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Abstract: Buckling-restrained braces (BRBs) in buildings are intended to protect the primary structure from
seismic damage by dissipating earthquake input energy through plastic deformation of their steel cores. To
maximize the energy dissipation, they are supposed to sustain large strain amplitudes, which also correspond
to strain rates much higher than those experienced by the primary structural components under the dynamic
excitation of earthquakes. Most of the cumulative plastic energy in the encased steel core plate converts to heat
that accumulates to give rise to the steel core and the unbonding medium attached to it. To investigate the
effects of strain rate during dynamic loading, this paper introduces an experimental campaign of twelve
geometrically identical BRBs subjected to uniaxial cyclic loadings at various levels of strain amplitudes and
strain rates until the core plates fractured. Specifically-designed assembled all-steel BRBs were used to ease
the visual inspection of the core plates and the temperature monitoring during the loading. The results show
that the moderate strain rates of 3.0%s™! to 18.6%s™ had obvious effects on several important performance
measures of the BRB specimens. They include the complicated variation in the peak forces, increased
compression overstrength, and reduced cumulative plastic deformation capacities. Neglecting these effects
may results in non-conservative design of BRBs.

Keywords: dynamic loading; strength deterioration; compression overstrength; energy dissipating

capacity; buckling profile.
1 Introduction

The development of buckling-restrained braces (BRBs) was initiated in the early 1970s 3] and
further advanced in the 1980s ¢ in Japan. A typical BRB consists of a steel core and restrainers of
various types to suppress the global buckling of the core. An unbonding medium fills the gap between
the core plate and the restrainers to minimize the axial load transferred to the latter during compressive
loading, especially when the core buckles in higher modes. BRBs have been widely used as energy
dissipators in passive-controlled structures for seismic protection because of their excellent ductility,
energy dissipation capacity, compatible durability, and cost-effectiveness [,

Since the load-carrying core is made of structural steel, the mechanical behavior of BRBs is
generally assumed to be independent of strain rate. The present seismic provisions only require
quasistatic loading tests for their qualification !'M3]. For example, the Chinese standard for tensile
testing GB/T228.1 requires quasistatic loading with a strain rate of no greater than is 0.025%s™' !4, which
is commonly classified as a low strain rate (Fig. 1) 51161, However, the realistic strain rates in BRBs in

buildings subjected to earthquake excitations can reach 13.8%s™' to 36.7%s"! U719 which are three
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orders of magnitude larger than the strain rate in quasistatic tests. Although still much lower than the
commonly-referred high strain rate of more than 10*%s!, such intermediate strain rates are susceptible
to have non-negligible effects on the seismic performance of BRBs. Existing experimental evidences
consistently show that the intermediate strain rates of 10%s™ to 100%s™! lead to larger axial forces than
in quasistatic tests ['7M!9]. The extent of increase was between 5% to 20.5% in different tests. This effect
is consistent with the well-accepted strain rate effect on the mechanical properties of steels under
monotonic loading 16129261 and was recently incorporated in a rate-dependent model for BRBs under
earthquake-induced dynamic excitations 271, However, except Huh et al ?2], these studies on material
coupons focused on a strain rate range much higher than in the scenarios of earthquake excited buildings
(Fig. 1). In addition to this well-addressed effect on the yield strength, the intermediate strain rates were
also reported to have obvious effects on other important properties of BRBs. Carden et al ['7! reported
that the cumulative plastic deformation capacity of the BRBs was decreased by 42.7% at a peak strain
rate of 13.8%s™!. Qu et al [®! reported more profound compression overstrength (i.e., larger compression
strength adjustment factors) of BRBs in dynamic cyclic loading at strain rates of 9.5%s™ to 18.4%s.
These phenomena are associated with low-cycle fatigue at intermediate strain rates, which has not yet
been well addressed in the research on steel mechanical properties *°!. Furthermore, they may involve
the strain rate effect on not only the steel material properties, but the higher-mode buckling, the
interaction between the steel core and the restrainers, and the properties of the unbonding medium may

also be altered by raised strain rates.
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Figure 1. Ranges of strain rates in studies on structural steels and steel dampers.

Another obvious difference between monotonic loading and low-cycle fatigue loading at
intermediate strain rates is the raised temperature during the repeated load reversals into the plastic
regime. Most of the mechanical work done by the plastic deformation is converted into thermal energy,
the accumulation of which may significantly increase the temperature 3%, The accumulated heat also has
an impact on the steel mechanical properties. Guo et al **) reported that the ductility of Q235 steel, a
wide-used structural steel in China, decreased significantly when the ambient temperature exceeds 100°C
as compared with that at the room temperature of 20°C. Huh et al ! found that the variation of flow
stress in steels becomes sensitive to the temperature as the strain rate increases. The same conclusion was
reached by Larour et al P! in their study on the effects of strain rate and temperature on the strain rate

