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RC coupling beams have been reported to have had serious danges during the 2008
Wenchuan earthquake. Beams are very dif cult to repair onceracks occur. To improve
the ductility and reparability of the traditional RC couplg beam, a damage-controllable
hybrid coupling beam is proposed in this study. The hybrid copling beam couples
the wall limbs by a friction damper connected through steel bam segments. The
strength and stiffness of the friction damper are carefullgesigned to concentrate more
deformation on the damper. The friction mechanism could dsipate more energy than the
traditional RC coupling beam. The uncertainties introduak by the design process and
the inherent characteristics of traditional RC coupling keems or other types of dampers
are signi cantly reduced. High-strength bolts are used forall connections so that it
could be quickly replaced once any damage is observed after ra earthquake. In this
study, a friction damper using semi-metallic friction pla&s and stainless-steel shims as
the contact pair was tested at different loading rates. Theemperature was measured.
A thermal-mechanical model was then developed to correlat¢he dissipated energy
with the friction coef cient or friction force, which can beeasily incorporated into the
structural design process. Finally, the hybrid coupling btem was designed and tested
quasi-statically. The force, deformation, and energy dispation capacity were compared
with the traditional RC coupling beam, which also demonstrieed damage controllability
by using the proposed hybrid coupling beam.

Keywords: hybrid coupling beam, friction damper, damage contro llability, friction coef cient, temperature
dependency

