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ARTICLE INFO ABSTRACT

The low cycle fatigue performance of metallic hysteretic dampers is widely concerned by researchers because the
energy-dissipation mechanism of these dampers primarily relies on inelastic deformations of metals. To examine
the low cycle fatigue performance of a metallic hysteretic damper for bridges, called the Transverse Steel
Damper (TSD), shake-table tests are conducted on a 1/35-scaled cable-stayed bridge model installed with two
types of TSDs with different yield strengths, and the bridge model is subjected to a series of ground motion
sequences including pulse- and non-pulse-like ground motions. After that, the post-earthquake capacities of TSDs
are further examined using monotonic quasi-static tests and compared with their pre-earthquake capacities.
Then, three theoretical methods in the literature, two of which are improved in this study, are used to assess the
fatigue performance of TSDs. The results indicate an excellent low cycle fatigue performance for TSDs, which
experienced more than ten strong shakings and almost remained the original performance without any fatigue
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1. Introduction

In the last few decades, the concept of structural damage control has
attracted wide attention from both academic and engineering commu-
nities. The goal of this concept is to limit the earthquake-induced da-
mages to specific components such as energy dissipation dampers for
the purpose of protecting super- and sub-structures. Under this back-
ground, a large number of damping devices especially passive dampers,
including viscous dampers, viscoelastic dampers, friction dampers, and
metallic hysteretic dampers, etc., have been widely used in bridge en-
gineering and structure engineering [1-4] due to their easy construc-
tions and convenient implementations. Among these passive dampers,
the metallic hysteretic dampers that dissipate seismic energy through
inelastic deformations of metals have been proved to be superior in
economy, durability, and reliability and so forth [5-7]. Since Kelly et al.
[8] put forward the concept of energy absorption using metallic dam-
pers in 1972, a variety of metallic hysteretic dampers were proposed
and studied by researchers through experiments and/or numerical si-
mulations. According to the yielding mechanism, these hysteretic
dampers can be generally categorized into four types, including the
bending-type such as steel plate/bar energy dissipation devices [9-13],
the axial compression-tension type such as Buckling Restrained Braces
(BRBs) [14], the shear-type such as Shear Panel Dampers (SPDs) [15]
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and the torsion-type such as torsional beam et al. [16]. Recently, Shen
et al. [17] developed a bending-type device called Transverse Steel
Damper (TSD), which adopts triangular steel-plates as energy-dissipa-
tion components, for the transverse seismic mitigation of cable stayed
bridges. The TSDs can freely accommodate the longitudinal movement
of bridge decks under service condition loads. This unique property
distinguishes TSDs from existing bending-type devices. The authors
have performed a series of quasi-static and shake-table tests and asso-
ciated numerical analyses to verify the excellent dissipation capacity of
TSDs [17,18]. A noted limitation in the previous studies is the lack of
experimental verification on the low cycle fatigue performance of TSDs,
which provides the motivation of the current study.

Since the energy dissipation mechanism of metallic hysteretic
dampers primarily relies on inelastic deformations of metals, their low
cycle fatigue issues have been concerned by many researchers [19-23].
In particular, multiple strong aftershocks may occur shortly after a
destructive main shock [24]. For example, the 2015 Nepal earthquake
witnessed seven sequential strong motions (moment magnitude,
M,, > 5.3) near Gorkha from April 25 to 27 [25]. Also, in the 2016
Kumamoto earthquake, three strong shakings (M,, > 6) occurred in
Kyushu Island within only three days [26,27]. Therefore, dampers in
bridges located in these seismic-prone areas may experience multiple
excitations during their service lives. Under such frequently sequential
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shakings, in general, there is no opportunity to repair or replace those
impaired dampers in gaps of these shakings. Therefore, an excellent and
reliable low cycle fatigue performance should be possessed by metallic
hysteretic dampers.