sensitivity of steels. They also found that the strain rate sensitivity of steels decreases with increasing
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temperature, according to the thermally activated deformation mechanism. Qu et al ! tested a series of
shear dampers of LY 100 steel at strain rates of 12.6%s™! to 62.8%s™! to find an obvious effects of strain
rate and accumulated heat on the damper strength. The former tended to increase the strength, while the
latter deteriorated it. The corresponding temperature increase was between 99.1°C to 136.8°C in their
tests, where the energy-dissipating steel plates were exposed in the air. Encased by restrainers, the steel
core of a BRB may experience more significant heat accumulation during dynamic cyclic loading. To
make it more complicated, the interaction among the different parts and materials of a BRB is not present
in the metallic shear damper tested by Qu et al 2], Therefore, the strain rate and accumulated heat are
expected to have more profound and complicated effects on BRBs than on metallic shear dampers
exposed in the air.

This paper introduces an experimental campaign of 12 full-scale BRBs of Q235 steel cores to fill
the knowledge gap about the effects of intermediate strain rate and accumulated heat on BRBs under
earthquake excitation. The central question that this study aims to tackle is to what extent and on what
properties of the BRBs the strain rate and accumulated heat have an effect. The BRB properties of
concern include the axial force variation, energy dissipating capacity, compressive overstrength, low-
cycle fatigue performance, and higher-mode buckling profiles. In the remainder of this paper, we firstly
introduce the experimental program including the specimen design and fabrication, test setup, loading,
and measurement. The experimental results and observations are then presented and discussed for the

effects of strain rate and core temperature on the BRB properties.
2 Experimental Program

2.1 Specimens

Twelve supposedly identical BRBs were subjected to uniaxial cyclic loading of various levels of
strain amplitudes and strain rates until the core plates fractured. To monitor the core temperature during
the test, the BRB specimens were specially configured to partially expose the steel cores. Each BRB
specimen consists of a steel core plate that carries most axial forces and a pair of identical steel restrainers
that sandwich the core plate, which can be easily disassembled by loosening the bolts after the test (Fig.
2(a)). The round spacers (Fig. 2(b)) and the positioning spacers (Fig. 2(c)), both slightly thicker than the
core plate, were arranged to provide the required clearance between the core plate and the restrainers 3
1331, Such all-steel assembled BRBs have gained popularity due to their light-weight, fast installation with
controllable quality and convenient repair/replacement by separating the restrainers when necessary [~
(491, The steel restrainers can also mitigate the extent of local buckling of the core as compared to
conventional BRBs with mortar-filled steel tube restrainers 41143,

The core plate consists of the yielding, transition, and the enlarged non-yielding segments. They
were flame cut from 20-mm-thick plates of Q235B mild steel (235 MPa nominal yield strength)
commonly used in the Chinese construction industry. In the middle of the yielding segment, the localized
stoppers were set by slightly widening the core plate, and were inserted into the positioning spacers to
prevent the relative longitudinal movement between the core plate center point and the restrainers B4-36],
Both the round spacers and the positioning spacers were also fabricated from Q235B steel. The transition
and non-yielding segments were enhanced by orthogonal stiffeners to form a cruciform cross section
(Fig. 2(d)). The chemical composition from manufacturer’s mill sheet and the average mechanical
properties of the Q235B steel plate material coupon tests conducted according to the Chinese standard
for tensile testing GB/T228.1 [ are listed in Table 1.
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Table 1 Chemical composition and mechanical properties of Q235B and Q355B steels

Steel C SI Mn P S Young’s modulus  Yield strength Ultimate Elongation
grade | (%) (%) (%) (%) (%) (GPa) (MPa) strength (MPa) (%)
Q235B | 0.18 020 0.44 0.029 0.009 200.6 287 420 40.0
Q355B | 0.17 0.19 1.36 0.024 0.009 209.7 365 545 36.9

Each restrainer is made from a contact plate stiffened by two-way ribs for sufficient out-of-plane
stiffness (Fig. 2(e)). They were made of the Chinese Q355B steel of a nominal yield strength of 355 MPa,
and their chemical composition and average mechanical properties by coupon tests are shown in Table
1. The pair of restrainers on both sides of the core are fastened by high-strength bolts at appropriate
intervals to provide sufficient out-of-plane constraints for the core when it buckles in higher modes. It
makes the BRBs easy to disassemble after the test for visual inspection of the post-buckling profile of
the cores. Styrene butadiene styrene (SBS) modified bituminous sheets are attached to the contact plates

of the restrainers as the unbonding medium.
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Figure 2. Configuration of the BRB specimens: (a) BRB assembly, (b) round spacer, (c) positioning

............................................

spacer, (d) core plate, (e) restrainer (unit: mm).

