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Using Buckling-Restrained Braces on Long-Span
Bridges. II: Feasibility and Development of a Near-Fault
Loading Protocol

Joel Lanning, P. E., M.ASCE'; Gianmario Benzoni?; and Chia-Ming Uang, M.ASCE?

Abstract: Buckling-restrained braces (BRBs) are reliable energy-dissipating axial members that recently became popular in the seismic
design of buildings. Using the Vincent Thomas Bridge (VTB) as a case study, this research investigates the feasibility of using BRBs for seis-
mic response mitigation of long-span bridges, especially those located adjacent to seismic faults. A satisfactory set of BRBs was identified
through a parametric study using a finite-element model of the bridge. Simulated deformational demands on the BRB elements included load-
ing features that are not reflected in current BRB design and testing provisions. Therefore, two new BRB loading protocols were developed for
physical testing and prequalification. The simulated seismic response of the bridge was improved by using BRB parameters consistent with
those that are commercially available. Therefore, the use of existing BRB technology was deemed feasible as a relatively maintenance-free
seismic response mitigation system for long-span bridges near seismic faults. A companion paper discusses a testing program of full-scale
BRBs subjected to these new protocols along with the implications for seismic-capacity-based design and testing procedures. DOI: 10.1061/

(ASCE)BE.1943-5592.0000804. © 2016 American Society of Civil Engineers.

Author keywords: Buckling-restrained braces; Long-span bridge; Near-fault; Loading protocol.

Introduction

The feasibility of using buckling-restrained braces (BRBs) on
long-span bridges was investigated in response to an effort to
identify options for a relatively maintenance-free seismic
response mitigation system for the Vincent Thomas Bridge
(VTB). Connecting San Pedro to Terminal Island and spanning
the Palos Verdes Fault near Long Beach, California, the bridge is
equipped with viscous-fluid dampers as part of a seismic retrofit
completed in 1998. Fig. 1 provides an overall schematic of the
bridge, including the location of the existing dampers and pro-
posed BRBs between the side spans and cable bents (SC), the
side span and towers (ST), and the main span and towers (MT).
The dampers are intended to mitigate impacts between the sus-
pended structure, the adjacent towers, and cable bents by damp-
ing their relative motion during significant seismic events (Moffat
& Nichol Engineers 1996).

Recent Caltrans maintenance inspections revealed that the
VTB devices incur unexpected internal wear due to ambient
bridge motion. This wearing leads to loss of the viscous fluid,
which in turn causes a gap in the hysteretic response (Benzoni
et al. 2008). In this study, simulated bridge response predicts that
impact is indeed avoided with fully effective dampers but is very
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likely to occur with damaged viscous dampers. Therefore, a
replacement solution is sought to reduce the long-term mainte-
nance costs of the bridge.

Background on the Use of BRBs

Although capable of achieving large values in cumulative ductil-
ity and dissipating large amounts of energy, BRBs are also rela-
tively simple in construction and require little maintenance.
They normally consist of a yielding steel core surrounded by,
and decoupled from, concrete mortar within a hollow structural
section, as shown in Fig. 2(a). These relatively new braces have
rapidly gained popularity in the seismic design of buildings.
Their rise in use is due in part to a comprehensive guide to the
design of BRB frames (BRBFs) and a substantiated set of pre-
qualifying testing criteria for BRBs developed by AISC and the
Structural Engineers Association of California (AISC/SEAOC
2001; AISC 2005).

For BRBFs in buildings, the braces are permitted to yield and
dissipate energy; at the brace, axial yield force is equal to

Pya %AcFya (1)

where 4. = yielding core area; and F,, = measured steel yield stress.
Thus, per the seismic-capacity design philosophy, under large seis-
mic forces the surrounding structure is permitted to remain elastic.
Unlike conventional braces, BRBs exhibit larger forces in compres-
sion than in tension. The typical bilinear idealization of BRB hyste-
retic behavior and axial force cyclic overstrength factors, v and
bv, are shown in Fig. 2(b). The provisions of AISC 341 (AISC

2010) limit the compression-to-tension ratio db b to a value of 1.3 as
measured within the symmetric Protocol cycles of the prequalifying

testing protocol (AISC protocol), which statistically represents the
effects of far-field ground motion on building frames equipped with
BRBs (Sabelli et al. 2003).
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Fig. 2. (a) Typical BRB anatomy; (b) ideal hysteretic behavior and
definition of cyclic overstrength factors v and b

However, these braces are currently very uncommon in U.S.
bridges and have no established design or testing procedures.
Furthermore, there are no standards for addressing their use in
near-fault situations. Given the complexity of long-span bridge
structures and the lack of established bridge-specific BRB guide-
lines, finite-element simulation of the VTB seismic response was
used to determine a feasible set of BRBs by varying the parameters
that define the braces’ primary characteristics. In this study, the
BRBs were intended to replace the damaged viscous dampers. To
be considered feasible for use, these BRBs were expected to pro-
vide enhanced seismic mitigation of the VTB while also being of
practical proportions with respect to commercially available
BRBs. Once a suitable BRB scheme was identified, it was obvious
that the cyclic brace deformation demands were not reflected in
the current AISC Protocol. Therefore, new protocols are needed to
test the ability of BRBs to sustain the significantly different defor-
mational demands imposed.

This article describes a parametric study performed to identify a
set of feasible and beneficial BRBs for the VTB. With the use of the
retrofitted bridge model, the development of two new loading proto-
cols is presented. A near-fault protocol is proposed as a prequalify-
ing test of BRBs for use on long-span bridges near seismic faults.

