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In coupled wall systems, coupling beams distributed along the structural height are intended to yield and dissipate seismic energy under moderate and severe earthquakes. The use of specifically designed dampers in coupling beams can greatly enhance the seismic performance of a structure. In the present study, a friction damper incorporating brake pad-to-mild steel friction interfaces is proposed for installation in a steel coupling beam at the mid-span. Cyclic loading tests were conducted on the friction coupons and subassemblages of steel coupling beams with mid-span friction dampers. An RC slab, which rested on the top flange of the steel coupling beam without shear connectors, was included in one of the subassemblage specimens. The test results show that the friction dampers exhibited stable and full hysteretic responses with up to 8% chord rotation of the coupling beams.

The friction coefficients were gradually increased and the clamping forces of the dampers relaxed during the cyclic loading. The average friction coefficient was close to the nominal value with a small deviation. However,

Introduction

In RC shear wall system and shear wall-frame interacting system, coupling beams are supposed to undergo significant inelastic deformation [START_REF] Mahin | Nonlinear seismic response of a coupled wall system[END_REF] and, therefore, are preferred elements for potential energy dissipation in severe earthquakes if only adequate energy dissipation capacity is provided (Fig. 1a). Various types of energy dissipators have been proposed for the use in coupling beams, including shear-type metallic dampers [START_REF] Fortney | Large-scale testing of a replaceable "fuse" steel coupling beam[END_REF]- [START_REF] Mao | Seismic performance of RC shear wall structure with novel shape memory alloy dampers in coupling beams[END_REF], viscoelastic dampers [START_REF] Christopoulos | Viscoelastic coupling dampers (VCDs) for enhanced wind and seismic performance of high-rise buildings[END_REF] and friction dampers [START_REF] Chung | Seismic performance of friction dampers using flexure of RC shear wall system[END_REF]. Compared to other types of dampers, friction dampers have the advantages in their large stroke and large initial stiffness (Fig. 1b).

Among the many other materials such brass [START_REF] Grigorian | Slotted bolted connection energy dissipators[END_REF] [START_REF] Rojas | Seismic performance of post-tensioned steel moment resisting frames with friction devices[END_REF], bronze alloy [START_REF] Morishita | Experimental approach of slip damper consists in multiple sliding plates for structural seismic control[END_REF][13] and aluminum alloy [START_REF] Yoshioka | Bending-shear tests of wide flange steel beam using the bolted frictional-slippage damper on the bottom flange at the beam end[END_REF] [START_REF] Terai | Studies of bolted frictional-slippage damper with rubber washer: Dynamic loading test of friction damper using aluminum alloy sliding plates[END_REF], specially designed brake pads have been recognized as a high performance frictional material for friction dampers [START_REF] Pall | Response of friction damped braced frames[END_REF]. However, the composition and mechanical properties of brake pads vary from manufacturer to manufacturer, and test results have shown that the friction coefficient might be subjected to a complicated dependency on a variety of factors, including the clamping pressure, loading velocity and cumulative heat [START_REF] Kanzawa | Development of the friction damper with fourfold shear high-strength bolt connection[END_REF]. These factors may lead to a large uncertainty in the slip friction force of a friction damper, and should be carefully addressed in the design of the dampers and the components connecting dampers to the primary structure.

A friction damper is usually an assembly of multiple friction interfaces clamped by a single or multiple pretensioned bolts. It can be disassembled simply by loosening the bolts no matter if it is in its original position or sustains a residual deformation (Fig. 1c). This allows for the quick recovery of the damper whenever it is deemed necessary. For coupling beams, however, the concentrated shear deformation of a mid-span damper may lead to severe damage in the floor slabs over the beam span, which might influence the post-quake recovery of the building. Fig. 1. Coupled shear wall-frame interacting system and proposed friction damper. This paper presents a series of uniaxial cyclic loading coupon tests to examine the properties of the brake pad-steel frictional interface. Furthermore, the steel coupling beams with mid-span friction dampers (Fig. 1b) were designed and tested through cyclic loading. The dampers, which are supposed to take most of the shear deformation of the coupling beam, were designed to have a large stroke that can accommodate up to 8% chord rotation of the coupling beam [START_REF] Shi | Cyclic loading test of steel coupling beam with friciton damper[END_REF]. Multiple brake pad-to-steel interfaces were clamped in series with a set of disc springs by high-strength bolts. Specimens with and without an RC floor slab over the coupling beams were tested to demonstrate the effect of the slab and damage to the slab. 

Uniaxial loading coupon tests of frictional pads

Six identical brake pad-steel frictional coupons (Fig. 2) were subjected to uniaxial cyclic loading in the test setup shown in Fig. 3 with a constant amplitude of ±80 mm to evaluate the properties of the friction interfaces.