INTRODUCTION

High-rise buildings often adopt the reinforced concrete (R&ear wall system as the lateral
force resistance member. The dual seismic defense meahainés, the coupling beams and the
shear walls, is particularly suitable to balance comforhfvand earthquake safety. During an
earthquake, the coupling beams are damaged rst, and theeesttiucture becomes more exible,
thus preventing high-frequency dominated energy enterimg $tructure. Therefore, the coupling
beam is often expected to be ductile, as suggested by manyseesign codedifternational Code
Council (ICC), 2015; MOHURD, 20169,However, more ductility of RC members implies more
damage, because the ductility relies on the crack of coaened yielding of steel rebars. Once the
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RC coupling beam cracks, it is very di cult to repair, as repatte To this end, this study proposes a friction damper using
in the 2008 Wenchuan earthquaké/ang, 200R semi-metallic friction plates and stainless-steel shimsthes
The coupling beam, once combined with dampers, also callecbntact pair. The dampers were tested at dierent loading
hybrid coupling beams, is appealing because of its damagates, and the temperature was measured. A thermal-medianic
controllability that is superior to traditional RC couplinggams. model was then developed to correlate the dissipated energy
Recent studiesHoprtney et al., 2007; Xu, 2007; Teng et al.with the friction coe cient or friction force, which can be
2010; Lu et al., 2013; Xu et al., 2pHave demonstrated that easily incorporated into the structural design process. Ikina
the ductility is greatly improved by use of dampers in thethe hybrid coupling beam was designed and tested quasi-
coupling beam. A viscoelastic coupling damper was employed sfatically. The force, deformation, and energy dissipat@pacity
Montgomery and Christopoulos (20139 enhance the seismic were compared with the traditional RC coupling beam, and
performance of high-rise buildings. The performance of twoconclusions are given to provide design guidance.
wall limbs coupled by the viscoelastic link under the wind
and the earthquake loads was also validated experimenelly.
self-centerinquamper using SMA wires for thepRC coupli)r:d\/lECHANlCAL BEHAVIOR OF FRICTION
beam has been developed to render the system a re-centeri&ﬁMPER
capability, which has been demonstrated e ective by expertmien ) S )
(Mao et al., 2012 More recently,Ji et al. (2017 proposed a Friction dampers are _featured W|_th an in nite |n|t|al_st| nes
short steel shear link to replace the entire RC coupling beanfnd almost constant slip force, which are very appealing tsecau
Both energy dissipation capacity and quick replaceability have larger stiness is helpful tp resist the wind .Ioad and small
been veri ed through quasi-static cyclic tests. A 1/2 s¢dteir-  ©F mod_erate earthquakes, while the constant §I|p force prevent
story specimen was constructed, which was installed with lowHnpredictable force transferred into the_ primary structural
yield steel coupling beam&fieng et al., 20)5The connection member due to the over-st.rength e ect. .Thls.study developed a
between the steel coupling beam and the RC shear wall workdfiction damper that works in the shear direction to adapt teth
well during the entire test. However, most of the con gurats deformat!on of coupling beams. Alth_ough_lt works in the_ shear
mentioned above lack replacement mechansim. The dampers &gformation mode, the con guration is similar to those wanlg
found di cult to be replaced once damaged. Moreover, somethe axial direction.
metallic dampers, although connected through bolts, perfedm
signi cant over-strength, making the connection damaged aCon guration of the Friction Damper
large deformations. The proposed shear-type friction damper is con gured as in
To solve these problems, the friction damper is oftenFigure 1 Itis primarily composed of ve parts, i.e., one T-shaped
employed. Theoretically, the friction damper has in nitefial  inner steel plate pasted with one piece of 2-mm-thick stainless
stiness, and a stable post-sliding force, which is superior testeel shim on each surface, two pieces of friction plates made o
other types of dampers in the coupling beam application, asemi-steel friction material commonly used as the brakes, and
demonstrated byAhn et al. (2013)and Ye et al. (2018)Most  two pieces of L-shaped outer steel plates having two restsainer
friction dampers are featured with a line type working in axialat both sides to con ne the friction plates from movement.
direction, such as the Pall friction dampeérdll and Marsh, 1992 The friction material contains steel bers, resin-basedtenial,
and the Sumitomo damperA(ken et al., 1998 They are often adhesives, rubber, and asbestos. Preliminary tests on tteriaia
combined with other mechanisms to realize more sophistitateshowed a stable friction coe cient, high-pressure resis@nc
behavior, such as the self-centering dampetigtrault et al., smallabrasion, and low friction noise. Bolt holes are placethe
2000 and the semi-actively controlled dampeKy and Ng, anges of the inner and outer plates through which the damper
2009. The energy can also be dissipated by the friction torquedan be connected to the main structures. Two friction paims ar
(Mualla and Belev, 2002or by the bolted connectionsLpo formed between the friction plates and the stainless-stepis
et al., 201}t The key to realizing a stable friction behavior is thelt should be noted that although the outer plate is also corgdct
materials of contact pair. Several types of friction matsrielve  with the friction plate, there is no relative movement on the
been examined extensively in the past two decades, includinigterface because of the restrainers. Two high-strengthshuflt
the semi-metallic friction material, metallic alloy maitdr iron-  Grade 10.9 penetrating all plates are used to provide the contact
based ceramic material, carbon-based composite matenél, apressure. The diameter of the high-strength bolts is 20 mm. In
so on (@ang et al., 2004; Gurunath and Bijwe, 2007; Yuworder to reduce the stress relaxation, six pieces of discgpare
et al., 2010; Latour et al., 2014; Lee et al., ROllGese studies used as the washers for each high-strength bolt, three pieces fo
examined the microscopic behavior of contact surface, suobach side. The three pieces of disc springs work in a parallebmod
as adhesion, abrasion, fatigue, corrosion, and so on, hygusi There is a slot for the bolts on the web of the inner plates and
scanning electron microscopy. In engineering practice, itldo the associated stainless-steel shims, because of whidhntre
be dicult to measure such behavior during an earthquake.plate can move smoothly in the shear direction. The dampers are
Instead, displacement, velocity, and force could be obthireem  usually installed after the construction of the primary sture.
the available design process. Therefore, relating fridtiemavior ~ When installing the damper, the components are rst assembled
to displacement, velocity, or the dissipated energy coulddrg v by the high-strength bolts with 10-30% of the expected load.
helpful for the design application. At this moment, the height of the damper shall be smaller than
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Plate  plates

FIGURE 1 | Con guration of proposed friction damper.

the installation space. After positioning the damper, the $olt
the anges of the inner and outer plates are securely tighdene
A slight sliding in the vertical direction is allowed. Thévee,
the holes in the friction plates and the slot in the inner plate
shall be large enough to accommodate such slippage. Once the
bolts on the anges of the inner and outer plates are tightened
the two high-strength bolts are screwed by the torque wrench
to the designed value. Two ways could be employed to achieve
the design contact pressure. One is to calibrate the relsliign
of the pressure with respect to the torque of high-strengthiol
(Cavallaro et al., 20)8The other is to relate the deformation of
disc springs to the pressure, and the sti ness of the disc spring
shall be veri ed experimentally.