Identifying Proper BRB Characteristics through
Parametric Variation

Finite-Element Modeling of the VTB

A seismic retrofit study performed in the mid-1990s was sum-
marized in the Caltrans Strategy Report for the Toll Road
Seismic Retrofit Project for the Vincent Thomas Bridge (Moffatt

Table 1. Periods of Vibration of VTB

Period (sec)
Mode Damper model Final BRB model
1 7.7 6.3
2 5.6 43
3 44 42

Note: See Fig. 3 for mode shapes.

& Nichol Engineers 1996) and by Ingham et al. (1997). A major
topic of these studies was the construction a sophisticated finite-
element model of the VTB, shown in Fig. 1, which was used to
justify the installation of the existing viscous dampers. Utilizing
the nonlinear finite-element program ADINA (ADINA R&D
2003), the same model was used for this research. It is a well-
established representation of the bridge, having been used in a
number of different studies (e.g., Benzoni et al. 2008; He et al.
2008; Graziotti 2010). Throughout model development, and
the studies mentioned, simulated modal properties and seismic
responses have been reported to show good correlation to
those extracted from ambient and earthquake-induced motions
obtained from a system of accelerometers installed on the
bridge in the 1980s.

The suspension system was modeled using tension-only
three-dimensional (3D) linear elastic truss elements, which were
prestrained during an initial gravity application analysis step,
resulting in an as-constructed bridge geometry. The suspended
spans, consisting of a concrete slab on a system of stringers and
stiffening trusses, were represented using 3D linear elastic mem-
brane and beam elements, respectively. Material nonlinearities
were included in the tower structures, and various contact condi-
tions were modeled with nonlinear elastic one-dimensional (1D)
springs. The viscous dampers are characterized by use of spring
and dashpot elements that provide the hysteretic response appro-
priate for linear viscous dampers, with element forces character-
ized by

Pp Va Cv! @)

where C ¥ damping constant; and v = relative velocity of the
element ends. The dampers are oriented parallel to the bridge
length corresponding with the first mode, as shown in Table 1
and Fig. 3, and the design motion fault-normal component.
Similar configurations were used for the BRBs. In total, more
than 20,000 degrees of freedom constituted the nonlinear finite-
element model of the VTB (Moffat & Nichol Engineers 1996;
Ingahm et al. 1998).
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Fig. 3. Mode shapes of the VTB with dampers and with BRBs: (a)
Mode I—first longitudinal; (b) Mode 2—first transverse; (c) Mode 3—
first vertical
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Fig. 4. VTB site-specific design-level earthquake bridge—longitudi-
nal component: (a) west-side ground acceleration time history; (b) east
and west elastic response spectra, 5% damping

Earthquake-Input Ground Motion

As part of the retrofit study, a site-specific seismic hazard and geo-
technical parameter analysis led to the development of a set of
design ground motions tailored to the VTB allowing for nonsyn-
chronous multisupport shaking for seismic retrofit analyses. These
ground motions represent an earthquake with approximately 2.3%
probability of exceedance in 75 years. The seismic hazard of the
design-level spectrum in the AASHTO Guide Specifications for
LRFD Seismic Bridge Design (AASHTO 2011) is 7% in 75 years.
The exposure, however, is based on an expected service life of a
typical bridge, whereas that of the VTB was reported as 125 years
in the Caltrans Strategy Report (Moffatt & Nichol Engineers
1996). Therefore, in terms of service life, the VTB design ground
motion represents a 3.8% exceedance, which is considerably more
severe than that of the AASHTO design spectrum. Because this
design-level ground motion was developed specifically for the VIB
site and represents significantly greater hazard than that given by
AASHTO, it is considered to be the controlling motion for seismic
demands on the structure.

The nonsynchronous set of ground motions was used for the retro-
fit summarized in the Caltrans Strategy Report (Moffatt & Nichol
Engineers 1996), with each of the six modeled supports subjected to
a 3D (fault-normal, fault-parallel, and vertical) ground excitation. A
simplified approach was used in this study, with each side of the main
span subjected to a set of 3D excitations, for a total of six excitations.
A detailed discussion of the simplifications made was presented by
Lanning et al. (2011). The east-side fault-normal component of
ground acceleration, corresponding to the bridge longitudinal direc-
tion, and the east and west response spectra are shown in Fig. 4.

Finite-Element Modeling of the BRBs

A fairly common technique in the simulation of BRBs is the use of
bilinear truss elements with kinematic hardening. The attributes of
this element are displayed in Fig. 5(a) and consist of an elastic stiff-
ness 0K b, yield force 8P,b, postyield stiffhess OK-P, and kinematic
cyclic hardening rule governing the translation of the yield surface.
A direct comparison is provided in Fig. 5(b), which shows recent
BRB testing data, collected by the authors, compared to those
from the simulated response. Most notable is that this nonlinear
truss element does not capture the Bauschinger effect, thereby
underestimating the hysteretic energy, but overall, it sufficiently

predicts the peak forces within the typical BRB testing range.
BRBs in building frames were represented in this manner, with
acceptable levels of error, by Black et al. (2004), Kim and Choi
(2004), and Ravi et al. (2007). Usami et al. (2005) also utilized
this model while studying the replacement of regular bracing of a
steel arch bridge with energy-dissipating BRBs.

Parameterization of BRB Characteristics

Viscous damper elements at all six locations within the VTB model
(see Fig. 1), were replaced by BRB elements. The primary charac-
teristics of postyield stiffness, yield strength, and yielding core
length were parameterized as described here and shown in Fig. 5(a)
and (c).