The BRB specimens were designed conforming to the Chinese provision DBJ/CT105 for BRBs [*4],

The nominal yield strength (Ny) calculated by Eq. 1 is 1081.0 kN, which is in the range of full-scale

BRBs in the Chinese construction practice.
Ny = nyfyAc = nynyctc
where 4.~4000mm?, w.=200 mm, .=20mm are the nominal cross-section area, width, and thickness of

(M

the yielding segment of the core, respectively, f,=235MPa is the nominal yield stress of the core, 7,=1.15

is the material overstrength factor.

The stiffness demand for the restrainers is predominated by the restraining ratio ¢ in Eq. 2, which is

the ratio between the Euler critical load N, of the restrainer and the ultimate strength N, of the core plate.
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In each BRB specimen, the two restrainers on both sides of the core plate were fastened by multiple sets
of high-strength bolts, and can hardly bend as a whole section. As a conservative estimate, the moment
of inertia of the pair of restrainers is evaluated by assuming the two restrainers bend separately and the
contribution of the high-strength bolts in shear transfer is neglected. Under this assumption, the
restraining ratio of the BRB specimen is ¢ =2.1, satisfying the minimum requirement of 1.2 in
DBJ/CT105 14,

N w%(2E.I.) -

S(_N_u_er-wNy -

1.2 )
where E,=208GPa and I, are the Young’s modulus and the weak-axis moment of inertia of a single
restrainer of Q355B steel, respectively, L; is the length of the restrainer. w=1.5 is the strain hardening
adjustment factor as per [44].

When the BRB is under compression, the core plate is supposed to sustain higher-mode buckling
within the clearance to the restrainers on both sides (Fig. 3(a)). The clearance s, has to be adequate to
accommodate the expansion of the core cross-section because of the Poisson effect when it is compressed.
It was taken as 4mm for the BRB specimens in this study “#7. The buckled core plate squeezes the
unbonding medium and contacts with the restrainers at the wave crests. It is restrained by the reaction
force P generated in the restrainers (Fig. 3). The minimum wavelength of the buckled core plate, Ly min,
can be solved by assuming that the Euler’s load of the yielded core equals the ultimate strength N, of the
BRB (Eq. 3).

_ w2(0.05EI.)
Y (05Lymin)”
where E£.=200.6GPa and . are the Young’s modulus and the weak-axis moment of inertia of the core of

()

Q235B steel, respectively; The coefficient of 0.05 considers the stiffness degradation of the core plate in
the plastic regime “81; the coefficient 0.5 is the factor for the critical length assuming that a full wave

length of the buckled core is fixed at both ends.

Pryax Prax 0.5Lyy min Yosp max
Restrainer

(a) 7 () 4 0.5P,,

Figure 3. Restrained high-mode buckling of core plate: (a) forces on the core plate, and (b) force

equilibrium of core plate segment in a half-wavelength.

Given Ly min and considering the maximum possible distance of the space between the core surface
and the restrainers, the maximum restraining force Pmax can be found by the force equilibrium of the free-
body of a half-wavelength of the buckled core plate (Fig. 3(b), Eq. 4) [**I4°l. For the BRB specimens in
this study, Lwmin=180.4mm and Pmax=290.2kN. They provide the basis for proportioning the high-
strength bolts that fasten the two restrainers. To provide effective restraint, the two restrainers were
fastened by pairs of 10.9 grade high-strength friction-type bolts of 22-mm-diameter at a maximum of
180mm interval along the axis of the BRB according to the Chinese standard for design of steel structures
GB 50017-2017 B,

_ ANy (2sy, + v - teEmax)

max —

(4)

Lw,min
where v is the Poisson ratio (for steel v=0.3), and emax=3% is the maximum expected tensile strain in this
study.



172 2.2 Test setup, measurements and loading control

173 The BRB specimens were loaded by the dynamic uniaxial testing machine at the Beijing University
174 of Technology (Fig. 4). The BRB was bolted to the connection jigs on both ends, which were connected
175 to the loading jig at one end and the reaction stub at the other end. A 3000kN hydraulic actuator drives

176  the loading jig to impose a uniaxial deformation history on the BRB specimen.
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178 Figure 4. Test setup.

179 A pair of wire displacement sensors were installed on both sides of the BRB to measure the axial

180 deformation of the yielding segment of the core plate (Figs. 4 and 5). For the ease of installation, the wire
181 sensors also spanned over some transition segments. However, calculation estimates that the elastic
182 deformation in the transition segments within the gauge range is less than 2% of the measured
183 deformation throughout the loading process, which is therefore neglected. The average reading of the
184 two sensors is taken as the axial deformation of the yielding core o. The axial deformation divided by the
185 length of the yielding segment gives the average axial strain of the core & The rectangular slots on the
186 restrainers allow for monitoring the temperature of the core plate (Fig. 5). Five infrared temperature
187 sensors were used to monitor temperature. Among them, 7rom at the end monitors the ambient
188 temperature, while the other four, 77 to 74, monitor the surface temperature of the core plate during

189  loading.
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191 Figure 5. Measurement setup.
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The actuator was controlled by displacement to impose the cyclic loading protocol shown in Fig. 6.
There are two phases in the loading protocol. In the first phase, the BRB was subjected to a quasistatic
half-cycle of loading along the tension direction to identify its equivalent yield point. After unloaded to
its origin, the BRB was then subjected to constant-amplitude cyclic loading, either quasistatic or dynamic
depending on the specific loading run, until the core fractured. In dynamic loading, the displacement
history was intended to trace a sinusoidal function of 6 = —dmax SIN(27f " £), where dmax is the displacement
amplitude and f is the loading frequency. The two parameters distinguish the loading protocols for

different BRB specimens.