50t Dynamic
Actuator

Loading Setup and Measurement Scheme

In order to demonstrate the mechanical behavior of the progose
friction damper and develop an equation to predict the behavio
for the design, cyclic tests were conducted. The test setup
given inFigure 2, where the friction damper is installed within
a pin-connected loading frame. The anges of the damper are

connected to the upper and lower connectors, respectively twhic  The loading pro le adopts 100 cycles of a sine wave with an
are further connected to the upper and lower jigs. The upper ji@mplitude of 40 mm in the actuator. The real deformation applied
is securely xed on the bottom ange of the loading beam. Toon the damper might be smaller due to the deformation of the
the left end of the loading beam is attached a dynamic actuatoloading frame and slippage on connecting surfaces. Di erent
The maximum force of the actuator is 50 tons, the stroke is1).5 loading frequencies, denoted &sare adopted, i.e., 0.02, 0.1,
and the largest loading rate is 0.6 m/s. The lower jig is A#dc 0.5, and 1.0Hz. The design tensile force of M20 Grade 10.9
to an adapter with free adjustability in the vertical direeti  high-strength bolt is 155 kN. Three levels of tighteningctr
With this mechanism of adapter, the high-strength bolts c&n b denoted ad>, are designed for each high-strength bolt, i.e., 80,
completely screwed to the design value before the instatiati 120, and 140 kN. Three specimens were tested, each with di eren
The adapter is xed on the top of the foundation beam, whichtightening forces. The loading sequence can be founthisle 1,

is securely xed on the strong oor by eight anchor rebarsiwé  where the averaged tightening force directly measured at th
diameter of 70 mm. The loading beam and the foundation beanbeginning of each test is also given.

are connected by two columns through four hinges. The inhere  The measurement scheme is relatively simple, as shown in
friction force provided by the loading frame can be ignoretieT Figure 3 where two displacement transducers are employed
distance between the hinges at both ends of a column is 2.07 to. measure the relative displacement between inner and outer
Considering the limited design stroke of the damper, 40 mm irplates, with two load cells to measure the tightening forces
this study, the vertical deformation introduced by the sedo of high-strength bolts and one Pt100 platinum resistance
order e ect is 0.4 mm, whose in uence on the lateral behaviorthermometer to measure temperature on the contact surfaee. T
of the damper can be ignored. thermometer is pasted on the back of one of the stainless-stee

_FIGURE 2 | Loading setup for the friction damper.
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TABLE 1 | Loading sequence and parameters. directions, respectively. A similar phenomenon can be obskerve
Soeci Load N o WP N T for the specimens S1 and S2. The reason behind this will be
pecimen no. - toadno.  Tame design actual ?  discussed in the section Friction Coe cient.
s1 1 P8o-f 0.02 80 79.5 0.02 )
2 P8O-f 0.1 80 g25 o1  Hysteretic Curves _
3 PSO-f 0.5 80 790 o5  The hysteretic curves for all tests are listedrigure 5 where
4 PBO-f 1 - 50 - the p|cf[ures in each row have |_dent|cal frequency but di erent
52 s P120-f 0.02 120 118.0 0.02 t!ghten!ng forces, whll_e those in each column have the same
6 P120-f 01 120 970 o1 t|ghten|qg fct>)rc|e but di erent lilr?quenmgs. Fgr I§ome tests t .
; 1201 0.5 120 1145 05 connection bolts were not well fastened, an slippage occurre
8 p120.f 1 120 920 10 such as the four tests of S3 and the test of S1 with a frequency
' ' of 0.02Hz. From the comparison, we can also observe that the
s3 9 P140-f 0.02 140 1285 0.02 . . . .
force degradation occurred if the loading frequency insezh
10 P140-f 0.1 140 144.5 0.1 . . : . .
or the tightening force increased. For the tests with a Ingdi
11 P140-f 0.5 140 132.5 0.5 S L
frequency of 1 Hz, signi cant vibration was observed aftacle
12 P140- f1 140 141.0 1.0