To determine the sensitivity of the bridge response to the BRB
postyield stiffness, the parameter was defined as

a 'V & 3)
Ki

where the elastic axial stiffness, K| ¥4 8 £4=Lb, is representative of
the steel yielding core. The aforementioned studies exhibited a val-
ues ranging from 1.5% to 3.5%. The postyield slope value is neces-
sary for use of the bilinear truss element to represent the BRB back-
bone curve for modeling cyclic response and is modeled as the
slope between the yield point and a point on the measured hyste-
retic response. The particular postyield point depends on factors
ranging from the expected maximum deformation to the type of
steel material used for the yielding core. Therefore, a was
explored in the 1-5% range because the maximum deformation
was initially unknown.

Buildings with BRB frames typically rely on the equivalent lat-
eral force procedure (ASCE 2010) to obtain initial brace yield
forces. This method is not typically used in bridge designs, and the
highly nonlinear suspension structure of the VTB is not well suited
for this simplified method. Therefore, the brace yield force was
investigated through the variation of

i
! 4
9%p., “
where P,p V4 the design axial capacity of the viscous dampers.
For this study, BRB yielding cores were assumed to be of conven-
tional A36 steel with an expected yield stress, ., of 273 MPa
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Fig. 5. (a) BRB bilinear truss element parameters; (b) comparison of BRB element with experimental results (reprinted from Lanning et al. 2012,
with special permission from the BRB manufacturer); (c) BRB lengths considered in parametric study

(equal to 1.1 x 248 MPa) actual F\.=F,, Oequal to R,P values from
coupon tests conducted for prequalifying tests of BRBs, which are
often less than the R, Y4 1:3 specified by AISC 2010. Normalizing
the BRB yield force in this way facilitates a reference between the
existing bridge construction and the proposed braces. The investi-
gated range for BRB yield force was 0—200% of the damper’s ulti-
mate capacity (0%, indicating that no BRB is present).

Three brace configurations, defined as Lengths 1 through 3 (L1,
L2, L3), are shown in Fig. 5(c). L1 represents a direct one-to-one
BRB replacement of the dampers using the existing damper connec-
tion locations. L2 and L3 take advantage of the stiffening-truss ge-
ometry by assuming connections at the panel points. L3, also, some-
what corresponds to an upper bound to the feasible value, with an
average core length of approximately 12.2 m among the three loca-
tions. Note that the BRB truss element represents only the yielding
core length. The exposed ends of the core, which are very short, and
the brace connections are designed to remain elastic through much
larger cross-sectional areas, making their stiffness values much
larger than those of the yielding core. Very often the yielding core is
approximately 85% of the full brace stiffness. In this study, for sim-
plicity, the length of the yielding core is assumed to be the same as
the BRB length.

Monitored Response Quantities

Four peak response quantities were examined in the evaluation of
each parameter combination. The peak displacement of each span
toward its vertical support, or impact-direction displacement, was
normalized by the displacement at which impact will occur. This

parameter is represented by Dupp. Thus, D ¥4 1 indicates that
the simulated response predicts that the span will impact the ver-

tical support; therefore, the smaller the value of Dpp, the better
the response mitigation. Responses obtained by various BRB con-
figurations were also compared to those of the fully functioning
dampers.

Three BRB demands were evaluated: peak core strain, peak
brace force, and cumulative inelastic ductility (CID). Peak core
strains of 4.3%, 4.7%, and 4.6% were successfully imposed on
BRB specimens by Hasegawa et al. (1999), Carden et al. (2004),
and Tremblay et al. (2006), respectively. Hence, this range was con-
sidered feasible, although uncommon, because most testing is con-
ducted with the AISC protocol, which typically requires a peak core
strain of only approximately 2%. Peak BRB force, P, normalized by
P.;p, was monitored as an indication of the peak-force demands
imparted to the VTB structure. The AISC protocol requires a mini-
mum achieved CID value of 200 times the yield deformation (i.e.,
the sum of the sustained inelastic strain, normalized by the yield

Table 2. Seismic Responses of VIB with Viscous Dampers Resulting
from the Design Earthquake

Axial force  Displacement
Model with dampers ~ Damper location P=P..p Dmp
Fully effective SC 0.84 0.62
ST 0.87 0.83
MT 0.91 0.56
Fully ineffective SC — 0.75
ST — 1.47
MT — 1.09

deformation, must be at least 200). The CID from each BRB param-
eter combination was considered but is not presented here for brev-
ity because the demands were always well within the measured CID
capacities reported from many BRB testing studies (e.g., Merritt et
al. 2003; Newell et al. 2006; Lanning et al. 2012).

Global Parametric Variation

The dynamic behavior of the bridge was modified by replacing the
dampers, of theoretically no elastic stiffness, with the relatively stiff
BRB elements. To gain a general understanding of the altered
bridge behavior and the sensitivity to each parameter, the BRB
properties were first applied and varied uniformly over the SC, ST,
and MT locations. A reference point for the existing bridge response
is provided in Table 2, which displays the Dyp obtained from simu-
lation using fully effective and fully ineffective dampers. Impact is
predicted to occur with fully ineffective dampers at the ST and MT
locations. Table 2 also reports the ratio of the peak axial force in the
dampers to the damper design axial force as P=P,;p. The fully effec-
tive damper values were used to evaluate the efficacy of each set of
BRB parameters studied.