The average loading velocity was 3.3 mm/s so that the loading was deemed to be quasi-static. The fixed jig and the sliding jigs were bolted to the reaction stub and the loading jig, respectively. Brake pads made of a phenolic resin composite mixed with copper flakes were used. They were provided by the Yishexu Co. Ltd. in China and the nominal friction coefficient is 0.31. In each coupon, two brake pad-to-steel interfaces were clamped between the sliding jigs and the fixed jig by a high-strength steel bolt, which was pretensioned to provide approximately 7

MPa effective nominal pressure on the friction interfaces. The nominal pressure is within the 5 MPa to 15 MPa pressure range of commonly-used friction dampers in Japan [START_REF] Jssi | Manual for design and construction of passive-controlled structures[END_REF]. Each brake pad was 190-mm-by-360-mm and was machined to an 8 mm thickness. The surface of a steel plate that was in contact with the brake pad was polished to reduce the variation of the friction coefficient. The effective nominal pressure on the friction interface was taken as the clamping force of the bolt divided by the covered area of the 160-mm-diameter disc springs. A load cell was mounted in series to monitor the variation of the clamping force during the test. The bolts that connected the sliding jigs and the loading jig were not fully fastened until the intended clamping force was imposed so that the sliding jigs were free of out-of-plane bending when they were clamped. Two linear variable differential transformers (LVDTs) were mounted along the top and the bottom flanges of the sliding jig to measure the sliding across a span from the loading jig to the fixed jig. The average displacement of the two LVDTs was taken as the displacement of the frictional coupon δFC (Fig. 3b). The hysteretic curves of the friction force ratios are depicted in Fig. 4. The friction force ratio is taken as the actuator force divided by the clamping force N and the number of friction interfaces. The average friction force ratio within ±80% of the displacement amplitude in both the positive and negative directions of each load cycle is defined as the friction coefficient µ of the load cycle. The variations of clamping force N and the friction coefficient µ during the loading of the six coupons are shown in Fig. 5. The average clamping force of the six coupons was decreased from 134.6 kN at the beginning to 127.3 kN at the end of the loading, that is, a 5.4% decrease at a cumulative slip of 9360 mm. Meanwhile, the average friction coefficient ̅ was only 0.276 at the first load cycle, but it approached the nominal value of 0.31 and remained stable in the rest of the load cycles. The average friction coefficient ̅ was 14% higher in the last load cycle than in the first cycle. Both the clamping forces N and the friction coefficients µ exhibited very small standard deviation σ among the six coupon tests (Fig. 5). The maximum values of the coefficients of variance for the clamping forces N and the friction coefficients µ, were 0.05 and 0.09 respectively. The gradual decrease in N and the increase in µ might be attributed to the wear phenomenon of the faying surfaces [START_REF] Christopoulos | Principles of passive supplemental damping and seismic isolation[END_REF]. 

Cyclic loading tests of steel coupling beams

Prototype coupling beam

Cyclic loading tests were conducted on two steel coupling beam specimens with mid-span friction dampers that had the same frictional interfaces as the coupons in the aforementioned uniaxial loading tests. One of the specimens was provided with an RC floor slab on the top of the steel coupling beam. The steel coupling beam, which consists of two steel beam segments and a friction damper, was designed to have similar stiffness and strength of an RC coupling beam in a prototype 27-story building. The prototype structure is in a seismic intensity VIII region of China and adopts a frame-core wall interacting system with an RC core of 17.1 m by 18.0 m in plan and twenty RC column around the perimeter (Fig. 6a). Beam A in Fig. 6a in the 11th to 15th story of the prototype building was taken as the target for the specimen design. Its cross section and reinforcement details are depicted in Fig. 6b. The strength grade of the concrete used in the prototype coupling beam is C45 (nominal cubic compressive strength fcu,n = 45MPa). The beam is symmetrically reinforced by 2D22 + 3D25 HRB400 rebars (tensile rebar area As = 2233 mm 2 , nominal yield strength fyn = 400MPa). The strength capacity of the RC beam is governed by a flexural yielding mechanism. The flexural strength MRC at both ends of the beam is approximately 750 kNm according to Eq. ( 1). The corresponding shear strength (VRC = 2MRC/L) is 600kN, where L = 2.5m is the span length of the prototype coupling beam.

= ℎ -2 (1) 
where h = 1000mm is the depth of the beam and as = 80mm is the distance from the centroid of the tensile rebars to the surfaces of the section.

The stiffness of the prototype RC coupling beam KRC is approximately 261kN/mm according to Eq. ( 2), which includes the effects of both the flexural and the shear deformations and considers a reduction in the sectional flexural stiffness due to concrete cracking. 

where E = 33.5 GPa and G = 14.0 GPa are the Young's modulus and shear modulus of the C45 concrete, respectively; Ig and Ag are the gross moment of inertia and area of the rectangular coupling beam section, respectively; γ=0.5 is a reduction factor for the flexural stiffness, accounting for the concrete cracking as recommended in Chinese technical specification for concrete structures of tall building JGJ 3-2010 [21] and κ is the form factor accounting for nonuniform shear stresses across the section depth, which was taken as 1.2 for rectangular sections.