There are a few requirements for the low cycle fatigue performance
of metallic hysteretic dampers in various seismic design specifications.
For example, the American Institute of Steel Construction (AISC) sti-
pulates that BRBs should sustain cumulative inelastic axial deforma-
tions at least 200 times of their yield deformations [28]. In Chinese
specification [29], an index called Equivalent Hysteretic Cycles (EHCs),
which should not be less than 30, is used to assess the low cycle fatigue
performance of metallic dampers. Aside from these stipulations, some
notable research has focused on the low cycle fatigue issues of metallic
hysteretic dampers in recent years [14,30-32]. For example, Usami
et al. [14,23] and Wang et al. [32] investigated the low cycle fatigue
performance of BRBs under variable and constant strain amplitudes
using quasi-static tests, and they pointed that the BRBs installed in
structures should withstand strong earthquakes three times without
replacements. In their studies, an index named Cumulative Inelastic
Deformation (CID) was adopted to assess the low cycle fatigue perfor-
mance of BRBs, and 0.7 is recommended as the ultimate value of CID
for BRBs. Xu et al. [33] investigated the low cycle fatigue performance
of low-yield-point SPDs using reversed cyclic loading quasi-static tests.
Camara et al. [34] theoretically evaluated the low cycle fatigue per-
formance of a bending-type device using a strain-based method. In
short, existing studies mainly focus on the low cycle fatigue perfor-
mance of axial compression-tension-type (e.g., BRBs) and shear-type
(e.g., SPDs) metallic hysteretic dampers using quasi-static load-pat-
terns, while relatively few experimental studies focus on the low cycle
fatigue performance of bending-type metallic hysteretic dampers such
as TSDs. Moreover, the real scenario of dampers experiencing ground
motions can be better reproduced by shake-table tests. Therefore, it is a
better way to assess low cycle fatigue performance than conventional
quasi-static tests.

This paper aims to examine the low cycle fatigue performance of
TSDs using shake-table tests. Two sets of TSDs with different yield-
strengths are separately installed on a 1/35-scaled cable-stayed bridge
model, which is subjected to ground motion sequences in the Multi-
functional Shaking Table Lab at Tongji University, Shanghai, China.
After that, the post-earthquake capacities of the tested TSDs are as-
sessed using monotonic quasi-static tests. Then, the abovementioned
three theoretical methods, including the strain-based, the CID-based
and the EHC-based methods, together with assistance of numerical si-
mulations, are adopted to assess the low cycle fatigue performance of
TSDs.

2. Test program
2.1. Descriptions of shake-table tests and TSDs

A 1/35-scale model of the Sutong Bridge (a cable-stayed bridge with
a main span of 1088 m) was designed. Fig. 1 schematically shows the
layout of the shake-table test and configurations of deck-bent and
—tower connections. As shown in Fig. 1(a), the total length of the test
model is 59.66 m, and the height of towers is 8.58 m. Four shake-tables
(A to D) are used in the test. Bents 1 and 2 are mounted on Table A, and
Tower 1 is mounted on Table B. Fig. 1(b) and (c) shows deck-bent/
tower connections. As shown in these figures, TSDs are placed at deck-
bent and -tower connections in the bridge model as energy dissipation
device, and the layout of TSDs is as follows: one TSD is placed at each
deck-bent connection in parallel with two sliding spherical steel bear-
ings, while two TSDs are installed at each deck-tower connection. Note
that for the purpose of conciseness, only key information of the shake-
table test is introduced here, while other detailed information can be
found in [18].

Fig. 2 presents the full view of the test model and the detailed deck-
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bent/tower connections. Since the deformation of TSD at Bent 2 is
slightly larger than those at Tower 1 and Bent 1 under the selected
seismic inputs (presented in Section 2.3), the TSD located at Bent 2 is
selected as the main research object. Detailed configurations of the
deck-Bent 2 connection and measurements are illustrated in Figs. 1(b)
and Fig. 2(c). The displacement of TSD was measured by a string po-
tentiometer. Additionally, tri-axial-force sensors were placed at bottoms
of the TSD to measure horizontal forces transferred from deck to bents
and towers.

Fig. 3 presents the detailed configuration of the tested TSD, namely,
one TSD consists of two parallel triangle-steel-plates, each with a width
of 7 cm, a height of 11 cm and a thickness of 0.3 cm. To examine the low
cycle fatigue performance of TSDs with different yield strengths, two
sets of TSDs (named TSD-1 and TSD-2) are installed separately on the
bridge model. Note that the triangle-steel-plates in the TSD-1 and TSD-2
have identical geometric dimensions, while different yield strengths
(i.e., 326 and 193 MPa for TSD-1 and TSD-2, respectively). Table 1 lists
the geometric parameters and configuration of the tested TSDs.

