. Fourier spectra of seismic test results of Case 
4 in the horizontal direction: Bishop Earthquake 

        
       In addition, a non-invasive periodic barrier is a combination of a trench and a 1D periodic barrier 
(Huang et al., 2021; Zhang et al., 2022; Ramaswamy et al., 2023). The advanced seismic isolation 
performance of the periodic barrier is developed based on the selective vibration isolation property of 
the existing periodic foundation. The periodic barrier is expected to provide both advantages of wave 
barrier and periodic material when infilled in a trench type barrier. The periodic barrier is installed away 
from the structure, acting as a non-invasive vibration isolation system. The disadvantages of the periodic 
foundation are overcome with this trench-type periodic barrier since it is easy to be installed and 
maintained. It does not need to carry the superstructure load since it is independent of the structure. The 
proposed trench-type periodic barrier will add immense value to seismic isolation systems and the field 
of earthquake engineering. 
 
       The specimen used in this field test program is a 1D unit cell periodic barrier consisting of two 
reinforced concrete layers and one polyurethane layer (Figure 8). 

  
 

Figure 8. Far Field 
Excitation Setup 

Figure 9. Test case P0B2T Figure 10. FRFs of P0S0 and P0B2T 
cases under vertical direction of 

excitation 
   

        In the test case P0B2T (Figure 9), one thick periodic barrier with a length of 4 feet, depth of 5 feet, 
and width of 1.84 feet is installed in a trench. The series of polyurethane pads will screen a wide range 
of frequencies, which provides a very wide frequency attenuation zone. The response is calculated in 
the same direction as the excitation direction. Figure 10 shows the FRF and frequency curves of Cases 
P0S0 and P0B2T under vertical direction of excitation. The colored areas denote the frequency 
attenuation zone for the P0B2T case to be 21 Hz-31.5 Hz, and 36.5 Hz-100 Hz. 
 

CURRENT STATE 
 

       Although the metamaterial-based foundation can mitigate seismic excitation with a certain 
frequency range, it may amplify the response if the excitation is in the pass band of the metamaterial. 
Hence, the tunable metamaterial-based foundation will be the next milestone that is highly desirable for 
base isolation under seismic ground motions with a wide frequency range and significant variation and 
uncertainty in both the frequency domain and time domain. Magnetorheological Elastomers (MREs, 
also referred to as magneto-sensitive elastomers) are a class of solids composed of a polymeric matrix 
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with embedded micro- or nano-sized ferromagnetic particles such as carbonyl iron. As a result of this 
composite microstructure, the mechanical properties (elastic modulus and shear modulus) of these 
materials can be controlled by the application of a magnetic field. Based on MRE and traditional 
construction materials, the MRE-based metamaterial foundation will be put forward in the next step 
with tunable frequency band gaps, which can be automatically adjusted based on the state-of-the-art 
control algorithms. With increased input current, the magnetic field intensity increases, the elastic 
modulus and shear modulus of MRE increase (Figure 11), and the frequency band gap of the MRE-
based metamaterial foundation can be adapted to varying engineering needs in seismic engineering. The 
test setup is shown in Figure 11. 
        Young’s modulus is determined using a test-obtained stress-strain curve. The comparison of 
Young’s modulus for various magnetic field intensities from 0 to 250 mT for three types of MRE is 
shown in Figure 11. 

 

 

Figure 11. Magnetic Field Vs Young’s Modulus 
for different types of MRE in Uniaxial 

Compression 
 

Figure 12. FRF of the FEM with RC foundation 
and MRE based foundation 

 

       The results depicted in the figure above show that the applied magnetic field significantly influences 
Young’s modulus of MREs regardless of their types. Young’s modulus values are used in the finite 
element simulation of the MRE-based metamaterial foundation based on the experimental results. Two-
story RC frames with a RC foundation and MRE-RC layer are modeled in ABAQUS with the Bishop 
earthquake as the input ground motion. The ground motion data is extracted from the PEER Ground 
Database. The FEM model is simulated from a 0 to 750 mT magnetic field with a variety of Young’s 
modulus of MRE. 
         It is shown in Figure 12 that the FRF of MRE-based metamaterial from 0 to 750 mT shows a 
reduction of seismic response at various frequency ranges. The frequency range shifts as the magnetic 
field increases from 0 to 750 mT. The lowest FRF is -10, so the vibration reduction is 68.5% for the 
MRE-based metamaterial foundation.  

 
CONCLUSIONS 

 
       Guided by the solid-state physics, the seismic isolators can be made by the metamaterial to exhibit 
frequency band gaps that are useful in resisting the seismic waves imposed on engineering structures 
from earthquake disturbances. From both the analytical and experimental studies, it is found that 
metamaterial-based seismic design is an innovative method. In practice, the frequency band gap needs 
to cover all the possible frequencies of seismic disturbance. It is suggested that Magnetorheological 
Elastomers be used as adjustable metamaterial to broaden the frequency band gap in real time. 
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with embedded micro- or nano-sized ferromagnetic particles such as carbonyl iron. As a result of this 
composite microstructure, the mechanical properties (elastic modulus and shear modulus) of these 
materials can be controlled by the application of a magnetic field. Based on MRE and traditional 
construction materials, the MRE-based metamaterial foundation will be put forward in the next step 
with tunable frequency band gaps, which can be automatically adjusted based on the state-of-the-art 
control algorithms. With increased input current, the magnetic field intensity increases, the elastic 
modulus and shear modulus of MRE increase (Figure 11), and the frequency band gap of the MRE-
based metamaterial foundation can be adapted to varying engineering needs in seismic engineering. The 
test setup is shown in Figure 11. 
        Young’s modulus is determined using a test-obtained stress-strain curve. The comparison of 
Young’s modulus for various magnetic field intensities from 0 to 250 mT for three types of MRE is 
shown in Figure 11. 

 

 

Figure 11. Magnetic Field Vs Young’s Modulus 
for different types of MRE in Uniaxial 

Compression 
 

Figure 12. FRF of the FEM with RC foundation 
and MRE based foundation 

 

       The results depicted in the figure above show that the applied magnetic field significantly influences 
Young’s modulus of MREs regardless of their types. Young’s modulus values are used in the finite 
element simulation of the MRE-based metamaterial foundation based on the experimental results. Two-
story RC frames with a RC foundation and MRE-RC layer are modeled in ABAQUS with the Bishop 
earthquake as the input ground motion. The ground motion data is extracted from the PEER Ground 
Database. The FEM model is simulated from a 0 to 750 mT magnetic field with a variety of Young’s 
modulus of MRE. 
         It is shown in Figure 12 that the FRF of MRE-based metamaterial from 0 to 750 mT shows a 
reduction of seismic response at various frequency ranges. The frequency range shifts as the magnetic 
field increases from 0 to 750 mT. The lowest FRF is -10, so the vibration reduction is 68.5% for the 
MRE-based metamaterial foundation.  

 
CONCLUSIONS 

 
       Guided by the solid-state physics, the seismic isolators can be made by the metamaterial to exhibit 
frequency band gaps that are useful in resisting the seismic waves imposed on engineering structures 
from earthquake disturbances. From both the analytical and experimental studies, it is found that 
metamaterial-based seismic design is an innovative method. In practice, the frequency band gap needs 
to cover all the possible frequencies of seismic disturbance. It is suggested that Magnetorheological 
Elastomers be used as adjustable metamaterial to broaden the frequency band gap in real time. 
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EXTENDED ABSTRACT 

A range of innovative low-carbon technologies will be needed very soon to achieve the Paris Agreement 
and limit global temperature rise this century to below 2 degrees Celsius below pre-industrial levels, 
with the aspirational goal to limit the increase to 1.5 degrees Celsius. Nuclear power could play a very 
significant role in achieving the goals of the Paris Agreement, decarbonizing the global economy, and 
meeting future demands for energy (e.g., Buongiorno et al. (2018), Partanen et al. (2019), IEA (2019), 
ETI (2020), Ingersoll and Gogan (2020), IAEA (2020a; 2020b; 2020c)), and it is a subject of this paper. 
At the time of this writing, nuclear power represents about one quarter of the global low-carbon 
electricity production (EMBER, 2023). 

ETI (2020) deconstructed the capital cost of nuclear projects in the United States and Western Europe, 
and elsewhere in the world. The data suggests that aside from the higher direct costs of materials, 
equipment, and labor in the United States and Western Europe, the long build times of First-of-a-Kind 
(FoaK) projects lead to substantially greater time-based indirect costs (e.g., engineering, supervision, 
project management, rental site infrastructure), greater interest payments, and much higher interest rates 
due to project risk. The high cost, budget overruns, and time delays for FoaK plants have stymied the 
deployment of nuclear energy at scale (i.e., Nth-of-a-Kind (NoaK) construction) in the United States. 
The cost and time savings associated with learning from doing and standardization have not been 
realized in the nuclear industry in the United States and Western Europe. 