. Phase 1 Phase 2 : PSR
Teili%zn A (Quasistatic)  (Quasistatic or dynamic) Until core fractures

A 5,
N VARV \ \/

Comp. 0 3 4 5 6 7 8
No. of load cycles

Displ. &

Figure 6. Loading protocol.

Table 2 summarizes the loading parameters for the twelve BRB specimens. The displacement
amplitude is translated to the average strain amplitude &mnax. The loading frequency f'is translated to the
peak strain rate €,,x = 27f €nax- The BRB specimens were tested at three different strain amplitudes
of 1%, 2%, and 3% (corresponding to the lower, medium and maximum strain amplitude for performance
qualification as specified in the BRB certification specification issued by the Building Center of Japan
(81 respectively) under either quasistatic loading or dynamic loading of three different frequencies f=0.2
Hz, 0.5 Hz, and 1.0 Hz, resulting in a total of 12 loading runs. It covers a range of peak strain rates from
1.26%s™! to 18.85%s!, which align well with the range (13.8%s™ to 36.7%s™! [!"F!%)) reported for BRBs
under real earthquake excitations.

Table 2 Loading parameters

Axial strain amplitude &max (%) Loading Peak strain rate €5 (%s™)
Specimen Measured frequency Measured
ID Nominal Nominal
average (error) corv f(Hz) average (error) corv

S1 1.00 1.01 (1.2%) 0.56% 0.125 0.08 0.09 (15.1%) 38.83%
DI1-0.2 1.00 1.07 (7.4%) 0.85% 0.2 1.26 3.04 (141.0%) 5.82%
D1-0.5 1.00 1.07 (7.1%) 1.87% 0.5 3.14 5.29 (68.3%) 15.61%
DI-1.0 1.00 0.99 (1.0%) 3.22% 1.0 6.28 8.63 (37.5%) 4.49%

S2 2.00 1.99 (0.3%) 0.66% 0.0063 0.08 0.12 (43.8%) 56.32%
D2-0.2 2.00 2.03 (1.3%) 0.57% 0.2 2.51 4.84 (92.7%) 3.75%
D2-0.5 2.00 1.94 (2.9%) 1.21% 0.5 6.28 8.13 (29.4%) 2.68%
D2-1.0 2.00 1.86 (6.9%) 2.35% 1.0 12.57 14.07 (11.9%) 4.63%

S3 3.00 3.05 (1.8%) 0.88% 0.0042 0.08 0.26 (227.3%) 76.83%
D3-0.2 3.00 2.95 (1.7%) 0.42% 0.2 3.77 5.40 (43.2%) 6.11%
D3-0.5 3.00 2.95 (1.6%) 0.48% 0.5 9.42 11.14 (18.2%) 2.78%
D3-1.0 3.00 2.73 (9.1%) 2.63% 1.0 18.85 18.59 (1.4%) 5.05%

Also summarized in Table 2 are the measured values of the loading parameters. For the quasi-

statically loaded specimens S1, S2 and S3, the strain amplitudes were well-controlled with less than 2%
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relative errors of the average emax, while the errors for some dynamically-loaded specimens can reach
7%-9% (3™ column in Table 2), because the deformation in the loading machine needs to be empirically
compensated before each run. Nonetheless, the strain amplitudes remained stable during the loading for
each specimen, as is evident from the small coefficient of variances of emax among load cycles (4™ column
in Table 2).

The control for the strain rate in the dynamic loading was more difficult than for the strain amplitude.
Fig. 7 compares the nominal strain rates with the measured strain rates for the dynamically loaded
specimens, which are the time derivative of the measured axial strain histories. The measured strain rates
exhibited significant fluctuation during loading. They also deviated from the nominal values by much
larger errors than the strain amplitudes, especially for the specimens loaded at smaller strain amplitudes.
The 7" column in Table 2 summarizes the measured peak strain rates and their errors relative to the
nominal values. The relative errors could reach 43.2% to 141.0% for some specimens. However, like the
strain amplitudes, the strain rates also remained stable during the loading for the dynamic tests. The
coefficients of variation (COV) in the peak strain rates among different cycles were in the range of 2.68%
to 15.61%. In the remainder of this paper, the measured loading parameters are used in the discussions
of the test results.