2.2. Properties of TSDs

To obtain mechanical parameters of the studied TSDs, including
yield-strength, pre- and post-yield stiffness, three samples of TSD-1 and
three samples of TSD-2 are randomly selected to carry out quasi-static
tests. Theoretically, the two parallel plates in a TSD move synchro-
nously under horizontal loads [17]. Therefore, only one triangular steel
plate was tested for simplicity, and the lateral force of one TSD is twice
as large as that of one plate. As schematically shown in Fig. 4, a sim-
plified monotonic loading device is designed which is composed of the
iron shelf, pulley, steel wire, weights, and pallet. The load is transferred
to the TSD through the steel wire across the pulley. The horizontal
displacement at the plate top is monitored by a string potentiometer. In
addition, strains at different locations of the triangular plate bottom
were also recorded to validate the ABAQUS numerical model for TSD,
which will be introduced in Section 4.1.3.

Regarding the loading protocol of the monotonic loading, a 3kg
pallet is loaded to TSD at first, followed by the load increment of
4.85kg. The test is completed when the recorded horizontal displace-
ment of TSD reaches its design displacement. In this paper, the design
displacement of TSD-1 and TSD-2 is 4.7 cm, which is determined by two
principles as described in [17]. One is to retain the integrity of the TSD,
namely preventing the hemispheres from jumping out of the steel
blocks (refer to Fig. 3). The other is that strains at the bottom of the
triangular steel plate corresponding to the design displacement should
be less than its ultimate strain.

Fig. 5 shows global force-displacement curves of TSD-1 and TSD-2.
The dotted lines represent the measured results from the quasi-static
tests. The equivalent bilinear force-displacement relationship of the
TSD can then be estimated by the records. The mechanical parameters
of TSD-1 and TSD-2 are listed in Table 2.

2.3. Ground motions and loading scheme

To examine the low cycle fatigue performance of TSDs under dif-
ferent ground motions, four ground motions are selected from the
PEER-NGA ground motion database [35], including the far-field ground
motions (#1, San Fernando and #2, El Centro), the near-fault non-
pulse-like one (#3, Chi-Chi) and the near-fault pulse-like one (#4,
Landers). Table 3 lists the information of these records, including sta-
tions, record sequence number (RSN), average shear wave velocity at
top 30m of the site (Vi30), magnitude (M,,) and source distance (R).
Fig. 6 indicatively displays the time-compressed ground motions scaled
to the same Peak Ground Acceleration (PGA) (i.e., 0.5 g). Note that the
scale-factor for durations of ground motions is 0.169 determined by the
similarity design of the test model [18].

Fig. 7 illustrates acceleration spectra of these time-compressed



L. Zhou, et al.

5965.8

Engineering Structures 196 (2019) 109328

K
£
K

v
7

I I
1

4 7
285.8 1142.8

3108.6

’l', /lll
1142.8 285.8

3200

(a) Elevation view (unit: cm)

TSD

Cross beam
Tower column

(b) Deck bent connection (¢) Deck tower connection

IT Force sensor (FS)
= String potentiometer (SP)
= Sliding spherical steel bearing (SSSB)

:E Transverse Steel Damper (TSD)

Fig. 1. Layout of the 1-35 scale model and illustration of deck-bent/tower connections.

ground motions with a damping ratio of 3%, together with the first
transverse period of the test model bridge equipped TSDs (i.e., 1.92s)
[18]. As shown in this figure, the values of acceleration response
spectra of San Fernando and Landers ground motions near the first
transverse period of the test model are obviously greater than that of El
Centro and Chi-Chi. Therefore, the first two ground motions can trigger
larger displacements of TSDs.

To enhance the verification of fatigue performance of TSDs under
different ground motion sequences, two quite different synthetic
ground motion sequences are adopted as excitations. The ground mo-
tion sequence S1 shown in Fig. 8 consists of 0.5 g Landers (repeated five
times), 0.3 g San Fernando (repeated three times) and 0.5g San Fer-
nando (repeated three times), which can compel the TSD experience
quite large displacement amplitudes. The ground motion sequence S2
shown in Fig. 9 is orderly comprised of 0.5 g El Centro, 0.5 g Chi-Chi,
and San Fernando (gradually increased PGA) ground motions, which
can compel the TSD experience the displacements with a gradually
increasing trend in general. As aforementioned, two types of TSD
(named TSD-1 and TSD-2) are tested, which are installed in the bridge
model separately. The sequences S1 and S2 were adopted as the ex-
citation for the case with TSD-1 and TSD-2, respectively. It is worth

MTS shake-table

Table size: A,B,C,D 4mx6m

Bearing capacity: A,D 40ton
B,C 70ton

Triangular
steel plate

Temporarily fixed component >Bottom plate

Fig. 3. Configuration of the tested TSD.