unloading-slipping action. One of the possible reasons is that
the stuck of the contact surface was suddenly changed and
the energy was released abruptly. However, details shall be
examined more closely on the microscopy mechanism, which

. 3 depends on the microscopic real contact area (Ar) and the
’E%'rsaprﬁgi’f;gt ‘ compatibility of the two sliding materialsR@abinowicz, 1995;

" L Williams, 2005; Khoo et al., 20).8NVhen the loading direction

> changes, the microscopic real contact area changes, andeso do
the friction coe cient. Therefore, a large oscillation whbioccur
when unloading. From these curves, the initial sti ness wias a
measured from each test. Generally, the initial sti ness did n
change too much. The averaged initial sti ness is 286 kN/mm an
the standard deviation is 11 kN/mm.

Friction Coef cient

To examine the variation of friction coe cient, the frictio
force corresponding to the maximum velocity or zero
displacement is selected and drawn kigure 6. Generally,
the friction coe cients were relatively stable for the
smaller loading frequencies such as 0.02 and 0.1Hz, and

shims, and there is a groove cut in the web of the inner plat§igni cantly degraded for larger frequencies of 0.5 andHz0

to host the thermometer. The force of the actuator is alsd "€ temperature histories are also given figure 6 The
synchronically measured in this measuring system. degradation of friction coe cient is correlated with the arease

in temperature.

FIGURE 3 | Measurement scheme.

Results .
The three specimens, 12 tests in total, were loaded cyylicalll hermal-Mechanical Model
Between two tests, there was a 2-h period to wait for the contad he friction coe cientis rstexamined atthe room temperata.

surface cooling down automatically to the room temperature. T avoid potential loading instability in the rst cycle, thiata
obtained from the rst three cycles are used. As shown in

Time Histories of Friction Forces for S2 Figure 7, the friction coe cients for the 12 tests are plotted
The friction force historiesF, of the four tests for specimen S2 with respect to the total tightening force. The friction cogient

with the tightening force of 120 kN are shown igures 4A-D  did not change signi cantly with the total tightening force
corresponding to the loading frequencies 0.02, 0.1, 0.51a&#w]  They varied between 0.361 and 0.447, and the averaged value
respectively. At the smaller loading frequencies, 0.02 ab#i®, is 0.408. Therefore, at the particular study, the contactqunes
there is a small variation in the skeleton curves. After I¥ifles, dependency can be ignored.

the maximum force changed by 16.8 and 18.6%, respectively, Several studies have regressed the friction coe cient with
for the two cases in the positive direction and 20.4 and 5.3% irespect to the pressure, temperature, and the dissipated energy
the negative direction. When the loading frequency incegas (Kato, 2001; Latour et al., 20141t is found that the

to 0.5 and 1 Hz, pronounced variation can be observed in theissipated energy, to some extent, can re ect such micro-
skeleton curves. For the test of 0.5Hz, it is 50.2% in the jpesit mechanism of contact surfaces as progressive wearing and
direction and 49.1% in the negative direction. For the test omaterial degradation. The correlation of the friction cogent
1.0Hz, they are 52.8 and 50.4% in the positive and negativeith the velocity and the dissipated energy is very appealing
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FIGURE 4 | Time histories of friction forces for S2.

because these variables can be easily obtained from thenityna Since the surface pressure or the tightening force has limite
time history analysis and thus can be directly used in thén uence on the friction coe cient, it is reasonable to take

design procedure.