D1-0.2, D1-0.5, D1-1.0 | D2-0.2, D2-0.5, D2-1.0 20 D3-0.2, D3-0.5, D3-1.0
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Figure 7. Strain rate versus strain relationship.
3 Hysteretic Behavior

3.1 Quasistatic behavior in Phase 1

All the twelve specimens were first slowly pulled to their respective strain amplitudes, unloaded
and then reloaded to near zero strain in the first phase of loading. The specimens with the same target
strain amplitude exhibited similar half-cycle hysteresis curves (Fig. 8(a)). The axial stress is taken as the
axial force divided by the nominal cross-sectional area of the core. The curves at small strains around the
yield points are compared in Fig. 8(b) with the stress-strain curves in the material coupon tests of the
core steel. All the BRB specimens exhibited similar equivalent yield points. The average yield strength
and yield strain are 224.8 MPa and 0.11%, respectively, with only approximately 2.8% and 2.4% COVs.
Although the initial stiffnesses coincide well with the Young’s modulus in the coupon tests, the average
stress-strain curves of the BRB specimens deviate from those of the coupon tests in two ways. Firstly,
the BRB curves exhibit premature softening and the average strain at the beginning of the yielding plateau
is smaller than the material yield strain of 0.14%. Secondly, the BRB stress at the equivalent yield point
is 21.7% lower than the material yield strength of 287 MPa of the steel coupons, which is consistent with
the results of previously completed tests 41351, The differences in axial stress between the coupon tests

and the BRB tests could have been attributed to their different cross-sectional dimensions. Larger cross



248 sections are less likely to sustain a uniform stress distribution during the loading process, thus exhibiting
249 a lower apparent yield strength. In addition, past tensile tests on steel coupons of different sizes also

250  suggested that the strength of structural steel decreases with larger coupons B!,
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252 Figure 8. (a) Hysteresis curves of BRB specimens in Phase 1 loading, (b) Zoom-in curves around yield

253 points, (c¢) Material coupon test.

254 3.2 Hysteresis loops in Phase 2

255 For each BRB specimen, the Phase 1 loading was immediately followed by the Phase 2 cyclic
256 loading starting from the compressive direction. Fig. 9 compares the hysteresis curves obtained from the
257 Phase 2 cyclic loadings with varying levels of strain amplitudes and strain rates. Fracture is defined as
258 the point immediately before the core lost its load-bearing capacity. All the specimens exhibited full and

259 stable hysteresis curves throughout the loading until the core suddenly fractured in tension.
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261 Figure 9. Hysteresis curves of BRB specimens in Phase 2 loading.
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In building structures, BRBs are supposed to protect the primary structure by dissipating earthquake
input energy, which is quantified by the enveloped areas of their force-displacement hysteresis loops.
The elastic-perfectly-plastic (EPP) bilinear model presents an ideal case of a full hysteresis loop to
maximize the energy dissipation. Eq. 5 defines a fill factor ¢ to quantify the fullness of the hysteresis
loops, which is the ratio of the enveloped area of the actual hysteresis loop and that of an EPP bilinear
model with the same maximum strain and stress in both directions (Fig. 10).

E [o-de
=2, %40

Y= Fr )
where E is the enveloped area of the actual hysteresis loop, Eeyp is the enveloped area of the EPP bilinear
model. 4e, and 4o are the plastic strain range and stress range of each hysteresis loop respectively. The
fill factor describes the shape of a hysteresis loop in a quantitative manner. Normalized by the maximum
strain and stress, it is especially sensitive to the Bauschinger effect on the reloading branches in the 2"

and 4" quadrants of the hysteresis plane.

(o

! Aep
'

——

Figure 10. Fullness of a hysteresis loop.

Fig. 11 compares the variation of the fill factors of the specimens with the same strain amplitudes
as the loading proceeds, where the horizontal axis is the number of load cycles normalized by the
maximum numbers when the core fractured (N/Ny). For all specimens, the fill factors were around 0.9 at
the beginning of loading and were decreased by approximately 10% at fracture, indicating degradation
in the reloading stiffness. Either the strain amplitude or the peak strain rate had no obvious effect on the

evolution of the fill factors.

1
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Figure 11. Variation of fill factors ¢ during the loading process.

3.3 Strength deterioration
The moderate strain rates and their associated accumulated heat led to more significant and

complicated variations of the peak forces of each loop during the loading. Taking the compressive peak
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forces for example, Fig. 12 compares the results of quasistatic tests with the dynamic loading tests of
different peak strain rates. The peak forces are normalized by the yield force identified in Fig. 8(b) to
highlight their variation during the loading process. For the three quasistatically loaded specimens, the
peak forces increased rapidly in the first several cycles by 41.75%, 69.25%, and 89.51% as compared to
the yield force when the strain amplitudes were 1%, 2%, and 3%, respectively, exhibiting significant
isotropic hardening. They then became stable with only slight deterioration until the sudden fracture. For
the dynamically-loaded BRB specimens, the peak forces were consistently greater than their respective
quasistatic counterparts in the first-several cycles of loading by 2.33% to 5.86%, showing a conclusive
effect of the strain rate to increase the steel’s strength. Such amplified strength by the moderate strain

rates is consistent with the known results that the steel’s strength increases with increasing strain rate
[16]20]-126]
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Figure 12. Variation in peak forces and maximum core plate temperatures during the loading process.