The postyield stiffness, a, from 1 to 5%, was varied for each of
the three brace lengths, whereas g was held constant at 0.70. The
analyses showed bridge response to be insensitive to the value of a.
It followed that an appropriate value to use was the range mean
value, meaning a ¥4 3%. However, the bilinear truss element with
a Ya 3:25% provided a better prediction of peak forces and conserv-
ative levels of energy dissipation, as observed in many BRB experi-
ments. The hysteretic response of the model is compared to one
such BRB in Fig. 5(b). Therefore, a ¥4 3:25% was selected to
remain constant for all BRBs for the remainder of the study.

The SC BRB results are presented in Fig. 6(a) as an example of
the responses due to global variation of both g and length (L1, L2,
and L3). As might be expected, the impact-direction displacement



and peak core strain decreased with increasing g and length values,
and the MT BRB was the most sensitive location. However, core
strain values with L1 fell far outside the feasible range in many cases,
with some reaching beyond 10%. Peak axial forces increase with g,
but the SC BRB with L1 was the most extreme, reaching three times
the P,,p value.

The observations from the global parameter study are summar-
ized as follows:
1. The full range of yield force should be explored in a local param-
eter study, except g ¥4 1:4, because the forces imparted to the
structure increase rapidly with g . Instead, the range was reduced
to g Y4 2:5 so as not to excessively limit the parameter space.
L1 was eliminated due to unreasonably large core strains for
many cases.
L3 provided lower strains, but the lengths approached unrealis-
tic BRB core lengths and thus were eliminated.
Instead of continuing with only one length, two additional
lengths were defined as those one-third and two-thirds between
L2 and L3. Therefore, L2, L2.1, and L2.2 were used in local pa-
rameter studies.

Local Parametric Variation

Next, local parameter variation provided an understanding of the
interaction between BRBs. First, each location considered g from 0
to 1.25 (1.05 for ST), with the others held constant at 1.05.
Promising cases were then studied further through the local varia-
tion of BRB length. Similarly, lengths were varied from L2 to L2.2,
and the others were held constant at L2.

Fig. 6(b) shows that each span-to-support location exhibited
impact with g ¥4 0 (i.e., no BRB present). Relationships between
each brace were observed as both impact-direction displacement
and core strain increased at each location with increasing g at the
adjacent BRBs. The cases of g ¥ 0:7; 1:05; and 1:25 for the SC

BC

BRB seemed promising because of the relatively low impact dis-
placements, core strains within the acceptable range (;=4—5%), and
reduced peak axial forces. These three g values were therefore
retained for length variation. The g for ST BRB had a notable effect

on the MT core strain, which was considered in the final parameter
refinement. Only g ¥ 1:05 was retained for length variation, how-
ever, because of the large impact-direction displacement or core
strains with other yield forces. As in the global variation, the MT
BRB was very sensitive to local change in g. It is interesting to note

that g at this location had an evident effect on the impact displace-
ment response of both side-span BRBs. The g ¥4 1:05 and 1.25
cases were the most feasible, despite the increase at the ST location
for g V4 1:25.

The cases selected were then investigated considering different
BRB lengths [Fig. 6(c)]. All response quantities stabilized to ac-
ceptable values for the SC BRB with g ¥4 1:25 and L2.1; hence,
this combination was selected as the suggested retrofit parameter
for this location. The ST BRB clearly exhibited the best core strain
with g ¥4 1:05 and L2.2; all other responses were satisfactory. In
addition, adjacent BRB demands were found to be insensitive to
local refinement of SC and ST BRB lengths. The MT BRB pre-
sented two viable options: g ¥4 1:05 with L2.1 and g ¥ 1:25 with
L2.2. Both options provided acceptable levels of axial core strain,
and so their influence on the adjacent BRB demands were exam-
ined. In this case, little sensitivity was observed, and both impact
displacement and core strain values were minimized at each loca-
tion with MT g % 1:05 and L2.1. Therefore, this set of parameters
was selected as the final combination suggested for retrofitting.

Results and Summary of the Parametric Study

BRB axial forces were moderately larger than those of the dampers.
However, the net forces imparted to the towers were not severe
because of the in-phase reactions of opposing ST and MT BRBs, as
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Fig. 6. Effects of parameter variation: (a) global BRB yield force and length; (b) local yield force; (¢) refined local length




shown in Fig. 7. Conversely, damper forces were out of phase,
which caused the net BRB increase over damper reaction forces to
be only 33%, as calculated in Table 3. This effect caused the global
tower longitudinal moment and shear to increase only modestly de-
spite the larger individual axial forces of the BRBs.

The peak brace core strains were 4.4% on average (maximum,
4.9%) and occurred during one large deformation pulse correspond-
ing to the ground motion pulse (Fig. 4). In addition, this deforma-
tion occurred over a very short time, causing the strain rate to be
16% s™! (or 0.16 in./in./s), which is approximately 100 times faster
than typical pseudostatic BRB testing rates (e.g., Merritt et al. 2003;
Newell et al. 2006; Lanning et al. 2012). These maximum demands
were observed in the SC BRB; the simulated hysteretic response is
shown in Fig. 8(a).

The properties of the BRBs identified in the parametric study
were within the range of those currently available commercially
and were shown to provide significant seismic mitigation. Table 4
shows a summary of the final BRB parameter values, their physical
meanings, and the improved simulated bridge response caused by
the VTB design ground motion. All of these factors demonstrate
BRBs to be a feasible seismic mitigation solution for long-span
bridges near seismic faults. However, because the peak strain, strain
rate, and unsymmetrical pulse excursions differ so much from the
requirements of the AISC provisions, a new prequalifying loading
protocol and testing program was required to confirm the ability of
BRBsS to sustain such deformations.