Malhotra and Schmidt (2020) described the fundamental differences in carbon-technology uptake using 
the typology of Fig 1. Type 1 technologies access large and growing international markets, spurring 
continued innovation, because they are simple, standardized, and mass produced. Type 2 technologies 
“…provide opportunities for national green industrial policies fostering technological adaptation, and 
participation in global value chains.” Type 3 technologies require “…a combination of national green 
industrial policies and measures to promote international coordination for inter-project and inter-context 
learning at a regional or global scale.” The authors note that the “…need for international coordination 
increases as one moves to the top-right of the figure.” Complex, customized systems are expensive and 
challenging to deliver: the nuclear power experience in the United States and Western Europe. So how 
do we move from complex, customized (FoaK) nuclear construction (Type 3, top right in Fig 1) to 
simple, standardized (NoaK) standardized construction (Type 1, bottom left in Fig 1) and tackle climate 
change? 

The advanced nuclear reactors being developed in the United States are fundamentally different from 
the large light water reactors in the US operating fleet, offering a range of power outputs from 1 MWe 
to 300 MWe, using accident tolerant fuels, coolants other than water enabling operation near 
atmospheric pressure, and passive safety systems. The wide range of power outputs of these advanced 
reactors makes possible the repowering of coal and gas plants in the US and abroad. To repower the 250 
GWe (2 TWe) of coal in the US (global) will require the design, licensing, and construction, of 1000+ 
(10,000+) advanced reactors. Simple, standardized advanced reactors is the only nuclear-energy 
pathway to decarbonizing this energy sector.  
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Figure 1. Binning of clean energy technologies based on design complexity and need for 

customization (adapted from Malhotra and Schmidt (2020)). 

The seismic load case is a key contributor to the complexity and customized construction of US nuclear 
power plants (Parsi et al., 2022). The near-surface geology and seismic hazard are different at each 
power plant site, requiring site-specific geotechnical investigations, probabilistic seismic hazard 
analyses, seismic soil-structure-interaction analysis, design, engineering, equipment qualification, and 
licensing: all thwarting standardization. The impact of the seismic load case on direct and indirect cost, 
and the standardization it thwarts, must either be substantially reduced or eliminated to deploy advanced 
reactors at the scale needed to support decarbonization. Seismic isolation can mitigate the impact of the 
seismic load case on safety-class structures, systems, and components and is, in my opinion, the pathway 
to standardized advanced reactors: an idea first proposed by Gluekler et al. (1991) but never acted upon.  

The benefits of seismically isolating nuclear reactors, in terms of reduced seismic demands and risk, are 
well and long established (e.g., Tajirian et al. (1989), Tajirian (1992), Tajirian and Patel (1993), Clark 
et al. (1995), Aiken et al. (2002), Huang et al. (2008; 2009; 2011a; 2011b), Kumar et al. (2015; 2017a; 
2017b), Yu et al. (2018)). (Earthquake-simulator experiments on isolated advanced reactors were 
undertaken by Professor Kelly at the University of California, Berkeley in the late 1980s when the author 
and a few others in the audience with grey hair were PhD students.) Despite the benefits of seismic 
isolation being well known, it has yet to be applied to a nuclear power plant in the US, in part due to a 
lack of new builds. (Two nuclear power plants, in Cruas, France and Koeberg, South Africa were 
seismically isolated in the early 1980s to enable the re-use of a French design developed for a site of 
lower seismic hazard: an approach indirectly pursued here.) 

In the late 2000s, the two key impediments to industry’s implementation of seismic isolation in NPPs 
were: 1) a lack of technical guidance and standards for analysis and design of seismically isolated NPPs, 
and its associated regulatory and financial risks, and 2) a lack of data on the financial costs and benefits 
of seismic isolation. Both impediments have been addressed. Tools and guidelines for base isolation of 
nuclear facilities have been developed through research projects funded by the U.S. Department of 
Energy (DOE) and the U.S. Nuclear Regulatory Commission (NRC). Consensus standards, ASCE/SEI 
4-16 (ASCE, 2017) and ASCE/SEI 43-19 (ASCE, 2021), now include chapters specific to seismic 
isolation. Three technical reports on the analysis and design of seismically isolated nuclear power plants 
have been published by the NRC: 1) NUREG/CR-7253, Technical considerations for seismic isolation 
of nuclear facilities (Kammerer et al., 2019), 2) NUREG/CR-7254, Seismic isolation of nuclear power 
plants using sliding bearings (Kumar et al., 2019a), and 3) NUREG/CR-7255, Seismic isolation of 
nuclear power plants using elastomeric bearings (Kumar et al., 2019b). A topical report on the seismic 
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isolation of advanced reactors, written to enable analysis, risk-based design, and licensing, is being 
submitted to the NRC. Journal articles, conference papers, and technical reports support and 
complement the standards, with many identified in Whittaker et al. (2018). Studies on the seismic 
isolation of safety-class equipment in NPPs have been completed and published (e.g., Lal et al. (2023a; 
2023b), Mir et al. (2022; 2023a; 2023b)) and outcomes will be included in future editions of ASCE/SEI 
4 and ASCE/SEI 43. 

The impact of seismic isolation on the cost of advanced reactors is being quantified. Studies funded by 
the Electric Power Research Institute and the U.S. Department of Energy (e.g., Lal et al. (2020; 2022)) 
quantified the reductions in the capital cost of key safety-class equipment, in two very different types of 
reactors, made possible by seismic isolation and standardization: factors of 3 to 5, depending on the site 
seismicity. Fig 2 presents sample results for a reactor vessel (RV) and a steam generator (SG) in a molten 
chloride fast reactor for sites characterized by peak horizontal ground acceleration (0.3g and 0.5g): 
compare the normalized FoaK conventional and NoaK isolated costs to judge the reductions in capital 
cost of equipment. 

 
Figure 2. Capital cost of safety-class equipment in a molten chloride fast reactor, RV = reactor 

vessel, SG = steam generator (adapted from Lal et al. (2022)). 

Quantifying the percentage reduction in capital cost of advanced reactors enabled by standardization 
and seismic isolation is a work in progress. The goal is cartooned in Fig 3: standardized reactor buildings 
and isolation systems, all pre-licensed by the NRC, with an adequate treatment of other external hazards, 
including flooding and wind-borne missile impact. The customer selects her/his site and a reactor type. 
Soil-structure-interaction analysis will not be needed for isolated advanced reactors, enabling the use of 
surface free-field United States Geological Survey (USGS) seismic hazard data requiring only location 
coordinates and site-specific geotechnical studies. The site and reactor type will dictate the choice of a 
pre-licensed isolation system.  

The increment in cost attached to additional excavation (if needed), casting of a foundation and pedestals, 
and supply of the isolation system, is expected to be a small percentage of the building construction cost, 
with preliminary estimates available in Yu et al. (2018). The percentage reduction in the cost of the 
building framing will be reactor specific and may be relatively small because component thicknesses 
might be driven by non-seismic considerations such as shielding around the reactor vessel and protection 
from wind-borne missiles, affecting the building envelope. However, the standardization of the building 
framing will enable the use of modular construction, including precast reinforced concrete, driven by 
innovative design approaches used in non-nuclear construction sectors such as Design for 
Manufacturing and Assembly.   

Seismic isolation. All about the $?

MCFR

RV SG

EPRI, DOE
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The greatest reductions in capital cost will accrue from the de-engineering of the project and the 
standardization of all components above the foundation supporting the pedestals and isolators and 
dampers. Eliminating the need for site-specific probabilistic seismic hazard assessment, soil-structure-
interaction analysis, design of structures, systems, and components (aside from the foundation), 
probabilistic risk assessment and release calculations, and licensing, will cut 5+ years from the schedule 
for design and construction, drastically reducing interest rates, financial risk, and indirect costs. This is 
the plan to move from complex, customized (FoaK) nuclear construction (Type 3, top right in Fig 1) to 
simple, standardized (NoaK) standardized construction (Type 1, bottom left in Fig 1), tackle climate 
change, and do our part to achieve the Paris Agreement.      
 

 
Figure 3. Simple, standardized, safe, inexpensive advanced reactors. 
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inside the facility. The conventional implementation of seismic (base) isolation will enable standardized 
plants (i.e., building and equipment) and that is the focus of this paper. The alternate implementation would 
enable standardized structures, systems, components, and safety-class equipment but may not deliver the 
needed cost reductions for commercially viable advanced reactors. 

 
a) seismic base-isolated reactor building 

 
  

 
 

b) seismic isolators and dampers 
Figure 1. Seismically isolated reactor building 

Although seismic isolation has been shown (e.g., Tajirian (1992); Tajirian and Patel (1993), Huang et al., 
(2008; 2009; 2011a; 2011b), Bolisetti et al. (2016), Kumar et al., (2017a; 2017b), Yu et al. (2018)) to 
reduce seismic demands on structures, systems, and components by factors of up to 10, and seismic risk by 
orders of magnitude, it has not yet been applied to nuclear power plants in the United States. The use of 
base isolation in the nuclear industry in the United States has been stymied by 1) few new builds, 2) a lack 
of technical guidance and standards, and 3) minimal quantitative information on the costs and benefits 
associated with base isolation. 