The force of the friction damperfF, is rst written as
Equation (1) wherePy is the nominal surface pressure the friction coe cient can be expressed as a function of
force, and . is the e ective friction coe cient, which temperature, and the tting function is adopted as Equation
is a function of dissipated energ¥accy, and the nominal (3), wherea, b, ¢, and d are tting parameters andrl is the

the results of S2 for the recursive analysis and use the sesult
of S1 and S3 for the demonstration. As shownHFigure 8A,

velocity, vo, dened in Equation (2) where A is the measuredtemperature.
nominal amplitude.
o Dad’TCcd'” (3)
FDPo e (1) Four sets of parameters,[b, ¢, d] can be obtained at di erent
voD 2 fA (2) loading frequencies. These parameters, again, can be #¢kea
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FIGURE 5 | Comparison of hysteretic curves.

functions of nominal velocity, expressed as Equations (4-7) whereq; D 0.01329g, D 0.0055503 D 4.984,and @4 D
12.19. Note that the units used during the above regression

a(Vo) = pVoCp, 4) procedure are kilojoule, centigrade, millimeter, and seton
To demonstrate the e ectiveness of the proposed thermo-
b(vo) = P3VoCpy ©) mechanical model, the above equations are applied for the cases
cD 20 (6)  with di erent tightening forces; the results are shownfigure 9,
dD 0.14 (7) andthe tting curve agrees well with the measured data for the

S1 case, with all di erences5%. For S3, however, the di erence
wherep; D 0.002518p, D 0.3979,p3 D  0.00001, and ?s much Iarger. The maximum di erence is 31%..T'he reason
ps D 0.000255. According to the thermodyanmics, the increasg that the tightening force Was_too big for the friction plate
of temperaturel T is related to the energg, as shown in and the plate_ was damaged fiurlng the test_. The recommenc_ied
Figure 8B Similar as the above procedure, Equation (8) can bgressurg design value by the I\/!anual of de3|gn_and const_nmct_lo
recursed as: or passive-controlled structureThe Japan Society of Seismic

Isolation, 2008 is 5-15 MPa. In the following hybrid coupling

beam, the pressure was pre-loaded to 5 MPa.
G(1T)DK1TCI

k and| can be also expressed as the functions of the nominz!l'ﬂYBRlD COUPLING BEAM INSTALLED

velocity, as Equations (9, 10): WITH FRICTION DAMPER
Design of Specimens
k(vo) DayIn(vo)Caj (9  The eectiveness of the friction damper is examined
[(vo) DggIn(vo)Ca, (10) experimentally by a substructure test of the coupling beam.
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FIGURE 6 | Variation of friction coef cients:(A) f D 0.02Hz; (B) f D 0.1Hz; (C)f D 0.5Hz; (D) f D 1Hz.

FIGURE 7 | Variation of friction coef cient with respect to total tighéning force.

FIGURE 8 | Regression of friction coef cient using S2 data{A) Friction coef cient related temperature;(B) Temperature incremental related to accumulated energy.

Frontiers in Materials | www.frontiersin.org 7 July 2019 | Volume 6 | Article 135



Wang et al. Hybrid Coupling Beams With Friction Dampers

FIGURE 9 | Validation of recursive formula(A) S1 at loading frequency of 0.1 Hz;(B) S3 at loading frequency of 0.1 Hz.