Development of Near-Fault Loading Protocols

Cyclic loading protocols for testing the seismic performance of
structural components should assess the capability of surviving the
statistically derived earthquake demands expected for a specific
structure type and component configuration (Krawinkler et al.

Axial Force (x1000 kN)

Time (sec.)

Fig. 7. BRB force phase relationship of BRBs and dampers on either
side of a tower

Table 3. Net Increase of Device Axial Force Imparted to the Towers
under Design Earthquake

Peak axial force (kN)
In-phase Out-of-phase % Increase
BRB location BRB Damper BRB-to-damper
MT 3,640 1,610 126
ST 1,200 -225 433
Net contribution 2,440 1,835 33

1983), which is generally achieved by subjecting a number of repre-
sentative structural models to a set of ground motions that constitute
a certain level of seismic risk. The simulated component responses
are collected and analyzed and then used to formulate a simplified,
representative, and statistically significant demand time history.
The resulting protocol should replicate a reasonably conservative
cumulative damage estimate that is expected for the specific struc-
tural component (Krawinkler 1992).

The AISC protocol was developed in a similar manner, by using
BRB deformations obtained from nonlinear time history analysis of
several building frames equipped with BRBs (also modeled with
bilinear truss elements) subjected to a suite of far-field ground
motions (Sabelli et al. 2003). The AISC protocol (see Fig. 11) con-
sists of symmetrical, gradually increasing amplitude cycles that typ-
ically reach a maximum core strain of approximately 2%.

Currently, there is no bridge-specific standardized BRB testing
protocol or design procedure, and the effects of near-fault ground
motion, including high strain rate, have been explicitly neglected
for all structural systems in the AISC seismic provisions (AISC
2005, 2010). Therefore, the following sections describe the devel-
opment of two protocols that are intended to provide reasonably
conservative near-fault seismic demands for BRB testing; the sec-
ond one is applicable for prequalification of BRBs for use on long-
span bridges near seismic faults.

VTB Proof Protocol

Given the disparity between the deformation demands of the AISC
protocol and the severe BRB demands from the simulated VTB
design ground motion response, it was pertinent to develop a so-
called proof protocol to serve as a key milestone to demonstrate that
BRBs could sustain the 5% core strain pulse before more rigorous
testing was conducted.

The SC BRBs, which exhibited the peak demands described ear-
lier, were selected as the prototypical responses for the proof load-
ing cycles. Inelastic cycles were placed in the order in which they
occurred and assembled with increasing amplitudes leading up to
the large pulse (two large excursions that cause the peak core
strain). Amplitudes then decreased after the pulse and resulted in a
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Fig. 8. VIB design ground motion results: (a) SC BRB hysteretic
response with maximum peak strain; (b) the VIB proof protocol




Table 4. Final BRB Parameters for Effective VTB Retrofit and Resulting Response Reduction

Final BRB properties Design earthquake
BRB location g Area(em?)  Py(kN) L Ly(m) a(%) K (kN/mm)* Kz (kN/mm) Maxstrain(%) Reduced displacement (%)
SC 1.25 107.7 2,950 2.1 10.4 3.25 208 7 254 49
ST 1.05 252 681 22 9.1 55 2 12.7 42
MT 1.05 68.4 1,868 22 94 140 5 58.1 4.1
3Corresponds to BRB yielding core stiftness.
Table 5. VTB Proof Protocol Cycles were formed as a sequence of core strains by summing
Core strain the inelastic strain excursions by
Step number (%) Rate (%s™) = i
edib¥%  B-1P de (5)
1 -0.2 -0.2
2 02 1.6 . . . . . .
5 1o s where £0iP is the ith peak strain; and d g; is the ith excursion from
’ each series. This process produced cycles forming a raw protocol,
4 5.0 16.2 A . . ; .
5 10 —19 shown in Fig. 9(c), meaning that the core strain maxima and the resid-
6 1' 0 3' ual strain are not necessarily represented. To incorporate them, only
’ - minor adjustments were required, as follows. First, the pulse cycles
7 0 -1.5 .
. were defined as those that most nearly caused the four peak strain
7 cycles 0.6 amplitude 14 . . . .
Residual 06 maxima that resulted from the alternating excursions in Eq. 4. Cycles

residual deformation. The VTB proof protocol is shown in Fig. 8(b)
and summarized in Table 5.

Near-Fault Protocol

Because the VTB proof protocol considers only one ground motion,
it is not appropriate for use as a prequalification test. Using the
Pacific Earthquake Engineering Research Center Strong Motion
Database (PEER), 17 near-fault pulse-type ground motions were
scaled to the VTB design response spectrum (Fig. 4) up to a period
of'6.5 s to cover the first-mode period (equal to 6:3 s) of the bridge
in the longitudinal direction, as shown in Table 2. A summary of
these motions and their respective scale factors is provided in
Table 6.