Fig. 2. Photos for shake table test: (a) full view of the test model, (b) Deck-Tower 1 connection, and (c) Deck-Bent 2 connection.
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Table 1
Geometric parameters and configuration of two types of tested TSD.

Engineering Structures 196 (2019) 109328

Height/cm Width/cm Thickness/cm Number of triangular plates Yield strength of steel for triangular plates/MPa
TSD-1 11 7 0.3 326
TSD-2 11 7 0.3 193

noting that the purpose of using different ground motion sequences for
different sets of TSDs is to form a wide range of cases as far as possible.

3. Test results
3.1. Displacement response and hysteretic behavior of TSDs

Fig. 10 presents seismic responses of TSD-1 under the ground mo-
tion sequence S1. Fig. 10(a) shows displacement time-histories of TSD
under each ground motion, together with the peak maximum/minimum
displacements and the residual ones. It is clear that a gradually in-
creasing trend is observed in the residual displacements. In addition,
the pulse-like Landers ground motion triggers obvious displacement
pulses, which results in less hysteretic cycles as shown in Fig. 10(b). By
contrast, the TSD undergoes more hysteretic cycles with large de-
formations under the non-pulse-like San Fernando ground motion, since
it contains more low-frequency components than other three ground
motions. More importantly, as presented in Fig. 10(c), stable and nearly
coincident hysteretic curves of TSD-1 under the last two shakings
(S1-10 and S1-11) are recorded, which preliminarily indicates that no
fatigue failure occurs in the TSD-1. In addition, the plump hysteretic
curves represent the excellent energy dissipation capacity of TSDs.

Fig. 11 shows seismic responses of TSD-2 under the ground motion
sequence S2. The peak displacements and residual displacements of
TSD under S2 are also presented in Fig. 11(a). Similar to the above
results, residual displacements with an increasing trend are observed. In
addition, stable and nearly coincident hysteretic curves are recorded
under the last two shakings (S2-12 and S2-13), which also indicates
that no fatigue failure occurs in TSD-2.

Fig. 12 quantifies the dissipated energy of TSD-1 and TSD-2 under
each ground motion. The energy is calculated as the total area of the
force-displacement hysteretic loops. Considerable differences on the
dissipated energy are detected among El Centro, Chi-Chi, Landers and
Fernando ground motions, although they have an identical PGA of
0.5 g. This result indicates that PGA is not an optimal intensity measure
for predicting the energy dissipation of TSDs under earthquakes. Fur-
ther studies are required to assess effects of other characteristics of
ground motions and dynamic properties of structures on energy dis-
sipation properties of TSDs.

String potentiometer

strain gauges

(a) Illustration for the load system

1.4
12
1.0
Zos |
3
5 06 - 2
. [ ---- TSD-1#1 ---- TSD-2#1
04 - ~ - TSD-1#2 -----TSD-2#2
o2 LS |- TSD-1#3 -~ TSD-2 #3
—— Equivalent bilinear
0.0 : - - : -
0 0.01 0.02 0.03 0.04 0.05 0.06
Displacement/m
Fig. 5. Force-displacement relationship of TSDs.
Table 2

Mechanical parameters of TSDs.