Projects funded between 2008 and 2018 by the US Department of Energy (DOE) and the US Nuclear 
Regulatory Commission (NRC) provided the technical underpinnings for building-level seismic isolation 
of US nuclear facilities, including chapters in ASCE/SEI 4-16 (ASCE, 2017b) and ASCE/SEI 43-19 
(ASCE, 2021), and three contractor reports published by the NRC: NUREG/CR-7253 (Kammerer et al., 
2019), NUREG/CR-7254 (Kumar et al., 2019a), and NUREG/CR-7255 (Kumar et al., 2019b). Journal 
articles, conference papers, and other technical reports support and complement the standards and guidance, 
with many identified in Whittaker et al. (2018). Information on the costs and benefits of seismic base 
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The greatest reductions in capital cost will accrue from the de-engineering of the project and the 
standardization of all components above the foundation supporting the pedestals and isolators and 
dampers. Eliminating the need for site-specific probabilistic seismic hazard assessment, soil-structure-
interaction analysis, design of structures, systems, and components (aside from the foundation), 
probabilistic risk assessment and release calculations, and licensing, will cut 5+ years from the schedule 
for design and construction, drastically reducing interest rates, financial risk, and indirect costs. This is 
the plan to move from complex, customized (FoaK) nuclear construction (Type 3, top right in Fig 1) to 
simple, standardized (NoaK) standardized construction (Type 1, bottom left in Fig 1), tackle climate 
change, and do our part to achieve the Paris Agreement.      
 

 
Figure 3. Simple, standardized, safe, inexpensive advanced reactors. 
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Daan Liang 

Program Director, Division of Civil, Mechanical and Manufacturing Innovation, National Science Foundation, 
Alexandria, VA, USA 

Email: dliang@nsf.gov 

 
 

ABSTRACT 
 

The frequency and force of extreme events have been increasing while more people live in places 
susceptible to natural hazards. This complex and compounding interactions of engineering, social, 
environmental, and climatic processes play out over large spatial and temporal scales but remain poorly 
understood. This paper outlines the US Government strategies for tackling climate change and building 
resilience to disasters. It then points to the engagement between scientists and non-scientists as effective 
means to co-create research agenda, form trust relationships, and produce implementable community-
based outcomes. A primary goal of both Smart and Connected Communities and CIVIC Innovation 
Challenge programs is to deepen the partnership between researchers and stakeholders and co-produce 
innovative pathways to a more prosperous, equitable, and resilient future. Transferability, scalability, 
and sustainment are key features of funded projects. It concludes with reaffirming the importance of 
convergent approach and scholarship in community engagement.  
 
Keywords: disaster resilience, community engagement, climate change adaptation, the United States 

 
INTRODUCTION 

 
Driven by a changing climate, the frequency and force of extreme events such as storms, wildfires, 
floods, droughts, and heat waves have been increasing and new diseases are emerging (NOAA 2023). 
At the same time, many of nation’s critical infrastructures are well beyond their service life while more 
people choose to live in places susceptible to natural hazards. This complex and compounding 
interactions of engineering, social, environmental, and climatic processes play out over large spatial and 
temporal scales but remain poorly understood.  
 

 
Figure 1. United States Billion-Dollar Disaster Events 1980 – 2023, CPI-Adjusted (NOAA 2023). 
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RESILIENCE PATHWAYS AND ENGAGED RESEARCH  

 
Disaster resilience is an ever-evolving challenge, influenced by new threats and structural factors. 
President Biden’s Executive Order 14008, titled Tackling the Climate Crisis at Home and Abroad, 
organizes and deploys the full capacity of US Government Agencies to combat the climate crisis and 
increase resilience to the impacts of climate change (WH, 2021). In Moser et. al (2019), resilience was 
characterized as a trait of a system, as a process or set of processes, or as an outcome. To support 
decisionmakers in achieving the goal of resilience, science-based solutions the United States National 
Science and Technology Council’s (NSTC) Subcommittee on Resilience Science and Technology 
(SRST) established a Resilience Science and Technology Grand Pathways Framework focusing on 
strengthening specific societal dimensions of resilience to better identify, align, and prioritize 
investments in science and technology (NSTC 2023). The Grand Pathways Framework considered a 
community to be people connected through common physical, social, virtual, or hybrid characteristics. 
It includes individuals and families, businesses, nonprofit groups, faith-based and community 
organizations, media outlets, and government at all levels. 
 
 

 
 

Figure 2. Construct of Resilience Communities as Defined by Social Dimensions, Enablers, and 
Functions (NSTC 2023). 

 
Five societal dimensions of resilience were identified: safety and security, financial/economic resilience, 
healthy people, social cohesion, and trusted effective governance. The integration of societal dimensions, 
cross-cutting enablers, and key functions would allow for identification of the critical gaps that impede 
resilience and that can be addressed by the advancement in science and technology.    
 
Participation by and collaboration with local communities are essential to resilience building. Motivated 
by the fact that scientific expertise alone is not always sufficient to address our society’s grand 
challenges, engaged research is a mode of research conducted via collaboration among scientist and 
non-scientist actors (ACERE 2023). Principles for engaged research include matching partners and 
modes of engagement with the scale and scope of the project goals; anticipating problematic power 
dynamics; allowing sufficient time for sustained engagement; and maintaining flexible processes that 
facilitate ongoing learning.  
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Engagement with people and communities could lead to co-created research agenda, trust relationships 
between scientists and non-scientists, implementable outcomes, and other benefits. It’s necessary 
especially for equitable resilience building as not all people experience disasters in the same way. A 
person’s demographic background and economic status are shown as strong determinants of his/her 
outcomes following disaster events. The post-disaster recovery of minority and low-income 
neighborhoods is often slower than do their well-resourced counterparts. This is in part because many 
communities lack the resources and know-how for risk reduction, mitigation, and planning (NASEM 
2022). Investment in disaster resilience competes for funding with other local needs such as public safety, 
education, and economic development.  
 
It should note that engaged research may lead to unintended harms if not designed or executed properly: 
amplification of inequitable power dynamics, fatigue and resentment among collaborators, and un-
sustained demands on time and resource.  
 

SMART AND CONNECTED COMMUNITIES AND CIVIC INNOVATION CHALLEGENS  
 
The NSF has made significant investment in disaster resilience research through core programs and 
special solicitations. The Smart and Connected Communities (S&CC) program solicitation is to 
accelerate the scientific and engineering advances and enable communities to attain new levels of 
economic opportunity and growth, safety and security, health and wellness, accessibility and inclusivity, 
and overall quality of life (NSF 2021). This solicitation defines communities as having geographically-
delineated boundaries—such as towns, cities, counties, neighborhoods, community districts, rural areas, 
and tribal regions—consisting of various populations, with the structure and ability to engage in 
meaningful ways with proposed research activities. Intelligent technologies are then synergistically 
integrated with the natural and built environments in those communities to improve the social, economic, 
and environmental outcomes.  
 
 

 
 

Figure 3. The Scope of S&CC Solicitation Outlining Core Science Domains and Applications 
 
Researchers are expected to work closely with community stakeholders to translate local challenges into 
use-inspired research questions in control, privacy, safety, security, and other the scientific domains (as 
depicted as the core in Figure 3). Community stakeholders include residents, community groups, NGOs, 
businesses, municipal organizations, and agencies. Two distinct features of S&CC funded projects are 
1) integrative research that addresses fundamental technological and social science dimensions of smart 
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and connected communities and 2) solutions that are piloted together with communities. The 
sustainability of the research outcomes beyond the life of the project is also important, as well as the 
scalability and transferability of the proposed solutions. 
 
The Civic Innovation Challenge (CIVIC) takes the community engagement to a higher level (NSF 2022). 
By addressing priorities at the local scale that are relevant across the US, CIVIC is aimed at enabling a 
broader and more fluid exchange of research and technology capabilities and civic priorities through 
joint partnerships involving civic stakeholders and the research community. CIVIC funds projects that 
pilot state-of-the-art solutions over 12 months, following a six-month planning phase, and have the 
potential for lasting impact in the partnering community as well as the potential to be scaled and 
implemented in other places. 
 
The CIVIC is uniquely designed, flipping the community-university dynamic by asking communities to 
identify civic priorities ripe for innovation and then to partner with researchers to address those priorities. 
Research-based solutions shall be ready for piloting in and with communities on a short timescale, where 
their effectiveness can be evaluated. A coalition of civic partners, stakeholders and researchers are 
determined to co-create and execute pilot projects. Civic partners and stakeholders may include local, 
state, or tribal government officials; non-profit representatives; community organizers or advocates; 
community service providers; and/or others working to improve their communities. The outcomes will 
be curated and shared as nationwide best practice for tackling common problems. 
 

CONCLUSIONS 
 
As an independent and the only federal agency in the U.S. whose mission supports all fields of science 
and engineering disciplines, from mathematics, engineering and geosciences to biological, behavioral 
and computer sciences, the National Science Foundation has funded research and researchers, 
innovations and innovators, and infrastructure, resulting in transformational technologies empowering 
the economic competitiveness and sustainability (NSF 2023). Advanced manufacturing, advanced 
wireless, artificial intelligence, biotechnology, microelectronics and semiconductors, quantum 
information science and engineering are all benefitted from sustained NSF investment. In NSF's FY 
2024 Budget Request, four major themes are presented: Advance Emerging Industries for National and 
Economic Security, Build a Resilient Planet, Create Opportunities Everywhere, Strengthen Research 
Infrastructure. The Build a Resilient Planet initiative engages scientists and engineers across disciplines 
through convergent research that addresses societal needs and integrates research and education. 
Understanding and supporting responses to global change, improving computing capacity, and 
maintaining needed observational capabilities over time are examples of priority actions.  
 