As the loading proceeded, the temperature of the core plate kept on increasing because of the
cumulative heat. Alongside the normalized peak forces, Fig. 12 compares the maximum core plate
temperatures monitored under the dynamic and the quasistatic loading. During quasistatic loading, heat
had enough time to transfer to the air so that the core plate temperature was stable and only slightly higher
than the ambient temperature. During dynamic loading, however, a large amount of heat was accumulated

in a short time, resulting in significant increases of core plate temperatures. As a result, the peak forces
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of the dynamically-loaded BRB specimens deteriorated much more significantly than their respective

quasistatic counterparts, showing a significant effect of the accumulated heat on the strength of steel.

This effect is consistent with the known phenomenon that the high temperature deteriorates the steel’s

strength, whether caused by ambient heat ¥ or accumulated heat 2. The variations of the ambient

temperatures and the temperatures at different locations of the core plates are shown in Fig. 13. The heat

was generated in a highly localized manner and a non-uniform temperature distribution was observed the

during loading process. Since the increasing temperature of BRBs was caused by the hysteretic energy

dissipation of the core plate’s plastic deformation, the non-uniform temperature distributions suggested

non-uniform distribution of the core plate’s plastic strain along its yielding segment. The deformed

shapes of the core plates will be introduced in more details later.
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Figure 13. Variation in temperatures at different locations on the core plate during loadings.

As the temperature of the core plate continued to rise towards the end of the loading, the peak forces

in the dynamically-loaded BRBs continued to deteriorate until they were similar to or slightly lower than

their respective quasistatic counterparts, when the peak forces started to rise again and even exceeded

the peak strengths at the beginning of the loading (Fig. 12). This phenomenon was consistent for all the

dynamically-load specimens in this test, and has not been observed in the tests on metallic shear dampers

by Qu et al 2. The core temperatures when the BRB strengths start to rise again were in the range of
68.56°C to 121.15°C. To the authors’ knowledge, this is the first time to observe such strength hardening

of BRBs under the influences of moderate strain rates and core temperature. It may be attributed to the

dislocation mechanism of the core steel when it deformed in the plastic regime. Existing studies show

that dislocations at high strain rates tend to mobilize the diffusion of solute atoms (e.g. carbon atoms) 2],

and the variations in dislocation rate and atomic mobility may affect the strength of steel 33,
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Due to the depletion of the oil source of the actuator, the dynamic loadings in several runs had to be
suspended for a short period of time for the oil source to replenish. When the dynamic loadings were
resumed, the peak forces experienced a sudden surge before swiftly reverting to the consistent trend of
strength hardening, because of which the maximum peak forces under dynamic loading exceeded that
under quasistatic loading by up to 21.06%, 13.70%, and 8.21% for emax=1%, 2% and 3% respectively at
the end of the loading (e.g., N/N=1).

3.4 Compression Overstrength

The compression overstrength is a unique component-level behavior of BRBs that is not significant
at the material-level of structural steel **. The increased compressive strength is the result of the
frictional interaction between the core plate and restrainers [1°%], The extent of compression overstrength
is usually quantified by the compression strength adjustment factor f in Eq. 6, which is the ratio of the
maximum compression force Pemax to the maximum tension force Pimax in a hysteresis loop. Fig. 14
depicts the variation of § for all the BRB specimens during the Phase 2 loading. Larger strain amplitudes
lead to larger S-factors. Under the three strain amplitudes, £ in the quasistatic tests remained stable and

was lower than those in the dynamic tests.
B = Pemax/Ptmax (6)
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Figure 14. Variation in compression strength adjustment factor f during loadings.

The maximum compression strength adjustment factors fmax are plotted against the strain amplitudes
in Fig. 15. To mitigate the impact of the sudden surges in the peak forces upon resuming dynamic loadings
on the compression strength adjustment factor, the dynamic fmax-factors were taken from the loading
process prior to the suspension of dynamic loadings. The empirical envelope S, proposed by Qu et al (28,
in Eq. 7 is also plotted in Fig. 15.