Yield strength, kN Pre-yield stiffness, kN/ Post-yield stiffness, kN/

m m
TSD-1 0.74 73 13.5
TSD-2  0.54 69 10.7

Table 3
Information of the adopted PEER-NGA ground motion records.
# Earthquake, Year Station RSN Vgo(m/s) M, R (km)
1 San Fernando, 1971 LB-Terminal 69 217.92 6.61 58.99
Island
2 Imperial Valley-02, El Centro 6 213.44 6.95 6.09
1940
3 Chi-Chi, 1999 TCU129 1549 511.18 7.62 1.83
4 Landers, 1992 Lucerne 879 1369.0 7.28 2.19

3.2. post-earthquake observation of TSDs

Fig. 13 shows the post-shaking deformation of TSDs at different
connections after experiencing the sequences S1 and S2. Due to the
symmetry of structure, only TSDs at deck-Bent 1, deck-Bent 2, and
deck-Tower 1 connections are presented. Except for the observed

X&miometer
1 K
Triangular stgel plate 4y

(b) Photo of the quasi-static test

Fig. 4. Load scheme and device in quasi-static tests for TSD.
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pressed ground motions with PGA = 0.5g.

residual deformations, no other physical damages such as fracture or
crack were observed in the tested TSDs. As seen in Fig. 13, almost the
same residual deformation was captured for the two pieces of triangular
steel plates in a TSD at deck-Towerl connections after shaking. The
observed slight difference of the residual deformation for the two pieces
of steel plates in the TSD at deck-Bent 2 (marked in bold) may owe to:
(1) variation in steel yield-strength results in the strength difference
between the two pieces of triangular steel plates; and (2) a slight
manufacturing error in the size of triangular steel plates and hemi-
sphere at the top of plate. In addition, load paths from the deck to
bents/towers were never interrupted during the tests, which also im-
plies that the TSDs reserved their full functions during shakings.

Ordert- S1-1 S1-5 | S1-6

51-8 | S1-9 —
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3.3. Post-earthquake capacity of TSDs

To further inspect the potential damage state of TSD-1 and TSD-2
after experiencing ground motion sequences and to assess their post-
earthquake capacities, monotonic loading tests using the simplified
loading device as previously shown in Fig. 4 were performed along the
residual deformation direction of TSDs. As shown in Fig. 14, for com-
paring with the pre-earthquake performance of TSDs, the recorded post-
earthquake capacity curves of TSD-1 and TSD-2 are compared with
their pre-earthquake capacity curves (previously shown in Fig. 5). As
can be seen from these comparisons, no strength or stiffness degrada-
tion occurs in the TSDs although they experienced a series of ground
motions, which could further indicate that no low cycle fatigue failure
occurs in TSDs. By contrast, a slight hardening of post-yield stiffness of
TSDs is observed. In addition, the dynamic force-displacement skeleton
curves of TSD-1 and TSD-2 obtained from their hysteretic loops under
the S1-11 and S2-13 are compared with the pre-earthquake capacity
curves. In general, good agreements are achieved, which can validate
the reliability of bilinear constitutive models of TSDs. Note that the
post-earthquake capacity curves and in-earthquake skeleton curves of
TSDs with residual deformation are also shown in the gray region of
each subfigure as a supplement. The residual deformation of TSD under
each ground motion are marked in Figs. 10(a) and 11(a).

4. Assessments on the low cycle fatigue performance of TSDs
4.1. Assessment using the strain-based method

4.1.1. Introduction of the strain-based method

A strain-based model for the low cycle fatigue life prediction was
first proposed by Monson in 1952 [19], which has been extensively
calibrated and widely used for steel specimens subjected to constant
plastic-strain ranges [14,34,36]. In this model, the fatigue life is directly
related to the plastic strain range, as expressed in Eq. (1).

1 Asp

1

N 2 2&}-] 1
where Ny is the fatigue life or the number of load cycles to fatigue
failure; Aeg, is the plastic strain range which is equal to the positive
plastic strain amplitude (g,,) plus the absolute value of negative plastic
strain amplitude (g,-); ¢ is fatigue ductility coefficient equal to the
failure strain for a single reversal; and c is the fatigue ductility ex-
ponent.

Actually, structural components will experience non-constant cyclic
strains during earthquakes. To evaluate the cumulative damage of these
components, a common method using the Miner’s rule [37,38] is
adopted, which assumes that the cumulative damage (D,) imposed on
the structural component is equal to the linear summation of all damage
fractions (D,,), as expressed in Eq. (2).

nt

< 1
De= 2 Dn= 2 (s

m=1 m=1

(2

where 7, is the total number of cycles during cyclic loading; and (N}),, is
the fatigue life corresponding to the plastic strain range in the m™ cycle.
Failure is assumed when D, exceeds unity (i.e., 1).