Scholarships in community engagement and citizen science are still emerging. Developing new and 
enhancing methodologies to scale up the practice of engaged research and its impact, by harvesting 
generalizable insights and ubiquitous technologies, are important frontier topics for future NSF 
investment. Equally important are methods for design and evaluation of engaged research, particularly 
in relation to stimulating foundational discovery, the translation of discovery into impact, broadening 
participation, and assessing short- and long-term impacts, positive and negative. 
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Day3 (Wednesday, Sep. 27th, 2023) 09:00~09:35 

Seismic Retrofitting Programs of RC Buildings after the 1999 
Chi-Chi Earthquake in Taiwan 

Shyh-Jiann Hwang 
Professor, Department of Civil Engineering, 

National Taiwan University, Taipei, Taiwan, R.O.C. 
Dr. Hwang is a Professor of Civil Engineering at the National 
Taiwan University, Taipei, Taiwan. He had served as the 
Director General of National Center for Research on 
Earthquake Engineering (NCREE) in Taiwan. He received his 
Master and PhD form the University of California, Berkeley. 
Dr. Hwang has been awarded the Distinguished Chair Professor 
of National Taiwan University. He serves as a member of 
seismic code committee in Taiwan and is very active in Taiwan 
concrete society. His research interests include shear behavior 
of reinforced concrete members, and seismic design and 

retrofitting of reinforced concrete structures. He had been responsible for providing technical 
supports to a national project that evaluates and retrofits all the non-code compliant school 
buildings in Taiwan. He is now participating the seismic retrofitting project by phases issued 
by the Ministry of Interior Affairs. This project is aimed to remove the seismic deficiency of 
the soft first story as a first priority for the residential buildings. 
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Shyh-Jiann Hwang1  
1. Professor, Department of Civil Engineering, National Taiwan University, Taipei, Taiwan, R.O.C. 

Email: sjhwang@ntu.edu.tw 

 
 

ABSTRACT 
 

Prior to the introduction of modern seismic codes in the late 1990s for Taiwan, many reinforced 
concrete buildings were designed without adequate detailing and reinforcement for seismic protection. 
For these vulnerable buildings, enhancements to the seismic capacities through retrofitting are urgently 
needed. The objective of this paper is to report the current seismic retrofitting projects of Taiwan. One 
was the school retrofitting project issued by the Ministry of Education 15 years ago. This school 
retrofitting project had upgraded the seismic capacities of approximately 10,000 school buildings in 
Taiwan. The other is the seismic retrofitting project by phases issued by the Ministry of Interior Affairs. 
This project is aimed to remove the seismic deficiency of the soft first story as a first priority for the 
residential buildings. The progress and technological development of these seismic projects are 
introduced in this paper. 
 
Keywords: 1999 Chi-Chi Earthquake, residential building, school building, seismic assessment, 
seismic retrofitting 

 
INTRODUCTION 

 
Reinforced concrete buildings account for 75% of the total floor area in Taiwan. More than three 
quarters of these existing concrete buildings were constructed before 1999. Because of the less seismic 
demand and the inadequate seismic detailing, these older reinforced concrete buildings are prone to 
severe earthquake damage and even collapse. Recent reconnaissance reports revealed that the school 
buildings with cantilever corridors and the residential buildings with the soft first stories are the 
particularly vulnerable structures in Taiwan. Therefore, enhancements to the seismic capacities of these 
buildings through retrofitting are urgently required. 
The school retrofitting program issued by the Ministry of Education started from 2009 and continued to 
2020. This program was completed and yielded substantial results. Firstly, the progress and technology 
of this seismic project for school buildings in Taiwan are reported. The seismic retrofitting program for 
residential buildings by phases issued by the Ministry of Interior Affairs started from 2018. This program 
is still in process. Then the objective and technology development of this seismic project for residential 
buildings in Taiwan are discussed in this paper. 
 

PROGRAM FOR UPGRADING SEISMIC CAPACITY OF SCHOOL BUILDINGS  
 
The 921 Chi-Chi Earthquake demonstrated that the safety level of school buildings in Taiwan was of 
great concern. During this earthquake, more than half of the school buildings in Nantou County were 
either partially or fully destroyed (Fig. 1). Therefore, it is without a doubt that the seismic capacity of 
the school buildings in Taiwan should be a cause for concern, and that the seismic capacity of the school 
buildings needs to be urgently improved through retrofitting. 
There are 3,783 public elementary and high schools in Taiwan, and the total number of buildings may 
be as high as approximately twenty seven thousands. The government of Taiwan had launched a project 
to upgrade the seismic performance of school buildings, and a total of $130 billion Taiwan dollars was 
budgeted from 2009 to 2022. This school retrofitting program have upgraded the seismic capacities of 
10,163 school buildings in Taiwan (Fig. 2). 
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  Fig. 1- School damages by Chi-Chi Earthquake             Fig. 2- Results of school retrofitting program 
 

PROGRAM FOR UPGRADING SEISMIC CAPACITY OF RESIDENTIAL BUILDINGS 
 
Reinforced concrete buildings account for 75% of the total floor area in Taiwan. More than three 
quarters of these existing concrete buildings were constructed before 1999. Because of the less seismic 
demand and the inadequate seismic detailing, these older reinforced concrete buildings are prone to 
severe earthquake damage and even collapse. Worst of all is the deficiency of the soft first story due to 
the residential and commercial mixed usage (Fig. 3). This retrofitting program by phases, started from 
2018, is aimed to remove the seismic deficiency of the soft first story as a first priority for the residential 
buildings. A newly completed example is shown in Fig. 4. It’s a 6-story condominium with a parking 
lot in the first story. Ten shear walls were added in the first story. The floor area of the first story is 690 
m2 and the retrofitting cost is TD$3,700/m2. 
 

  
 

Fig. 3- Collapsed buildings with soft first story           Fig. 4- Retrofitting example for soft first story 
 

TECHNOLOGY DEVELOPMENT 
 
National Center for Research on Earthquake Engineering (NCREE) suggested that the detailed 
evaluation of the seismic capacity of school buildings should be carried out using the method of 
performance-based design [1, 2], i.e., first conduct the nonlinear lateral pushover analysis to find the 
capacity curve of the school building, and then carry out the spectrum analysis to obtain the performance 
curve of the school building. By selecting the performance point, the associated peak ground 
acceleration can be determined, as shown in Fig. 5.  

 
Fig. 5- Detailed evaluation for seismic capacity 
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buildings through retrofitting are urgently required. 
The school retrofitting program issued by the Ministry of Education started from 2009 and continued to 
2020. This program was completed and yielded substantial results. Firstly, the progress and technology 
of this seismic project for school buildings in Taiwan are reported. The seismic retrofitting program for 
residential buildings by phases issued by the Ministry of Interior Affairs started from 2018. This program 
is still in process. Then the objective and technology development of this seismic project for residential 
buildings in Taiwan are discussed in this paper. 
 

PROGRAM FOR UPGRADING SEISMIC CAPACITY OF SCHOOL BUILDINGS  
 
The 921 Chi-Chi Earthquake demonstrated that the safety level of school buildings in Taiwan was of 
great concern. During this earthquake, more than half of the school buildings in Nantou County were 
either partially or fully destroyed (Fig. 1). Therefore, it is without a doubt that the seismic capacity of 
the school buildings in Taiwan should be a cause for concern, and that the seismic capacity of the school 
buildings needs to be urgently improved through retrofitting. 
There are 3,783 public elementary and high schools in Taiwan, and the total number of buildings may 
be as high as approximately twenty seven thousands. The government of Taiwan had launched a project 
to upgrade the seismic performance of school buildings, and a total of $130 billion Taiwan dollars was 
budgeted from 2009 to 2022. This school retrofitting program have upgraded the seismic capacities of 
10,163 school buildings in Taiwan (Fig. 2). 
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The older reinforced concrete buildings in Taiwan were constructed with non-ductile detailing and low 
concrete compressive strength. Therefore their vertical members are prone to the shear or the flexural 
shear failures by earthquake loading and can be termed as shear-critical members. The shear strength of 
the deep reinforced concrete members can be reasonably predicted by the Softened Strut-and-Tie 
Models [3,4]. Based on the experimental and analytical studies, the lateral load-displacement curves of 
the shear critical members [5-9] were derived (Figs. 5 and 6). 
 

  
 
Fig. 6- Experimental and analytical studies in NCREE    Fig. 7- Lateral load-displacement Curves [5-9] 
 
A nonlinear time-domain analysis is considered more appropriate for the seismic evaluation of mid-rise 
to high-rise reinforced concrete buildings where the contributions from higher modes of dynamic 
analysis cannot be negligible. The hysteresis rules of vertical members can be easily modeled by the 
Pivot Hysteresis Model [10] with two pivot points that control unloading stiffness and pinching behavior 
(Fig. 8). 
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Fig. 8- Pivot Hysteresis Model 

 
Using the simulated annealing technique, the parametric equations for the Pivot hysteretic model to 
predict the hysteretic behavior of rectangular reinforced concrete columns was derived [11] and test 
verification is shown in Fig. 9.  