Bu =1+ 2max (7
where emax 1s the nominal strain amplitude during loading process. The dynamic Smax-factors were larger
than their quasistatic counterparts in the test of this study. This suggests that higher strain rates lead to
more obvious compressive overstrength, which is consistent with the findings by Qu et al 8! on small-
scale BRB specimens. The values of fmax in this test were not only much smaller than the upper bound
of 1.3 by the design standards in the US "2l and China ['!], but also smaller than the empirical envelope
proposed by Qu et al %, approving the detailing design and unbonding materials of the all-metallic

assembled BRB specimens in this study.
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4 Energy Dissipating Capacities

Given the strength of a BRB, the cumulative plastic strain Zg, before fracture is commonly used to
evaluate its energy dissipating capacity. By definition, plastic strain ¢, is the unrecoverable strain when
the BRB is unloaded to zero force (hollow circles in Fig. 16). It accumulates during the loading process
until the BRB fractures. Cumulative plastic ductility (CPD) is a key parameter to evaluate the low-cycle
fatigue performance of BRBs, which is obtained by normalizing the cumulative plastic strain at fracture,

denoted as X¢,* hereinafter, by the yield strain ¢, identified in Fig. 8, as shown in Eq. 8.

CPD = Z &p * /&y 3

No. Cycle

Figure 16. Accumulation of plastic strain during cyclic loading.

Fig. 17(a) compares the relationship between the fracture cycle Nr and the strain amplitude &max
under the dynamic and the quasistatic loading to show that the moderate strain rates deteriorated the low-
cycle fatigue lives of the BRB specimens. This phenomenon is more clearly demonstrated in Fig. 17(b).
The moderate strain rates resulted in significantly smaller CPD compared with the quasistatic loading
for the 1% and 2% strain amplitudes. At emax=3%, however, the strain rate seems to have only a marginal
effect on CPD. The empirical relationship obtained by fitting the test results of quasistatic loading will
overestimate the fatigue life of the dynamically loaded BRB counterparts. Among the twelve BRB
specimens, the minimum CPD reached 1198.8, which is much greater than the minimum requirement of

200 in AISC 341-22 1?1, All BRB specimens demonstrated excellent energy dissipation capacities.
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Figure 17. (a) Relationship of Nr and emax, (b) Relationship of CPD and emax.

Fig. 18 compares the CPDs at different strain rates and temperatures. Compared with quasistatic
loading for emax =1% and 2%, dynamic loading significantly reduced the CPD of BRBs (Fig. 18(a)).
Corresponding to the three loading frequencies of f=0.2Hz, 0.5Hz, and 1.0Hz, the CPD was reduced by
41.7%, 40.0%, and 35.8% when emax=1%, and by 31.4%, 20.0%, and 25.7% under em.x=2%, respectively.
Neglecting the effect of dynamic loading in the qualifying BRBs is nonconservative, at least when the
strain amplitude is less than 2%, which is common for engineering practice. However, the reduced CPD
caused by high strain rates was not observed under 3% strain amplitude. Instead, the CPD was increased
by 18.2%, 9.1%, and 27.3% for f=0.2Hz, 0.5Hz and 1.0Hz, respectively compared with the quasistatic
loading tests. Moreover, as long as they fall within the intermediate range, the strain rates had no obvious
effect on the cumulative plastic strain of BRBs in the dynamic loading tests. Fig. 18(b) shows the
relationship between the CPD and the monitored maximum core temperature. Although the dynamic
loading frequency and maximum strain rate are different under the same amplitude, the dynamic loading
tests monitored similar maximum core plate temperatures. This suggests that the reduction in the CPD

by dynamic loading could be attributed more to the temperature rise rather than the higher strain rates.
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Figure 18. (a) CPD under different strain rates, (b) CPD under different temperatures.
5 Visual Inspection

The BRB specimens were disassembled after the tests to examine the deformed shapes of and the
damage to the core plates by simply loosening the bolts of the restrainers. Taking the four specimens
loaded at 2% strain amplitude for example, Fig. 19 illustrates the photos and the measured lateral
deflection of the core plates along the weak-axis of the cross section. All exhibited a higher-mode
buckling profile with uniformly distributed waveforms. The peak-to-peak lateral deflection was

approximately capped by two times the clearance of 4mm. Higher strain rates did not result in more
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concentrated local buckling. It is inconsistent with the observations by Qu et al 8! on small-scale
specimens. This difference may be attributed to the type of restrainers. Unlike the restrainers of the BRB
specimens tested by Qu et al ** were made of steel tubes filled with mortar. The core plate would buckle
locally where the mortar was crushed. This phenomenon of concentrated local buckling of the core plate
was also reported by Cao et al "% and Iwata and Murai P, In this regard, all-steel restrainers are
preferable over the mortar-filled steel tubes. Considering the strain rate effect, the dynamically loaded
specimens exhibited larger deflections, which could be attributed to the greater axial force under dynamic
loading. The greater axial force would have generated a larger outward force on the restrainers (Fig. 3),

resulting in greater deformation of the restrainers and a larger out-of-plane deflection of the core plates.
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Figure 19. Out-of-plane buckling profile of the core plate after loading (emax=2%).