Fig. 8. Ground motion sequence S1 for TSD-1.

Landers, 0.5g San Fernando, 0.15g

San Fernando, 0.5g
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Fig. 9. Ground motion sequence S2 for TSD-2.
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Fig. 10. Seismic responses of TSD-1 under earthquake sequence S1: (a) displacement time-histories; (b) and (c) hysteretic curves of TSD-1 under Landers (S1-1) and

San Fernando (S1-10 and S1-11), respectively.

4.1.2. Improvements for the strain-based method

In engineering applications, however, the evaluation of damage or
fatigue life through plastic strains is less convenient as compared to that
through plastic displacements, because displacement responses rather
than strains are much easier to obtain. In this regard, Eq. (3) is adopted

displacement demands of the triangular steel plate are obtained, the
low cycle fatigue performance can be then evaluated using Egs. (1) and
(2), as adopted in [34].

u(t) xt
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Fig. 11. Seismic responses of TSD-2 under earthquake sequence S2: (a) displacement time-histories; (b), (c), and (d) hysteretic curves of TSD-2 under El Centro (S2-
1), Chi-Chi (S2-2), and San Fernando (S2-12, S2-13), respectively.
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TSD-2 after S2

TSD-1 after S1

Fig. 13. Deformation mode of TSDs after experiencing the ground motion se-
quences S1 and S2.

where £(t) is a plate-bottom strain at t time; u(t) is the horizontal dis-
placement of plate-top at t time; t, and H, is thickness and height of a
plate, respectively.

However, Eq. (3) can merely be applied in the cases when the steel
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is in the elastic state, while for TSDs undergoing apparently inelastic
deformations, the strain-displacement relationships should be nonlinear
and there were no mathematical formations for such nonlinear re-
lationships. Therefore, it is very necessary to establish such relation-
ships. In general, the numerical fitting is a feasible way for establishing
the relationship between the strain and displacement, which can be
expressed in a uniform formula as shown in Eq. (4). The plastic strain
range of TSD within any n* cycle can then be calculated by the dis-
placement amplitude as shown in Eq. (5), which is derived from the
definition of plastic strain range. A practical prediction model of low
cycle fatigue is subsequently developed as expressed in Eq. (6).

e() = f () (4
(Agp)n = f(ur?)

Flu) + f(ugl) = 2e), lufl, lu;l > uy,and uf-u, <0
If Qu 1) = f (ug D,

fmax(lufl, lug 1) — gy, luflor luyl > u,

+ - +.,—
lugl, luyl > uy, and u;-u; >0

0, luil and lu,| < uy
5)
a
N = 2Ly
27 2 Q)]

where (Ag,), and u,; are the plastic strain range and displacement am-
plitude in the n™ cycle, respectively; ;" and u,, are the displacement in
the crest and trough of n™ cycle, respectively; g, is the yield strain of
steel; and u, is the displacement at plate-top corresponding to the steel
yield-strain, which can be calculated by Eq. (7) for the triangular plate.

& X Hy
t @

uy

4.1.3. Assessment procedures and results

As mentioned in Section 4.1.2, the relationship between the strain at
the bottom of a triangular steel plate and the displacement at its vertex
should be established at first before assessing the low cycle fatigue
performance of TSDs. These two data can be obtained by numerical
analyses using ABAQUS [39], and then the strain-displacement re-
lationship can be determined by the numerical fitting.

Taking the two types of TSDs in this study as examples, their three-
dimensional finite element models are established using ABAQUS
software, as indicatively illustrated in Fig. 15. In these numerical
models, the plate is modeled using the shell element. A displacement-
controlled monotonically lateral loading pattern is applied at plate-top,
and the plate bottom is fixed. A bilinear stress-strain constitutive for
metal material is adopted. For the TSD-1, the measured yield strength
and Young’s modulus are 326 MPa and 205,000 MPa, respectively,
while those are 193 MPa and 222,950 MPa for the TSD-2. For both
types of materials, the ultimate strain and harden ratio are 0.15 and
0.00423, respectively.

To validate the numerical models in ABAQUS, Figs. 16 and 17
present comparisons between numerical and quasi-static-test results of
TSD-1 in terms of global force-displacement curves and local strain-
displacement curves. Note that the displacements represent the re-
sponses at the vertex of the triangular plate while the strain represents
the responses at the midpoint of plate bottom. In general, good agree-
ments between the numerical and experimental results are achieved
from a quick view of these two figures, which validates the ABAQUS
numerical models.