 
 

Fig. 9- Test verification: (a) Flexural failure, (b) Flexural shear failure, (c) Shear failure 
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Similarly, the parametric equations for the Pivot hysteretic model to predict the hysteretic behavior of 
rectangular reinforced shear walls was derived [12] and test verification is shown in Fig. 10. 
 

 
 
Fig. 10- Test verification: (a) Flexural shear failure of rectangular wall, (b) Flexural failure of barbell 

wall, (c)Shear failure of rectangular wall, (d) Shear failure of barbell wall 
 

CONCLUSIONS 
 
The school retrofitting program issued by the Ministry of Education started from 2009 and continued to 
2022. This program was fully developed and yielded substantial results. The seismic retrofitting program 
for residential buildings by phases issued by the Ministry of Interior Affairs started from 2018. This 
program is in the demonstration stage. It is hoped that, by seismic evaluation and retrofitting of school 
buildings and residential buildings, the general public of Taiwan would understand the importance of 
seismic retrofitting. This work may be continued and extended to more existing buildings in order to 
create a much secure homeland. 
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ABSTRACT 
 

In the wood dwelling full-structure test, the foundation sliding occurred at the interface of 
foundation and soil. Even in sequential inputs of MCE motions, a slight damage state was kept. Once 
the structural system changes from the upper structure failure mode to the foundation sliding soil failure 
mode, the collapse probability becomes very low in the MCE events. Thus, if the upper structure failure 
as well as the foundation-sliding soil failure are precisely evaluated, such different ultimate stage 
scenario can be adopted in practice. The PBEE method has a potential to assess this seismic response 
mechanism. Outcomes from systematic testing will be contributing not only to the individual building 
system verification but also to the comprehensive PBEE strategy. 
 
Keywords: Shaking table test, System level assessment, Wood dwelling structure 

 
INTRODUCTION 

 
The Tokyo Metropolitan Resilience Project was done in the period from 2017 to 2022, sponsored 

by MEXT, Japan. A comprehensive test plan for the current/future wood dwellings in densely populated 
urban areas was proposed in this Project. Figure 1 shows the background of the test using the two generic 
Grade-3 index buildings. One adopted the Post-and-beam structure (P&B structure), and the other the 
Shear-wall structure (SW structure). A series of tests were planned with different physical boundary 
conditions surrounding the reinforced concrete (RC) foundations. In the Phase 1, A-building equipped 
a base-isolation system, while B-building represented a generic foundation constructed on real soil by 
preparing a soil box. In the Phase 2, the foundation of A-building was firmly fixed, while cast-iron plates 
were installed beneath the foundation of B-building. In the third Phase 3, the damaged first-story of A-
building was retrofitted, and the foundation of B-building was firmly fixed. 

 
Figure 1.  Wood dwellings represented in the E-Defense shaking table facility 

 
TEST BUILDING AND TEST SCHEDULE 

 
The design criteria of the Grade-3 building were adopted for both of the two test buildings. The 

allowable stress design was applied; The base shear force coefficient of 0.2 to the standard, 0.25 to the 
Grade-2 index building and 0.3 to the Grade-3 building. The margin in the design requirement was 
minimized to evaluate the capacities of both test buildings. Thus, the earthquake resisting capacities of 
the upper structures of A-building and B-building were assumed to be equivalent in this design process. 
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Figure 2 shows the setups of A-building and B-building on the shake table. The X-direction of the test 
buildings was set to the shorter direction of the shake table. In the first Phase 1, A-building was equipped 
with a Base-isolation system, while B-building represents a foundation supported on soil (Soil-
foundation system). Figure 3 shows the condition of A-building. The base-isolation layer was composed 
of fifteen sliding bearings having the friction coefficient of 0.065, six laminated rubbers and six oil 
dampers (three for each of the X and Y-directions). Figure 4 shows the condition of B-building. The test 
system of B-building accommodated real 1.5 m-high soil beneath the foundation by preparing a 
reinforced concrete soil box. Well compacted Silica sand was utilized for the soil. 

 

Figure 2.  Setup locations of two test buildings on the E-Defense shaking table 

 

 

        
(1) Soil box                         (2) Soil                     (3) RC foundation                     (4) SW structure 

Figure 4.  B-building with Foundation-soil system (Upper structure: SW structure) 
 

Figure 5 shows the depiction on the sequential tests in Phase 1, Phase 2 and Phase 3. The same 
upper structures were used from beginning to end. Table 1 shows the input motion schedules in each 

Figure 3.  A-building with Base-isolation system (Upper structure: P&B structure) 

(1) Base-isolation layer (sliding bearings, rubbers and oil dampers) (2) P&B structure 

15
 m

A-building B-building

20 m

YNorth

South

WestEast

1st floor plan of A and B buildings (mm) 

 Y-direction 

 X-direction 

15
 m

160
1 

 

SYSTEM-LEVEL AND COMPONENT-LEVEL VERIFICATION BY 
SEISMIC-RESPONSE BUILDING TESTS TOWARDS PBEE 

 
 

Takuya Nagae1, Kazuki Takaya2, Ryota Nishi3 

1. Associate Professor, Disaster Mitigation Research Center, Nagoya University, Japan 
2. Ph.D. Student, Graduate School of Environmental Studies, Nagoya University, Japan 
3. Contract Researcher, EERC/E-Defense, NIED (Ph.D. Student, Nagoya University), Japan 

Email: nagae.takuya.h9@f.mail.nagoya-u.ac.jp, takaya.kazuki.f6@s.mail.nagoya-u.ac.jp, nishi.r@bosai.go.jp 

 
 

ABSTRACT 
 

In the wood dwelling full-structure test, the foundation sliding occurred at the interface of 
foundation and soil. Even in sequential inputs of MCE motions, a slight damage state was kept. Once 
the structural system changes from the upper structure failure mode to the foundation sliding soil failure 
mode, the collapse probability becomes very low in the MCE events. Thus, if the upper structure failure 
as well as the foundation-sliding soil failure are precisely evaluated, such different ultimate stage 
scenario can be adopted in practice. The PBEE method has a potential to assess this seismic response 
mechanism. Outcomes from systematic testing will be contributing not only to the individual building 
system verification but also to the comprehensive PBEE strategy. 
 
Keywords: Shaking table test, System level assessment, Wood dwelling structure 

 
INTRODUCTION 

 
The Tokyo Metropolitan Resilience Project was done in the period from 2017 to 2022, sponsored 

by MEXT, Japan. A comprehensive test plan for the current/future wood dwellings in densely populated 
urban areas was proposed in this Project. Figure 1 shows the background of the test using the two generic 
Grade-3 index buildings. One adopted the Post-and-beam structure (P&B structure), and the other the 
Shear-wall structure (SW structure). A series of tests were planned with different physical boundary 
conditions surrounding the reinforced concrete (RC) foundations. In the Phase 1, A-building equipped 
a base-isolation system, while B-building represented a generic foundation constructed on real soil by 
preparing a soil box. In the Phase 2, the foundation of A-building was firmly fixed, while cast-iron plates 
were installed beneath the foundation of B-building. In the third Phase 3, the damaged first-story of A-
building was retrofitted, and the foundation of B-building was firmly fixed. 

 
Figure 1.  Wood dwellings represented in the E-Defense shaking table facility 

 
TEST BUILDING AND TEST SCHEDULE 

 
The design criteria of the Grade-3 building were adopted for both of the two test buildings. The 

allowable stress design was applied; The base shear force coefficient of 0.2 to the standard, 0.25 to the 
Grade-2 index building and 0.3 to the Grade-3 building. The margin in the design requirement was 
minimized to evaluate the capacities of both test buildings. Thus, the earthquake resisting capacities of 
the upper structures of A-building and B-building were assumed to be equivalent in this design process. 

159

PS9-2



164
3 

 

Phase. The JMA-Kobe motion and JR-Takatori motion of the 1995 Kobe earthquake were adopted. 
JMA-Kobe 50% is equivalent to the Design-Based Earthquake. 

 
Figure 5.  Depiction on the sequential Phase 1, Phase 2 and Phase 3 (tested in 2019) 

Table 1  Test schedule and input motions 
 Input motion A-building B-building 

Phase 1 
(1) JMA-Kobe 25%, 50% 
(2) JR-Takatori 25%, 50% 
(3) JMA-Kobe 100% 
(4) JR-Takatori 100% 

Base-isolation system Foundation-soil system 

Phase 2 (1)   JMA-Kobe 25%, 50%, 100% 
(2)   JR-Takatori 100% Fixed-foundation system Foundation-cast iron system 

Phase 3 (1)   JMA-Kobe 100% Fixed-foundation system Fixed-foundation system 
 

ACCELERATION DISPLACEMENT RESPONSE SPECTRA AND TEST ASSESSMENT 
 

Nonlinear response systems can be discussed using the Acceleration-Displacement (Sa-Sd) 
Response Spectra format. The maximum deformation distributions can be assessed given the first mode 
shape. Figure 6 shows the mode vectors adopted for (1) A-building with Base-isolation (4-DOF) system, 
(2) B-building with Foundation-soil (4-DOF) system and (3) A-building with Fixed-foundation (3-DOF) 
system. 