Fig. 20(a) shows the Fourier transforms of the out-of-plane deflection profile of the core plates to
identify the dominant wavelength Ly 4 that corresponds to the maximum Fourier amplitudes. Fig. 20(b)
shows the relationship between L4 and emax of the buckled core plates for all specimens. Larger strain
amplitudes resulted in smaller dominant wavelengths. Fig. 20(c) shows that the minimum wavelengths
Ly,min estimated by solving Eq. 3 with the measured maximum forces N, are smaller than the observed

dominant wavelengths Ly 4 of all specimens, validating Eq. 3 for BRB design.
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Figure 20. (a) Fourier amplitude spectra of out-of-plane deflection profile, (b) Relationship of dominant

wavelength Ly,q and emax, (¢) Relationship of ratio of dominant to minimum wavelengths and emax.

Fig. 21 shows the in-plane buckling profiles of the core plates after loading for emax=2% runs. The
core plates of the BRB specimens exhibited a primary-mode in-plane waveform, and the dynamically
loaded specimens yielded larger in-plane deflections compared to their quasistatic counterparts. For 11

of the 12 specimens, the fracture took place at the cross-section where the yielding segment meets the
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transition segment, indicating a possible stress concentration. Among them, six fractured near the loading
end. The upmost photo in Fig. 21 shows the only BRB specimen that fractured in the middle of the

yielding segment.
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Figure 21. In-plane buckling profile of the core plate after loading (emax=2%).

Fig. 22 compares the disassembled restrainers before and after loading. The restrainers remained
undamaged and could be reused after loading, which implied that the restrainers achieved the purpose
for convenient repair/replacement of assembled BRBs. Although SBS modified bituminous sheet
material has good high-temperature resistance and would not flow or drip at 105°C according to the
relevant standard in China %], the high temperatures during the dynamic loading of this test exceeded
this limit and caused the unbonding medium to melt and flow. Therefore, the selection of unbonding

medium for BRBs should consider their high-temperature resistance.
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Figure 22. Restrainers and unbonding medium after loading.
6 Conclusions

Twelve supposedly identical all-steel assembled BRBs were subjected to varying levels of constant-
amplitude uniaxial sinusoidal loading with different strain rates until fracture. The temperature changes
of the core plates caused by accumulated heat were monitored during loading. The following conclusions
can be drawn from the test results.

(1) The peak forces of the dynamically-loaded BRB specimens were consistently greater than their
respective quasistatic counterparts at the beginning of the loading by 2.3% to 5.9%, showing a conclusive
effect of the moderate strain rates of 3.0%s" to 18.6%s™' on steel’s strength. The peak forces of the

dynamically-loaded BRB specimens then deteriorated much faster than the quasistatic counterparts
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because of the elevated core temperatures induced by the accumulated heat. These phenomena are
consistent with the existing studies on steel material and metallic shear dampers exposed in the air.

(2) A unique thermal hardening was observed when the peak strength deteriorated to a level
equivalent to or slightly lower than the quasistatic counterparts and when the core temperature was
approximately 68.56°C to 121.15°C. As a result of such hardening, the peak forces at core fracture of the
dynamically-loaded BRBs were 8.2% to 21.1% higher than their respective quasistatic counterparts.

(3) The moderate strain rates lead to slightly larger compression overstrength in the BRB specimens.
The compression strength adjustment factor f in the quasistatic loading tests remained stable and was
lower than those in the dynamic loading tests by 3.6% to 7.6%. The fmax in the test were not only much
smaller than the limit of AISC 341-22, but also smaller than the empirical envelope in the literature. The
current standards do not consider the strain rate effect and results of quasistatic testing may underestimate
the actual compressive overstrength of BRB specimens in dynamic earthquake scenarios.

(4) While all BRB specimens demonstrated an excellent energy dissipation capacity, the moderate
strain rates significantly reduced the CPDs of the BRB specimens loaded at 1% and 2% strain amplitudes.
The empirical relationship obtained by fitting the test results of quasistatic loading tends to overestimate
the fatigue life of dynamically loaded BRBs.

(5) The assembled steel restrainers remained undamaged and could be reused after loading. High
strain rates did not result in more concentrated local buckling of the core plate. For most specimens,
fracture took place at the cross-section where the yielding segment meets the transition segment,
indicating a stress concentration there.

The above findings based on the present test may be subjected to certain limitations when applied
to other types of BRBs used in construction practices. The rate of heat transfer may differ for conventional
BRBs with conventional mortar-filled-tube restrainers. The type and grade of steels, core geometry,
cross-section dimensions and thicknesses of unbonding medium may also have something to do with the
strain rate and accumulated heat effects. Further experimental investigations are necessary to render a
more conclusive understandings of these effects.

It should also be noted that real seismic excitations typically involve a limited number of significant
inelastic cycles, which are fewer than the constant-amplitude cycles employed in the present test. As a
result, the heat accumulation in BRB cores during actual earthquakes would likely be lower than the
levels reached in this experimental study. In this regard, it would be helpful if such effects can be well

understood and incorporated in numerical models for seismic analysis of buildings equipped with BRBs.
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