These 17 ground motions and the VTB design earthquake were
applied to the bridge finite-element model with the suggested
BRBs, which resulted in a total of 54 brace deformation time his-
tories (18 records X 3 locations), such as those shown in Fig. 9(a).
The following loading characteristics were extracted for protocol
development: (1) first- through fourth-largest-magnitude core
Strains, €max, €2;max> €3:max» ANd €4.max; (2) maximum inelastic strain
excursion, d €ma; (3) order of inelastic excursions, d €; (4) resid-
ual strain, €g; and (5) number of inelastic excursions, N. The rain-
flow cycle counting algorithm (ASTM 2011), similar to that used
by Krawinkler et al. (1983) and Richards and Uang (2006), was
utilized to filter out elastic events, identify d e, count N, and
obtain the order in which each event occurred dd €. Each series
of inelastic excursions was organized by aligning d €max, assumed
to signify the pulse, thereby allowing the identification of the pre-
pulse and postpulse excursions. An example of an aligned set of
18 inelastic excursions is shown in Fig. 9(b). At each step, the
mean plus 1 SD of the magnitudes was calculated on the basis of
the full number of records. Taking the statistical value in this way
reduced the influence of excursions that occurred away from the
pulse, in which every set may not have contained an inelastic
event.

within the pulse were amplified to attain the core strain maxima;
however, the maximum excursion, d €., was generally not affected
significantly. Second, prepulse excursions were sorted such that the
magnitudes increase, whereas postpulse cycles were sorted in de-
scending order. Last, a few postpulse excursions were adjusted to
result in the statistical residual strain, €z All adjustments were
minor and typically in the conservative direction, rounding up in
strain or excursion magnitude. Fig. 9(c) compares the raw proto-
col to the final adjusted protocol, demonstrating the minor artifi-
cial adjustments made to the purely statistically obtained (raw)
outcome.

This process was conducted for each BRB location, but the ST
BRB resulted in the most severe loading sequence. A graphical
summary of the demands obtained from each analysis at each BRB
location is provided in Fig. 10 along with the final protocol
demands, and the statistical values are organized in Table 7. The
absolute maximum strain was selected to be 5%, in keeping with
the proof protocol, rather than the mean plus 1 SD, over all three
BRB locations; however, the value is still conservative over all
three locations. All other parameters deviate only slightly from the
mean plus 1 SD as a result of the minor adjustments described
earlier.

The near-fault protocol is shown in Fig. 11(a), and Table 8 sum-
marizes the core strains at each step. Fig. 11(a) and (b) together
show the much smaller strains required by the AISC protocol. Fig.
11(c) demonstrates that the relative total cumulative inelastic ductil-
ity and the distribution of the ductility demand are much more
severe. The near-fault protocol is proposed as a prequalifying test
for BRBs intended for use on long-span bridges near seismic faults.
However, it should be noted that only one bridge structure was used
for its development. By including a variety of bridge models, the
method presented could be applied to develop a bridge BRB pre-
qualifying loading protocol for general use.

Dynamic Loading Protocols

Consideration of'the strain-rate effect on structural steel components
is often constrained to the increase in the yield and ultimate stresses



Table 6. Near-Fault Pulse-Type Ground Motions Used in VTB Protocol Development

Rec. number Event PGA® (g) Epicenter distance (km) Magnitude Scale®
1 VTB design level 0.66 — —_ —
2 San Fernando (1971) 1.43 1.81 6.6 241
3 Cape Mendocino (1992) 1.27 6.96 7.0 2.51
4 Loma Prieta (1989) 0.94 3.88 6.9 1.34
5 Kobe (1995) 0.85 1.00 6.9 1.90
6 San Salvador (1986) 0.85 6.30 5.8 2.69
7 Northridge (1994) 0.84 5.19 6.7 1.61
8 Chi-Chi (1999) 0.82 0.60 7.6 1.20
9 Landers (1992) 0.72 2.19 7.3 2.84
10 Kobe (1995) 0.65 0.30 6.9 1.74
11 Chi-Chi (1999) 0.56 0.30 7.6 1.28
12 Erzikan, Turkey (1992) 0.49 4.40 6.7 1.92
13 Imperial Valley (1979) 0.46 0.56 6.5 1.87
14 Superstition Hills (1987) 0.42 0.95 6.5 1.66
15 Imperial Valley (1979) 0.38 0.07 6.5 2.30
16 Kocaeli, Turkey (1999) 0.36 6.60 7.5 1.76
17 Denali (2002) 0.33 2.70 7.9 1.62
18 Kocaeli, Turkey (1999) 0.28 4.80 7.5 2.09

Peak ground acceleration before scaling.
®Scaled on the basis of response spectrum within period range of interest.
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core strain time histories; (b) example of pulse-aligned inelastic excur-
sions; (¢) raw and adjusted near-fault protocol

under monotonic loading (e.g., Soroushian and Choi 1987). The
increase is approximately 7% (Di Sarno et al. 2002), within the range
of typical earthquake loading rates (approximately 1—10% s™),
which is commonly considered to be negligible. In contrast, careful
consideration is given to steel actual yield strength in capacity
design. The AISC seismic provisions (AISC 2010) require nominal
yield strength to be increased to reflect actual strength by the factor
R,, which can be as little as 1.10. In this light, it seems inconsistent to
neglect the dynamic effect of roughly the same order.

Furthermore, the effect of strain rate on the cyclic response
should also be considered. Dynamic cyclic material testing of
A36 steel by Chang and Lee (1987) resulted in a cyclic stress
increase of approximately 8% when constant-rate cycling was
increased from 0.01 to 1% s™!. High-strength carbon steel exhib-
ited a hysteretic stress increase of approximately 5% when Chang
et al. (2013) performed dynamic low-cycle fatigue tests at 0.1
and 100% s™'. Both of these studies showed structural steel
behavior to be independent of strain-rate history; varied strain
rates during cycling resulted in hysteretic response, which stabi-
lized to a stress level consistent with that of a cycle conducted at
a constant rate. These results suggest that it may not be appropri-
ate to neglect the dynamic cyclic effect for structural steel, even
for strain rates attainable under earthquake loading, which is a
conclusion shared by Chang and Lee (1987).