 

(2) B-building / Phase 1  
Figure 6.  Adopted mode vectors / JMA-Kobe 100% / X-direction 

(3) A-building / Phase 2 (1) A-building / Phase 1  

   

Base-isolation Foundation-soil Fixed-foundation
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By using these mode vectors, the equivalent SDOF systems were implemented in the Sa-Sd 
Response Spectra format, as shown in Figure 7. The results of A-building with the Base-isolation system 
and B-building with the Foundation-soil system showed consistent peak displacements to the Spectra, 
as well as A-building with the Fixed-foundation system showing inelastic responses in the upper. 

 
DIFFERENT ULTIMATE FAILURE MODES IN THE UPPER STRUCTURES 

 
Figure 8 shows the base shear force coefficient v.s. the story drift angle, when subjected to JMA-

Kobe 100%. Regarding A-building with the fixed-foundation, the maximum drift angle reached 0.03 
rad, due to shear failures in the first story components. The Base-isolation system significantly 
reduced the responses in the upper structure. Regarding B-building with the fixed foundation, 
the maximum drift angle exceeded 0.10 rad due to very brittle tension fracture at the bases in 
the first story. On the other hand, the Foundation-soil system also had a story drift limit. Here, 
different ultimate failure modes were confirmed in the P&B and SW structures. And similar 
input reduction effects due to the Base-isolation and Foundation-soil systems were confirmed. 

                                       
 (1) A-building (Shear failure when foundation fixed)   (2) B-building (Tension fracture when foundation fixed)   

Figure 8. Different ultimate failure modes in the P&B and SW structures and impacts by foundation boundaries 
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PBEE APPLICATION INCLUDING COMPARATIVE TESTING 
 

Figure 9 and 10 are showing preliminary discussions by the 2009 test results, in advance of the 
2019 test. IMK model was calibrated given the full-scale collapse tests conducted in 2009. The first-
mode response in the tests were represented by the SDOF system. The stiffness and strength 
deteriorating parameters were adjusted in addition to the maximum strength capacity as well as negative 
slope angle. The test responses were well traced by dynamic response analysis using such IMK models 
and input ground motions. Such numerical analyses would be used in the probabilistic performance 
assessment, reasonably, through an IDA statistical approach with GM intensity factor of 1.0 when PGA 
is 0.5 g. From base sliding tests conducted separately, sliding foundation models assuming different 
friction coefficients were combined with the IMK upper model, and the impacts of sliding foundations 
were clearly indicated, through the same IDA statistical approach in Figure 9. The variation due to 
ground motion uncertainties becomes small in the upper when the foundation sliding dominates. Needed 
in the PBEE here is the precise assessment of both the upper ultimate strength and the sliding strength 
before seeing the test results. 

 
(1) Application of IMK model given a collapse test result (Grade 2) 

 
(2) IDA using the calibrated IMK model (FEMA P695, Far-Field GMs; 2-direction 22 sets) 

 Figure 9. Preliminary discussions based on the 2009 test results 
 

 
(1) Ground motion intensity vs Upper-structure drift angle 

 
(2) Ground motion intensity vs Foundation sliding displacement 

Figure 10  Response impacts by sliding foundation based on the 2009 test assumption 
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In Figure 11 regarding the upper structure capacity in the 2019 test results, the allowable strength 
capacities corresponding to the design limit were assessed and arranged in reference to the separatedly 
conducted component level tests. Shown in A-building is about 4 times the allowable stress limit in the 
Grade-3 criteria while in B-building about 3 times. In design practice, the system capacity is the sum of 
component evaluations, which show the ratios less than 1.5. Now, a numerical analysis using 3-D frame 
system is assigned and verified to realize a procedure making a reference instead of the system tests. 

 
Figure 11.  Strength capacities in system level against component level 

 

CONCLUSIONS 
 

Given the test results including soil and foundation, numerical analysis can be calibrated to trace 
the overall test response. In PBEE, this should be done in advance. Wood dwelling upper structures 
shows much larger strength capacities than the design evaluations. The uppers should be assessed as 
precisely as possible, representing the relevant ultimate failure modes. A promising numerical analysis 
software is assigned already for the upper. The foundation sliding behaviors should be assessed too, and 
the test data acquirement and compatible numerical analysis development are the intense future work. 
 

REFERENCES 
 
T. Nagae, S. Uwadan, K. Takaya, C. Yenidogan, S. Yamada, H. Kashiwa, K. Hayashi, T. Takahashi, T. Inoue 

(2020) Sliding-rocking combined actions at base foundation influencing global and local deformations of 
upper wood structure, 17th WCEE, 2020, Japan 

T. Takahashi, S. Uwadan, T. Nagae, C. Yenidogan, S. Yamada, H. Kashiwa, K. Hayashi, T. Inoue  (2020) Stiffness, 
ultimate strength capacity and cyclic loading deterioration characteristics of two different wood-structure 
dwellings following the current Japanese practice, 17th WCEE, 2020, Japan 

Aghababaei Mohammad, Okamoto Christian, Koliou Maria, Nagae Takuya, Pantelides Chris P., Ryan Keri L., 
Barbosa Andre R., Pei Shiling, van de Lindt John W., Dashti Shideh (2021) Full-Scale Shake Table Test 
Damage Data Collection Using Terrestrial Laser-Scanning Techniques, Journal of Structural Engineering, 
147-3, March 2021 

Yenidogan Cem, Nishi Ryota, Uwadan Seiya, Nagae Takuya, Isoda Hiroshi, Tsuchimoto Takahiro, Inoue Takahiro, 
Kajiwara Koichi (2021) Full-scale shake table tests of P&B type of Japanese three-story wood dwellings for 
the collapse characterization, Soil Dynamics and Earthquake Engineering, Volume 150, November 2021, 
DOI：10.1016/j.soildyn.2021.106898 ISSN 

Yenidogan Cem, Nishi Ryota, Nagae Takuya, Inoue Takahiro, Kajiwara Koichi (2020) Full-scale cyclic test of a 
Japanese post and beam wood shearwall assembly, Bulletin of Earthquake Engineering, 18-10, 4985-5008 

Chung Yu-Lin, Kuo Kuan-Ting, Nagae Takuya, Kajiwara Koichi (2019) Seismic responses of a free-standing two-
story steel moment frame equipped with a cast iron-mortar sliding base, Earthquake and Structures, 17-3, 
245-256 

164
5 

 

PBEE APPLICATION INCLUDING COMPARATIVE TESTING 
 

Figure 9 and 10 are showing preliminary discussions by the 2009 test results, in advance of the 
2019 test. IMK model was calibrated given the full-scale collapse tests conducted in 2009. The first-
mode response in the tests were represented by the SDOF system. The stiffness and strength 
deteriorating parameters were adjusted in addition to the maximum strength capacity as well as negative 
slope angle. The test responses were well traced by dynamic response analysis using such IMK models 
and input ground motions. Such numerical analyses would be used in the probabilistic performance 
assessment, reasonably, through an IDA statistical approach with GM intensity factor of 1.0 when PGA 
is 0.5 g. From base sliding tests conducted separately, sliding foundation models assuming different 
friction coefficients were combined with the IMK upper model, and the impacts of sliding foundations 
were clearly indicated, through the same IDA statistical approach in Figure 9. The variation due to 
ground motion uncertainties becomes small in the upper when the foundation sliding dominates. Needed 
in the PBEE here is the precise assessment of both the upper ultimate strength and the sliding strength 
before seeing the test results. 

 
(1) Application of IMK model given a collapse test result (Grade 2) 

 
(2) IDA using the calibrated IMK model (FEMA P695, Far-Field GMs; 2-direction 22 sets) 

 Figure 9. Preliminary discussions based on the 2009 test results 
 

 
(1) Ground motion intensity vs Upper-structure drift angle 

 
(2) Ground motion intensity vs Foundation sliding displacement 

Figure 10  Response impacts by sliding foundation based on the 2009 test assumption 
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ABSTRACT 

 
Deep columns in steel moment frames are susceptible to local buckling and subsequent axial shortening 
when subjected to combined high axial forces and cyclic lateral loads. Deep column members have 
been studied extensively, however, experimental simulations at the subassembly or the full system level 
are more limited including the interaction between the shortening columns and the surrounding 
structural framing system. Four full-scale steel moment frame cruciform subassemblies are tested as 
part of this program using quasi-static and hybrid simulations. The hybrid simulations are conducted 
using advanced algorithms with new capabilities developed for this project. A mixed displacement and 
force control strategy enables compatible displacements between the numerical and experimental 
models for force-controlled degrees of freedom, in this applying a controlled axial load on the column 
that is susceptible to shortening. The experimental cruciform subassembly includes beam-to-column 
connections with reduced beam sections for which the response is measured and utilized with online 
model updating of parameters in the nonlinear numerical beam models. These experiments provide 
new capabilities for hybrid testing and data that provides insight into the seismic response of steel 
moment frame structures with deep columns under more realistic boundary conditions. 
 