Two 2/3 scaled coupling beam specimens were designed:
being a traditional RC coupling beam and the other being
hybrid coupling beam with similar dimensions, as shown in
Figures 10A,B respectively. The span-to-height ratio of the R
specimen is 2, and the thickness of the slab is 70 mm. The scaled
coupling beam is 240 mm thick and 675 mm high, with a span o
1,350 mm. The demands of the shear force and bending moment
for the scaled model are 425.8 and 134.8 kN, respectively. The
design satis ed the concrete design code and the seismigrdes
code of China IlOHURD, 2016a,h All longitudinal rebars in
the coupling beam, boundary elements, wall limbs, slab, dialgo
strut, and connection beams were HRB400, while the rest wefe
HRB335. The concrete was C30. When fabricating the specimen,
each diagonal strut was replaced by a pair of rebars because of
the limited space of the scaled model, and the cover thickness
was chosen as 20 mm. The anchorage length was not scaled to
avoid bond slippage failure, which was 600 mm. The sti ness was
calculated as 420 kN/mm.
The RC part of the hybrid coupling beam has the same design
as the RC coupling beam. The friction damper was placed
the mid-span of the beam. The anges of the friction dampe
were modi ed as the wide ange steel beams and connected the
connecting beams with the same cross-section of W57240
20 20mm. Grade 10.9 high-strength bolts with a diamete
of 20mm were used to connect the damper to the connectin
beams at both anges and the web. It was supposed that a rigjd
connection could be realized. The steel connecting beam was
welded to an end plate with a thickness of 30 mm. The end plate
was embedded into the RC wall through with a 25-mm-thic
steel plate to sustain the shear force and ve pairs of anclerag
rebars to take the bending moment. The anchorage rebars were
25mm in diameter and 740 mm in length. The damper slip
force was taken as 80% of the design value of the RC couplinigsign code of steel structures of Chind@HURD, 2017. It
beam to avoid concrete damage introduced by uncertainties ghould be noted that the friction damper would concentrate mor
friction behavior. The connecting beam and the bolt conimtt deformation within a much smaller span than the RC coupling
were designed using 1.4 times of the damper slip force and thgeam. To avoid serious slab damage, the RC slab was separated
associated bending moment, considering the di erence betwe from the steel coupling beam, and the 35-mm gap was inserted
static and dynamic friction coe cients. The anchor desigmok  between them. However, to maintain the same architectural
2.0 times the slip force of the damper. All the steel used forequirement of space, the total height of the hybrid coupling
the hybrid coupling beam were Q345. The design satis ed theeam including the slab was not changed, and the calculated

FIGURE 10 | Design of specimen:(A) RC coupling beam;(B) Hybrid coupling
beam.
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displacement transducers to measure the relative deformstbd

the overall coupling beam, the connecting beams, and thidric
damper. Vertically, there are two displacement transducers to
measure the relative rotation between the wall limbs. Diedjy,
there are two pairs of diagonal transducers to measure tharshe
deformation of steel connecting beams and the RC coupling
beam. For the hybrid coupling beam, the bending deformations
of steel connecting beams were also measured. Togetherheith t
transducers, the actuator force was also synchronicallysored

by using the same data acquisition system.

Discussion of Experimental Results
The RC coupling beam was loaded to an amplitude of 1/30.
When loading in the negative direction of the rst cycle, the
lateral force dropped quickly from 659 to 400 kN. Because
a large crack occurred in the RC wall, the loading was
stopped. The hybrid coupling beam was also loaded to an
amplitude of 1/30. Dierent from the RC coupling beam,
the hybrid coupling beam survived after two cycle loadings,
and the bearing force was observed to be quite stable. The
loading was stopped because it almost reached the stroke of
the actuator.

The hysteretic curves are shown Higures 13A,Bfor the
RC coupling beam and the hybrid coupling beam, respectively.
The peak forces of the RC coupling beam are 648 and

659 kN, respectively, in the positive and negative directions.
However, the design force was 426 kN. The over-strength
ratio is about 1.5, which cannot be predicted without real
loading. The hybrid coupling beam performed very stably. The
maximum forces are 348 and 298 kN in the positive and
negative direction, respectively. Due to the asymmetry ef th
loading device, the forces in the positive and negative doest
are inconsistent, and the curve is asymmetrical. Congideri
the design value, 341 kN, the maximum di erence is 12.6%.

FIGURE 11 | Loading setup.

sti ness was similar to the RC coupling beam, with the di erence
being< 5%.