Based on the validated numerical models in ABAQUS, Fig. 18 shows
the strain-displacement relationships of TSD-1 and TSD-2 determined
by the numerical fitting. It is clear that the strain responses are ob-
viously underestimated by Eq. (3) especially in the plastic deformation
stages, which consequently overestimates the fatigue life of TSDs
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Fig. 14. Skeleton curves of the TSDs at different states.

according to Eq. (1).

Once the strain-displacement relationships are obtained, the low
cycle fatigue performance of TSDs can be assessed using Egs. (5) and (6)
as well as Eq. (2). As shown in Eq. (6), the decrease of c and z}will result
in a decrease of fatigue lifeN;, which leads to an increase of cumulative
damage index, D.. For most metals, the value of exponent c varies be-
tween —0.5 and —0.8, and an average value of ¢ = —0.6 is commonly
assumed for steel [36]. Note that Manson [40], Camara [34], Mander
[41], and Ou [42] recommended c values of —0.6, —0.55, —0.486, and
—0.4112, respectively, which are adopted in this study. In addition, the
value of ¢ is also directly related to the properties of steel materials. In
this paper, ¢; is conservatively taken as 0.15 [43-45].

Combined with the measured displacement time-histories of TSD-1
and TSD-2 and the established strain-displacement formulas shown in
Fig. 18, the cumulative damage indexes of the two types of TSDs under
ground motion sequences S1 and S2 can be calculated, respectively,
using Egs. (5), (6) and (2). Table 4 lists the cumulative damage index D,
of TSD-1 and TSD-2 corresponding to different c values. In general, the
D, values of TSD-1 and TSD-2 are less than unity, which indicates that
no fatigue failure occurs in TSD-1 and TSD-2 though they experienced
11 and 13 times strong shakings, respectively. This conclusion can also
be validated by three reliable proofs presented in Section 3, namely (1)
For the tested TSDs, no other physical damage except residual de-
formation was observed at the end of tests; (2) The stable and nearly
coincident hysteretic curves of TSDs under last two loadings are ob-
served; (3) No strength or stiffness degradation occurs in the post-
earthquake capacity curves of TSD-1 and TSD-2.

In addition, as can be seen from Table 4, the unimproved method
(using Egs. (3), (1) and (2)) obviously underestimate the damage index

Displacement-controlled load pattern

Element mesh

Boundary conditio

ns

0.8

o
=)
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Force / kKN
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—— Numerical
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2 3 4
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=

16. Force-displacement curves at the plate top (TSD-1).
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Fig. 17. Strain-displacement curves at the plate-bottom-midpoint of TSD-1.

Stress

Fixed 4—/
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Fig. 15. Finite element model of TSD.
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Numerical Fitting Equation (3)
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Fig. 18. Strain-displacement relationships of TSDs.

D, resulting in a perilous evaluation of low cycle fatigue performance,
which is caused by the obviously underestimated strain response using
Eq. (3) as shown in Fig. 18.

4.2. Assessment using cumulative inelastic deformation

The cumulative inelastic deformation (CID) is another widely used
method to describe the plastic capacity of the metallic dampers, which
is defined as Eq. (8) [46].

e
CID = ) Aeyt
m=1 (8)

where n, is the total number of loading cycles of a specimen with plastic
deformation. Agy is a total plastic strain in the mt cycle, which is the
summation of positive plastic strain amplitude (¢,,) and the absolute
value of negative plastic strain amplitude (g,_).

Table 5 lists the TSD-experienced inelastic deformation and hys-
teretic cycles. As can be seen from these results, the maximal strain gy,
of both TSDs is up to 3%, and the CID values of TSD-1 and TSD-2 are far
larger than 0.7, which is a threshold of high-performance seismic
dampers proposed by Usami [47]. Moreover, these CID values are far
larger than 200¢, (0.318 for TSD-1 and 0.173 for TSD-2), which is a
threshold of low cycle fatigue performance for BRBs stipulated by AISC
[28]. Where ¢, is the yield strain of metal material, which is 0.00159
and 0.000866 for TSD-1 and TSD-2, respectively. These assessment
results indicate that TSDs possess good fatigue performance. Table 5
also summarizes the cumulative hysteretic cycles of TSDs under dif-
ferent plastic strain ranges Ag,. The nAgp>sgyand Nag,>16e,T€PrEsent the
hysteretic cycles of TSDs when the plastic strain ranges are not less than
8¢, and 16¢,, respectively.