Cyclic testing of structural components is commonly per-
formed at a pseudostatic rate, on the order of 0.01-0.1% s,
because of the limitations of many testing facilities. Following
the convention of neglecting strain rate, these results are typically
taken as an acceptable approximation. However, earthquake-
induced strain-rate effects have been recognized to be of more
importance for structural bracing undergoing inelastic buckling
(Di Sarno et al. 2002). Moreover, this behavior could have a
more significant influence on the constrained inelastic buckling
condition of BRB yielding cores, in contrast to simple material
tests as reported in the literature.

Fell et al. (2009) estimated earthquake loading rates for, and con-
ducted testing of, steel special concentrically braced frames
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Fig. 10. Cyclic BRB demand quantities, 84th percentile (dashed line), and those represented by the near-fault protocol (solid line)

Table 7. Summary of Simulated and Near-Fault Protocol Cyclic Demand Parameters

Simulated response

Response parameter BRB Mean s Mean p s Near-fault protocol AISC standard protocol

€max (%) SC 4.0 19 5.8 5.00 2.00 (max)
ST 39 1.3 52
MT 3.6 1.5 5.1

€2;max (70) SC 2.7 1.7 44 3.50 1.50 (max)
ST 29 1.6 4.0
MT 3.0 0.7 2.1

€3;max (70) SC 24 0.8 3.7 3.25 1.00 (max)
ST 2.7 0.8 3.
MT 3.0 0.8 35

€4;max (Y0) SC 1.5 1.5 45 3.00 0.50 (max)
ST 2.5 1.4 44
MT 23 12 35

d €max (%) SC 6.1 3.1 9.1 8.50 4.00 (max)
ST 53 12 64
MT 55 25 79

er (%) SC 0.4 0.3 0.7 0.70 0
ST 0.4 0.3 0.6
MT 04 0.2 0.6

N SC 21.3 7.7 29.0 45 25 (min)
ST 28.6 15.5 44.0
MT 28.3 12.0 40.3

Dissipated energy (10° kN-m) SC 6.68 4.19 10.87 21.7 8.4 (min)
ST 4.08 1.75 5.86 54 1.7 (min)
MT 4.50 2.79 7.29 13.1 4.7 (min)

CID 0xD,b SC 161 101 262 524 200 (min)
ST 347 185 532 545
MT 188 117 305 545

Strain rate (%s™") SC 18.9 11.2 30.0 30.0 0.1to 0.2 (typical)
ST 19.5 84 27.9
MT 17.8 7.5 252

resulting in a maximum strain rate of 5% s~!, which represents a
strain rate approximately 100 times faster than typical pseudostatic
rates (assuming an average 0.05% s™') and 5 times faster than the
tests of A36 steel reported earlier. Few studies are available in
the literature that incorporated deliberate dynamic versus pseudo-
static testing of BRBs. Carden et al. (2004) performed dynamic
tests on short BRBs, within ductile end frames of bridge spans,
under a constant frequency of 2 Hz, resulting in a maximum core
strain rate of approximately 14% s™'. Tremblay et al. (2006) sub-
jected BRBs to dynamic loading with a maximum rate of approx-
imately 25% s™'. These cases were reported to have increased

BRB hysteretic forces by 15% and 5%, respectively, compared to
similar pseudostatically loaded braces.

Table 9 displays the rates from several standard BRB prequalifi-
cation testing programs, those from available testing programs that
were conducted at higher rates, and those of the simulated VTB
BRB responses. In addition, Dehghani and Tremblay (2012)
recently developed standard dynamic loading protocols for BRBFs
considering Canadian seismic hazards that contain a maximum of
approximately 3% s™!; however, no physical testing was reported.
In each of these cases, peak core strains, strain rates, or both are
much smaller than those of the simulated VTB BRB responses.
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Fig. 11. (a) Proposed near-fault loading protocol; (b) AISC standard loading protocol; (¢) relative CID demand; (d) cumulative distribution

Therefore, dynamic versions of the VTB protocols were developed
to investigate the strain-rate effect on BRB performance.

Development of Dynamic Near-Fault Protocols

Pseudostatic protocols consist primarily of peak deformations
organized in a particular order, or step, as indicated on the hori-
zontal axis of Fig. 11(a). The conversion of pseudostatic VTB
protocols to dynamic obviously requires the incorporation of time
rather than only loading step. For a pseudostatic rate of 0.2% s,
the time step can be nearly uniform, but for the dynamic proto-
cols, a series of compatible sine waves was used with an adjusted
time step to reflect the appropriate wave periods resulting in the
target strain rate. Smooth velocity and acceleration time histories
were also ensured to accommodate the operation of testing
equipment.

The simulated VTB BRB strain-rate histories followed similar
trends as the core strains and excursion magnitudes; in general,
the rate increased leading up to the pulse excursions and
decreased thereafter, with the peak rate usually corresponding
with the peak strain (i.e., the excursions forming the peak strain
contained the peak rate). [n forming the dynamic VTB proof and
near-fault protocols, only the mean-plus-1-SD peak strain-rate
values of 16% and 30% s™! were explicitly included, respectively,
which corresponded to a time step scaling within the pulse excur-
sions by approximately 150 (30=0:2), and 80 (16=0:2) times
faster than pseudostatic time step. The prepulse and postpulse
cycles were adjusted to result in increasing strain rates leading to
the pulse and decreasing rates afterward. The dynamic near-fault
protocol is shown in Fig. 12, with the strain rates provided in
Table 8, and those of the dynamic proof protocol are shown in
Table 5.