Loading Setup and Measurement Scheme

The loading frame as shown iRigure 11was used to load the
coupling beams. There are four columns and one set of bea
to form the loading frame. The specimen was turned $6r

the convenience of loading, and it was securely fastenebeo t

e hysteretic curve of the friction damper is also given in

T
n#l;]ure 13B It can be observed that most energy was dissipated

by the damper.
As plotted in Figure 14 the deformation of coupling beam

foundation beam, which was further xed on the strong oorrO ) ' )
the top of the specimen an L-shaped loading beam was attachd&2 — D1) is compared with the deformation of damped —
The specimen was connected to the foundation beam and tHe4). At an amplitude smaller than 1/120, the friction damper
loading beam by high-strength bolts, and the holes of caecre almost did not move. At this stage, a large sti ness is helpdul t
part were lled by high-strength CSV cement. This was spegialllimit the horizontal deformation of a building. With the laing
designed to reduce the potential slippage of the specimen. THicreasing, at an amplitude of 1/120, the damper took larger
right bottom end of the L-shaped loading beam was attachethan 50% of the overall deformation, and it took more than
to a 100-ton static actuator. The actuator was displaceme®0% deformation at an amplitude of 1/30. On the one hand,
controlled following a typical steadily increasing load pe  the damper dissipated more energy and the lateral response
Several amplitudes were selected as 1/2,000, 1/1,000,1/800, would be reduced. On the other hand, the deformation of
1/200, 1/120, 1/75, 1/50, and 1/30 of the span of the couplinthe primary structure decreased, and the damage would be
beam. Two cycles were conducted at each amplitude. On thgitigated. As shown ifrigure 15 the RC coupling beam su ered
top of the loading beam, there is a parallelogram mechanism tgigni cant damage in the coupling beam and the wall. The
restrain the rotation on the top of the specimen. Note that thelongest crack was over 1 m and the maximum width was larger
center line of the actuator is through the mid-span of the cangpl  than 20 mm. It is very di cult to repair. The RC part of the
beam. This will reduce the overturning moment of the entirehybrid coupling beam, however, was damaged slightly. Thewid
specimen and the idealized shear-type loading can be achievedf the largest crack was0.2 mm. Upon unloading, the crack
Similar measurement schemes were adopted for bothblosed. It almost did not have any e ect and was thus deemed
specimens, as shown Figure 12 Horizontally, there were six repair-free or seismic-resilient.
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FIGURE 12 | Measurement scheme:(A) RC coupling beam;(B) Hybrid coupling beam.

FIGURE 13 | Hysteretic curves:(A) RC coupling beam;(B) Hybrid coupling
beam.

CONCLUSIONS

This study proposed a hybrid coupling beam installed in a
friction damper using semi-steel friction material. Damage
controllability and energy dissipation capacity are sigantly
improved. To comprehensively demonstrate its e ectiveness, a
set of experiments on the damper and the hybrid coupling
beam were conducted quasi-statically and cyclically. Thppm
ndings are as follows:

(1) Signi cant temperature-dependent behavior was observed
on the friction damper. Although at the smaller loading rate,
the damper behaved quite stable, force degradation waswsiser
at the faster loading. When the loading rate is slow, the heat
generated by the friction radiates quickly to the surroumgli
environment, and the temperature will not signi cantly irease.
However, if the loading rate is very high, the heat accunagan
the damper, and the physical characteristics of the contatacel
change, then the friction coe cient drops.

(2) A practical thermo-mechanical model was regressed from
the test data. The nominal surface pressure was used, and
the friction coe cient was related to the energy and speed
that can be obtained directly from the time history analysis
However, the physical meaning of some parameters is not clear
and was calibrated with limited data. The accuracy shall be
further improved. Moreover, the parameters are dependent on
the con guration of the damper. Before any application, it is
necessary to calibrate them through the test.

(3) The proposed hybrid coupling beam is con gured with
steel connecting beams, embedded steel plates, and arfrictio
damper. All connection parts shall be designed considering the
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FIGURE 14 | Proportional deformation of dampers over the total lateraleformation.

required to provide a theoretical basis for the thermo-meghbal
model that needs to be further extensively examined. Morngove
the application of the thermo-mechanical model in the numatic
analysis shall be elaborated, and the design proceduresméed t
developed. These issues will be resolved in future studies.
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