4.3. Assessment using equivalent hysteresis cycles

In Chinese specification [29], the metallic hysteretic dampers shall
withstand more than 30 hysteretic cycles under design displacements.
Due to the fact that dampers are usually subjected to non-constant
displacement amplitudes under earthquakes, the equivalent hysteretic
cycles (EHCs) is proposed in this study based on the principle of equal
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Table 5
Cumulative inelastic deformation and hysteretic cycles of TSDs.
Test specimen n Nacp>sey Nacy>16ey Emax CID
TSD-1 110 27 6 0.032 1.732
TSD-2 173 85 48 0.030 3.279
Force/N A
F, A
Fy|-ou
D a
u, “s Dis/m
15, B

C E, = Area(ABCD)

Fig. 19. Energy dissipation capacity of TSD.

energy dissipation, as expressed in Eq. (9).

EHCs = CED

Ey 9

where CED is cumulative energy dissipation of dampers under earth-
quakes; and Ej is energy dissipation capacity of dampers corresponding
to its design displacement 14, which is illustrated in Fig. 19. Two main
principles are taken into consideration when determining the design
displacement of TSD. One is to retain the integrity of the TSD, namely
preventing the hemispheres from jumping out of the steel blocks. The
other is that the strain at the bottom of the triangular steel plate cor-
responding to the design displacement should be less than its ultimate
strain.

Combined with the mechanical parameters of TSDs listed in Table 2,
the energy dissipation quantity of TSD-1 and TSD-2 corresponding to
their design displacement (both are 4.7 cm) is 88.9J and 71.5J, re-
spectively. As presented in Fig. 12, the cumulative energy dissipation
quantity of TSD-1 under ground motion sequence S1 and TSD-2 under
S2 is 1969J and 3209 J, respectively. Using the definition of EHCs
described in Eq. (9), the EHCs of TSD-2 under ground motion sequences
S2 is around 45 cycles, which is far larger than 30 cycles as stipulated in
the Chinese specification [29]. Due to the imperfection of loading
scheme for TSD-1, the EHCs of 22 for TSD-1 is less than 30. None-
theless, the CID is far larger than 0.7 and 200g, as presented above. In
addition, it is worth noting that the EHCs of TSD-1 and TSD-2 corre-
sponding to fatigue-failure-state may be larger since these values are
calculated before the occurrence of fatigue failure in TSDs. Therefore,
the experimental results could reasonably conclude that TSDs possess
an excellent low cycle fatigue performance.

Table 4
Damage index D, of TSDs in different c values.
Specimen method ¢ value
—0.4112 [42] —0.486 [41] —0.55 [34] —0.60 [40]
TSD-1 Improved method 0.103 0.274 0.525 0.799
Unimproved method 0.022 0.079 0.184 0.315
TSD-2 Improved method 0.177 0.495 0.970 1.495
Unimproved method 0.052 0.183 0.413 0.695
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5. Conclusions

This paper aims to examine the low cycle fatigue performance of
TSDs using shake-table tests. Two sets of TSDs with different yield-
strengths are installed separately on a 1/35-scaled cable-stayed bridge
model, which is subjected to ground motion sequences in a four-shake-
table system. After that, the post-earthquake capacities of TSDs were
further examined using monotonic quasi-static tests. Then three dif-
ferent methods including improved strain-based method, cumulative
inelastic deformation (CID) and equivalent hysteretic cycles (EHCs) are
used to assess the fatigue performance of TSDs. The main remarkable
findings and conclusions are summarized as follows:

(1) No fatigue failure occurred in the tested TSDs even though they
experienced more than ten seismic excitations.

(2) The results obtained from the three theoretical assessment methods
indicate that TSDs possess an excellent low cycle fatigue perfor-
mance.

(3) It is practical for the improved strain-based damage assessment
framework. The low-cycle fatigue assessment methods summarized
in this paper can be applied in other types of metallic hysteretic
dampers.
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