Summary and Conclusions

The feasibility of using BRBs on long-span bridges was demon-
strated through a parametric case study of the VTB, which spans
a seismic fault. This case study was conducted in response to an
effort to determine a maintenance-free seismic response

mitigation system for the bridge. The properties of the identified
BRBs were within the range of those that are current commer-
cially available and provided significant bridge seismic response
mitigation. Table 4 presents the final BRB parameters along with
their physical meanings and the reduction in span-to-support rela-
tive displacement.

The near-fault pulse-type design earthquake used in the study
required much more severe BRB deformation demands than those
required by the current prequalifying testing protocol given by
AISC 341 (AISC 2010). Therefore, two new loading protocols were
developed with the simulated BRB demands due to these ground
excitations applied to the long-span VTB model. A suite of 18 such
ground motions was used to form the near-fault loading protocol
based on the mean plus 1 SD of the inelastic cyclic demands from
the analyses. In addition, the simulated strain rates were observed to
be more than 2 orders of magnitude higher than typical pseudostatic
BRB testing rates. Hence, dynamic versions of the proof and near-
fault protocols were also developed, which incorporated the simu-
lated peak strain rates of 16% and 30% s~!, respectively. Table 8
summarizes the core strains and rates of both versions of the near-
fault protocol.

These statistically representative loading sequences can be uti-
lized for subsequent BRB physical testing to verify the ability of
commercially available braces to sustain the demands of long-span
bridges at risk of large near-fault ground motion. Furthermore, the
dynamic versions of these protocols can be used to investigate the
dynamic response of BRBs. It should be noted, however, that these
protocols were developed with responses from a single bridge struc-
ture. Future developments of a BRB prequalifying loading protocol
for general use should consider BRB demands obtained from multi-
ple bridge models.
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Table 8. Near-Fault Protocol

Table 9. BRB Testing Strain Rates

Core strain

Step number % Rate (%s™)
1 -0.2 -0.5
2 0.3 0.9
3 -0.2 =25
4 0.3 24
5 -0.6 -2.8
6 04 43
7 -0.6 -94
8 0.9 9.5
9 -1.0 -13.3
10 1.0 13.7
11 -1.7 -184
12 5.0 30.1
13 =35 =304
14 33 30.8
15 =-3.0 =-20.5
16 24 17.1
17 -0.5 -14.4
18 1.7 12.7
19 -0.3 -11.3
20 1.7 11.3
21 -0.3 -11.3
22 1.6 11.2
23 =-0.1 -6.6
24 1.6 6.6
25 0.0 -6.6
26 14 7.2
27 0.1 -3.6
28 1.3 3.6
29 0.1 -3.6
30 1.2 44
31 02 -1.6
32 1.1 1.4
33 02 -1.4
34 1.1 14
35 0.3 -14
36 1.0 14
37 0.3 -14
38 1.0 14
39 0.4 -14
40 0.9 14
41 0.5 -14
42 0.9 14
43 0.5 -14
44 0.8 14
45 0.6 -14
Notation

The following symbols are used in this paper:
A Va BRB finite-element area;
A Va yielding core area;
C Y4 viscous damper damping constant;

E Y4 BRB finite-element steel Young’s modulus;

Fa Y measured steel yield stress;

K, Va BRB finite-element elastic stiffness;
K, V2 BRB finite-element postyield stiffness;
N Va number of inelastic excursions;

P Va4 BRB axial force;

Max strain
Rate
Source Protocol Yo (Yos™)
Romero et al. 2007 AISC 2005 1.7 6x1073
Merritt et al. 2003 AISC/SEAOC 2001 1.7 0.1
Newell et al. 2006 AISC 2005 1.7 0.3
Lanning et al. 2012 AISC 2010 1.7 0.2
Merritt et al. 2003 Real-time, 1994 3.1 9.0
Northridge, Sylmar
Carden et al. 2004 Reverse, AISC/SEAOC 19 239
2001
Real time, 1995 Kobe 4.7 Not
reported
Tremblay et al. 2006 Dynamic BRBF Protocol 1.3 11.6
(Tremblay and Bouatay
2002)
Simulated VIB demand Design level 49 16.2
Suite of 18 records 72 50.0
VTB dynamic proof protocol 5.0 16.0
VTB dynamic near-fault protocol 5.0 30.0
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Fig. 12. Dynamic version of the proposed near-fault protocol

P, V4 BRB finite-element yield force;

Pya V4 actual brace yield force;
Pp Y4 viscous damper force;
Py;p Va viscous damper design axial force capacity;
v Y4 relative velocity of viscous damper ends;

aVa parameterized postyield stiffness, ratio of K, to Kj;

b V4 compression strength adjustment factor;

D Ya BRB deformation;

Divp ¥4 normalized bridge span impact-direction displace-

ment;

D, ¥4 BRB yield deformation;
d¢; Va ith inelastic strain excursion;
d max Y4 maximum inelastic strain excursion;
€max ¥4 maximum inelastic strain;
€i:max /4 secondary inelastic strain maxima;
€ Va residual inelastic strain;



€0ibY ith inelastic strain;
g V4 parameterized yield force, ratio of P, to P,,p; and
v V4 tension strength adjustment factor.
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