Keywords: Hybrid simulation, steel moment frames, axial shortening, online model updating 

 
INTRODUCTION 

 
A series of experiments have been carried out on individual deep column members that demonstrate 
their susceptibility to bucking and subsequent column shortening (Ozkula et al., 2021; Elkady and 
Lignos, 2017). Past quasi-static testing of isolated columns and subassemblies have shown the 
importance of the axial load, inelastic deformation, and boundary conditions on the severity of axial 
shortening (Chansuk et al., 2021; Chou et al., 2022). The effects of column shortening on the frame 
system-level behavior has only been addressed through pure numerical simulations (Wu et al., 2018), 
without experimental system-level testing and only limited subassembly testing. This project aims to 
experimentally assess the system behavior of moment frame structures with deep columns by conducting 
quasi-static tests and hybrid simulations with full-scale cruciform subassemblies. To capture axial 
shortening in the hybrid simulation, a new mixed displacement and force control method is proposed 
and implemented to achieve equilibrium of forces and displacement compatibility. Past hybrid 
simulations that have utilized force control for stiff degrees of freedom have neglected deformations 
(Del Carpio et al. 2015).  Moreover, to overcome limitations in the experimental setup, an overlapping 
substructuring method is applied to simplify the boundary conditions of the physical substructure. An 
online model updating scheme is integrated with the substructuring method that utilizes data measured 
during the test to update parameters of hysteretic models for the reduced beam section. 
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PROTOTYPE MODEL AND SUBSTRUCTURING 
 
The prototype structure considered is a steel moment frame with 18ft height at the first story plus five 
floors at 14ft each over four bays each spanning 26ft. Column sections are W24x176 and considered 
deep sections while beams are W27x129 for the first three stories. The upper stories columns are 
W24x131 and beams are W27x94. Reduced beam section (RBS) are considered for beam-column 
connection. The numerical nonlinear model for the hybrid simulation is developed in OpenSees. 
Columns are modeled using distributed plasticity elements with a displacement-based formulation. The 
panel zone deformation is simulated using the parallelogram approach (Gupta and Krawinkler 1999) 
with a rotational spring in one corner. Beams are modeled considering an elastic beam-column element 
for the middle section with each end having rigid offsets plus a lumped plasticity spring. Above the 
second story, the beam hinges are simulated using Ibarra-Medina-Krawinkler (IMK) model (Ibarra et 
al. 2005). However, for beam hinges at the first story, a modified version of Bouc-Wen model (Chen 
and Becker 2021) is used with the ability of having updatable parameters to be used in the online model 
updating scheme. The numerical model and experimental substructure including the actuator 
configuration are illustrated in Figure 1. 

The physical substructure is a cruciform beam-column subassembly depicted in Figure 2. The 
column is one and one-half story heigh with a pair of parallel pinned-connected actuators located on top 
of the specimen to control the horizontal displacement of the system. The control point of the actuators 
is located at the top end of the first story column to ensure displacement compatibility at first floor level 
with the numerical substructure. Since axial shortening is expected at the base of the column and the 
specimen is an interior column, one vertical pinned-connected actuator controls each beam end 
following the vertical displacement measured at the control point. To impose the axial forces, four 
hydraulic jacks are located on top of the specimen in force control mode. Preliminary numerical studies 
indicate that the three interior columns are expected to have similar behavior, thus, the one experimental 
specimen is selected to represent the three interior columns. To overcome the large number of DOFs at 
the boundaries of the experimental substructure (rotation at the member ends and horizontal 
displacement at the first story) an overlapping substructure approach is implemented for this test 
(Hashemi and Mosqueda 2014). A zone is overlapped in both domains in order to minimize the effects 
of limiting the controlled DOFs such as neglecting rotation at the boundaries. For this test, the 
commanded signals from the numerical substructure are the horizontal displacement at the floor level, 
and the axial load obtained from the second story column. The feedback signals are the moment M and 
shear force V calculated at the top end of the first story column in the physical substructure, plus the 
vertical displacement measured at the same point. This last signal is converted into an equivalent vertical 
force Feq, which imposes the measured displacement coming from the test on the numerical model. 

 

 
Figure 1. Detailed nonlinear numerical model of frame and experimental substructure representing three 

interior first story columns in numerical model. 
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Figure 2. Photo of full-scale cruciform subassembly with lateral support system at NCREE. 

 
 

Closed-loop Mixed Displacement and Force Control 
 

A closed-loop mixed displacement and force control approach is used to apply the axial load using force 
control on the stiff column and enforce the compatible displacement due to shortening in the numerical 
model. The control loop is implemented within the conventional displacement based finite element 
framework and applied here in OpenSees. The force command for the column axil load is obtained from 
the numerical substructure as the internal axial force of the second story columns. The axial force is 
applied using four hydraulic jacks on top of the specimen. The vertical displacement or shortening of 
the first story column is measured in the physical substructure and sent as a feedback displacement to 
the numerical model.  The measured shortening is converted into the equivalent force applied in the 
numerical model to achieve displacement compatibility between both substructures. To account for 
nonlinearities in the numerical model, the equivalent force is calculated using a closed-loop 
proportional-integral (PI) controller. The target variable is the axial shortening displacement measured 
in the column, while the observed displacement refers to the  the vertical displacement at the node above 
the column in the numerical substructure. For every time integration step, the equivalent force is adjusted 
based on the error and imposed in the numerical substructure as an external force.  
 
Online Model Updating 
 
An online model updating (OMU) algorithm is included in the hybrid simulation to improve the 
numerical model of the reduced beam section plastic hinge in the first story since these elements are 
likely to experience a similar loading history as the experimental substructure. The experimental 
response of the beam RBS is measured and model parameters for the Bouc-Wen material model are 
identified through an unscented Kalman filter algorithm. Thus, in each updating step, the numerical RBS 
hinges parameters are updated based on the observed experimental behavior. 
 

RESULTS 
 
An overview of the results for one of the hybrid simulations labeled HS-B is presented.  The ground 
motion sequence consisted of an elastic (Kobe 1995), Design-basis Earthquake (DBE) (Kobe 1995) and 
Maximum Considered Earthquake (MCE) (Northridge 1994) motions scaled based to the seismic hazard 
used for the design of the prototype structure.   The maximum drift observed was 5% in the first story, 
which is near the capacity of the experimental setup. The first story drift ratio is shown in Figure 3 and 
the local response of the column base is shown in Figure 4.   
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Figure 3. First story drift ratio during hybrid simulation. 

 
 

 
Figure 4. Measured response at column base and photo after testing. 

 
The performance of the mixed displacement and force control method is shown in Figure 5. The axial 
force obtained from the numerical model is used to command the loading jacks on top of the specimen. 
The measured vertical displacement is imposed as the target for the numerical substructure using an 
equivalent force.  The achieved displacement committed at each integration time step in the numerical 
model verifies the compatibility between the experimental and numerical substructure. The axial 
shortening during MCE ground motion produced a decrease in the axial force due to the redistribution 
of vertical loads, showing the force/displacement coupling in the vertical direction. More results 
including column buckling can be found in Sepulveda et al (2023). 

The beams exhibited nonlinear response prior to the columns as expected during DBE loading 
and maintained a stable response through MCE loading. The beam hysteretic behavior in Figure 6 does 
not indicate strength degradation and no localized buckling was observed in the beam.  The OMU 
algorithm successfully tracked the measured response through the fitted Bouc-Wen model as shown in 
Figure 6. More in depth preliminary studies of the performance of the hybrid simulation indicate that 
the numerical model with model updating more closely resembles the experimental response and 
improves the agreement in compatibility between the numerical and experimental substructures using 
the simplified substructuring strategy with overlapping domains.  
 

169

PS10-1



173

PROCEEDINGS

5 
 

 
Figure 5. Axial load and shortening of column during DBE and MCE tests. 

 
 

 
Figure 6. Hysteretic response and fitted model; b) Photo after MCE. 

 
 
 

CONCLUSIONS 
 
Hybrid simulations were conducted using full-scale beam and column subassemblies to study the 
complex behavior of steel moment frames with deep and slender columns beams with reduced beam 
sections (RBS) under different seismic intensities. The system behavior of the structure was captured 
through the interaction of the specimen with a full nonlinear numerical model. Column buckling was 
not observed for the test presented, though notable axial shortening was measured. The vertical 
deformation was successfully applied within the numerical substructure to comply with force 
equilibrium and displacement compatibility for the force-controlled direction. An online model updating 
(OMU) algorithm was implemented to improve the numerical model of RBS hinges and have better 
agreement with the measured response of the experimental substructure. The algorithm was stable 
without compromising the stability of the hybrid simulation. Additional analysis of the data is ongoing 
and future studies will compare the seismic demand obtained from the hybrid tests with observations 
with conventional quasi-static tests and tests of individual columns. 
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ABSTRACT 
 

Seismic solation bearings are widely considered an effective solution to protect bridges against 
earthquake damage. The traditional design of isolation assumes that the upper and lower framing 
components are stiff and, as such, bearing end-plates remain parallel during loading bearings for bridge 
applications neglects rotations at the bearings. However, for many bridges the piers are tall, creating 
flexible supports, and the deck is relatively flexible. Previous research has shown that the bearing end 
conditions can significantly affect the lateral stiffness of bearings. Thus, these assumptions should be 
investigated. This study uses hybrid simulation with model updating to explore the design and its 
limitations. The test was off a major toll bridge with piers of varying heights and lead rubber bearings 
(LRB). One LRB was physically tested considering axial, shear, and rotational loading, while the 
remainder of the bearings are simulated and updated with a phenomenological model within the 
numerical substructure. A weighted adaptive constrained unscented Kalman filter was applied as the 
online model updating algorithm. The bridge was analyzed to determine the seismic demands on the 
isolation bearings under these end conditions and quantify any effects on bridge or bearing demands 
due to the consideration of rotations. 
 
Keywords: Isolated bridges, bearing rotation, hybrid simulation, model updating 

 
INTRODUCTION 

 
Isolation bearings are commonly used in bridges in regions with mid to high seismicity. Their local 
behavior and its effect on bridge performance is well understood under typical design applications and 
loading. However, when applied in bridges with tall, flexible piers, rotation can be introduced in the 
bearings. This behavior and its coupling with the shear, is not well understood for rubber bearings. A 
limited number of experiments have explored this behavior. For example, He et al. (2012) and Ishii et 
al. (2017) investigated the moment-rotational behavior by applying cyclic rotations at pre-applied 
constant shear strains. Both found that bearing rotational stiffness increases with increasing vertical load 
but decreases with increasing shear strain. Crowder and Becker (2017) and Darlington and Becker (2021) 
tested rubber bearings with combined simultaneous translation and rotation. The tests found that rotation 
of the bearing end-plates leads to a reduction in the horizontal stiffness of isolation bearings. While these 
tests applied demands closer to those seen in the field, they were still cyclical. No tests have explored 
seismic input representing the combinations of demands that would arise from flexible framing 
bounding the bearing. 
 
To investigate (1) the change in the behavior of the rubber bearings when placed on tall, flexible piers 
and (2) any potential resulting changes in the behavior of the bridge, the system level performance is 
best evaluated. As such a hybrid simulation with model updating was selected for the test. Hybrid 
simulation is a testing methodology that combines numerically modeled and physically tested 
subassemblies of a structure (Nakashima et al., 1992). Model updating is used to enhance hybrid 
simulation by learning from the physical experimental data to update the numerical substructure 
elements of similar characteristics, improving the overall accuracy, while reducing the extent of the 
experimental setup (Kwon and Kammula, 2013).  
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The test is based on a major California toll bridge which features seismic isolation above half of its piers. 
The experimental substructure is the isolation bearing located on the tallest pier. The design of the 
isolation bearings at each pier is identical. However, as the height of piers increases, the demand for 
each bearing varies from one to the next. This combination makes the bridge a good candidate for model 
updating. During the hybrid simulation tests, three representative site-specific ground motions were used 
to evaluate the performance of the bearing, bridge, and overall testing methodology. The model updating 
was used to learn both the shear and rotational behavior of the bearing, making the application unique 
as there are very limited applications of multi degree of freedom model updating. 
 

HYBRID SIMULATION SETUP 
 
The outline of the hybrid simulation with model updating is shown in Fig. 1. The bridge model is based 
on the San Diego Coronado bridge, but for the purpose of the test, it the bridge is modeled in-plane. 
Piers 2 through 14, ranging in height from 10.7 m to 48.7 m, are isolated. The bearings have the same 
design at each pier. The bridge is modeled in OpenSees. The deck is modeled as elastic while nonlinear 
behavior is modeled in the columns using the concrete02 material model.  
 
For the experimental setup, the LRB bearing is controlled in the three in-plane DOFs through one 
horizontal actuator located above the loading beam and two vertical actuators on either side of the 
bearing. The physical test has a 1/3 scale LRB to fit the capacity of the lab. The diameter of the tested 
bearing is 381 mm, and the lead diameter is 76 mm. The total rubber thickness is 127 mm with 20 rubber 
layers, and the resulting shape factor is 12. The shear modulus of the rubber is 0.4 MPa. 
 
The hybrid simulation follows a traditional three-loop hardware architecture as shown in Fig. 2; the 
inner servo-control loop, operated by an MTS controller, dispenses target commands to the actuators 
and logs measured feedback. The outer integrator loop conducts numerical simulation and model 
updating analysis, utilizing OpenSees, OpenFresco, and Python-based model updating. The middle 
predictor-corrector loop receives target commands and generates continuous displacement commands 
to the MTS control system. Data is transmitted through SCRAMNet and a local web socket. 
 

 
Figure 1. Overview of the hybrid simulation with model updating for the bridge with bearings on tall 

piers. 
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Figure 2. Hybrid simulation software and hardware overview. 

 
Model Updating 
 
The model updating uses a weighted adaptive constrained unscented Kalman filter (WACUKF) based 
on the unscented Kalman filter with the addition of the constrained unscented transformation, weighting 
functions, and adaptive calculation of the noise matrices (Cheng and Becker (2021). Adding the 
constraints in the unscented transformation eliminates the possibility of model parameters exceeding 
physically meaningful boundaries. The weighting function is applied to leverage the learning rate by the 
loading condition (e.g. displacement demand); a higher weight puts more emphasis on learning at larger 
loading while preserving the features learned under smaller loadings. Adding an adaptive noise matrix 
calculation improves the robustness and stability of the UKF.  
 
As the bearings are expected to have both translational and rotational demands, the model used for 
representing and updating the numerical bearings must capture this behavior. Multiple numerical models 
have been proposed to simulate this behavior, many requiring many parameters. For model updating, it 
is important to balance simplicity and complexity in the model so that the number of parameters to be 
learned is limited while all behavior can be captured. To balance these, a Bouc Wen model (Park et al., 
1986) in the shear DOF and a bilinear model in the rotational DOF with two separate influence terms 
was used. Both the shear and rotational behavior are dependent on the axial load. The axial behavior 
itself was modeled as a linear spring. 
 
The displacement, velocity, and forces measured from the experiments serve as inputs for the model. 
The model parameters and calculated states are subject to continuous updating during the updating 
process. For each updating step, the recorded displacement and velocity are fed into the numerical model, 
yielding predicted forces. These predictions are then compared with the measured forces from the 
experiments, and the discrepancy between these values informs the parameter updating. Over sequential 
of time steps, this procedure facilitates the progressive honing of the model parameters, driving the 
numerical model towards convergence with the experimental data.  
 

RESULTS 
 
Two representative ground motions were used for the experimental test. Both ground motions were 
scaled to the local 2475-year earthquake hazard spectrum and then the amplitude was scaled again by 2. 
The experimental bearing shear and rotation hysteresis for ground motion 1 (GM1) and ground motion 
2 (GM2) are shown in Fig. 3. GM1 had shear and rotational demands of around ±0.4 m and ±0.01 rad, 
respectively. GM2 had larger shear and rotational demands of around ±0.7 m and ±0.02 rad, respectively. 
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It can be seen that at larger rotations the moment-rotation hysteresis begins to exhibit a softening 
behavior and, due to the interaction with shear and axial loads, exhibits negative stiffness. However, the 
experiments remained stable throughout. 
 
Table 1 compares the parameters of the bearing from analytical predictions to the values found through 
the model updating in the hybrid simulation. The analytical values are found assuming a linear rotational 
spring and considering only manufacturer provided bearing properties without any experimental data. 
The testing found reduced characteristic strength, initial stiffness, and rotational stiffness. The model 
also found non-negligible hysteretic behavior in the rotational degree of freedom. As these changes are 
significant, there are clear benefits to using the model updating in the hybrid simulation. 
 
A comparison of the bridge pier and bearing demands under GM1 between numerical simulations of the 
bridge using the initial analytical bearing values and the hybrid simulation results is shown in Fig. 4. 
The hybrid simulation with model updating found larger pier drift and bearing strain demands for the 
taller piers. The changes in demand were on the order of 5%. As such, incorporating the rotational 
behavior of the bearing and its coupling with the shear behavior may not be of major concern.  
 

CONCLUSIONS 
 
To assess the performance of an isolated bridge with isolators located on the tops of tall flexible piers, 
subjecting them to rotation, a series of hybrid simulation experiments were run utilizing model updating 
to learn the bearing performance. The tests were run successfully with the model updating performing 
well even when predicting unknown behavior including coupling in multiple degrees of freedom. When 
compared to predicted responses when using a purely linear rotational spring with analytically derived 
stiffness, the hybrid simulation found displacement demands on the other of 5% larger for both piers 
and bearings. As such, the rotational demands will likely not have significant implications on bridge 
damage but should be considered for displacement capacity limits in design. 
 

 
Figure 3. Experimental shear and rotational hysteresis. 

 
Table 1. Updated bearing parameters 

Bearing Parameter  Analytical Values Updated Values  Change (%) 

Shear initial stiffness, 𝑲𝑲𝟏𝟏 (kN/mm) 8.97 5.61 -37.5% 

Post-yield stiffness ratio, 𝜶𝜶  0.119 0.172 +44.7% 

Characteristic strength, 𝑸𝑸𝒅𝒅 (kN) 390 282 -27.83% 

Rotational initial stiffness, 𝑲𝑲𝜽𝜽𝟏𝟏 (kNm/rad) 1,089,000 740,000 -32% 

Rotational post-yield stiffness ratio, 𝜶𝜶𝜽𝜽 n/a 0.08  
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Figure 4. Pier drift demands and bearing shear and rotational demands for GM1 predicted from a 
purely numerical simulation with a linear spring compared with the results from the hybrid test. 
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