Specimens

The specimens of the coupling beam subassemblies were thus designed that: (1) the shear strength of the friction damper is the same as the calculated VRC ; (2) the stiffness of the subassembly is close to that of the RC coupling beam KRC; and (3) the steel beam segments on both ends of the friction damper remain elastic. To accommodate the capacity of the loading facility, 5/6-scale specimens were designed and tested. Therefore, the target strength and stiffness values for the specimens were VRC×(5/6) 2 = 417 kN and KRC×(5/6) = 217.5 kN/mm, respectively.

The results of the specimen design are depicted in Fig. 7. In both specimens, the friction damper consisted of four brake pad-to-steel interfaces which were clamped by two φ30 high-strength bolts. The high-strength bolts had a strength grade of 10.9 (nominal ultimate strength fun = 1000 MPa, and the yield-to-ultimate strength ratio fyn/fun = 0.9). Each bolt was pretensioned to have an axial force of 168 kN, and the estimated shear strength of the damper was approximately 417 kN by using the nominal friction coefficient of 0.31. A set of eight parallel 160-mm-diameter disc springs were installed in series with each bolt to reduce the effect of possible thermal strain on the clamping force. The effective normal pressure on the friction interface was approximately 8.4 MPa.

The four pairs of brake pads and mild steel plates in each damper were held by two sets of tooth-like steel plates of 10 mm thick. Vertical slots were made on one of two sets of the 'teeth' while circular holes were made on the other set of the 'teeth'. The lengths of the slot on both sides of the original position of the high-strength bolt were 210 mm and 160 mm for Specimen No. 1 and No. 2, respectively. These slots ensured a deformation capacity of no less than 10% and 8% chord rotations of the coupling beam, respectively, for the bolt not to contact the steel plates. Meanwhile, the width of the slot was 12 mm greater than the bolt diameter of 30 mm for both specimens, so that the slot could accommodate the axial deformation at approximately 9% chord rotation of the coupling beam. The axial deformation is estimated by the geometrical movement of the two sets of steel teeth when the coupling beam deforms, assuming that the steel teeth are rigid. The stiffness of the steel coupling beam K can be estimated by Eq. ( 3) based on basic structural mechanics and the assumed distributions of the moment and the shear force as shown in Fig. 8.
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where δM and δV are the flexural and shear deformations of half the coupling beam under unit shear force, 
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HRB400 rebars at no greater than 200 mm intervals. The measured yield and ultimate strengths of the rebar were fy = 378 MPa and fu = 658 MPa, respectively. Both ends of the slab were clamped by ribbed steel jigs to restrain the rotation of the slab ends (Fig. 7b). Shear studs were embedded in the clamped regions of the slab and the longitudinal rebars in the slab were plug welded to the end plates of the steel beam segments for transferring the slab axial force. Past tests [START_REF] Ji | Seismic behavior and fragility curves of replaceable steel coupling beams with slabs[END_REF] indicate that the use of shear studs between a steel coupling beam and an RC slab would lead to premature damage and punching failure of the slab induced by pulling out of the shear studs. To avoid such unwanted damage, no shear studs or other types of shear connectors were used between the RC slab and the steel beam outside the clamped regions in the specimens..

Test setup and loading protocol

The loading frame for imposing shear deformation on the coupling beam specimens is depicted in Fig. 9. It consists of two steel girders and two steel columns that were pinned at both ends to form a mechanism. The end plates of the specimens were firmly connected to the flanges of the pinned columns by high-strength bolts. Ribs were provided at the locations of the coupling beam flanges. For Specimen No.2, additional horizontal knee braces were installed at the level of the slab to transfer the slab axial force to the columns (Fig. 9). A pair of linear variable differential transformers (LVDTs), which are denoted as δ1 and δ2 in Figure 10, was used to measure the changes in the diagonal length of the coupling beam. The chord rotation θCB of the coupling beam can then be evaluated by Eq. ( 4). Meanwhile, the shear deformation δFD of the friction damper is calculated by Eq. ( 5), where δ3 through δ6 are the vertical displacement of the steel teeth at the locations of the slots, which were measured by separate LVDTs. In addition, strain gauges were mounted on the longitudinal rebars of the RC slab, and the locations of the strain gauges were depicted in Fig. 15.
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where L = 1910 mm and H = 630 mm are the length and depth of the steel coupling beam, respectively.
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(5) Figure 10. Layout of displacement transducers.

Since no specific loading protocol is available for friction dampers in the design provisions, the loading Base beam Top beam

δ 1 δ 2 δ 3 δ 4 δ 5 δ 6
sequence prescribed in AISC 341- 10 [24] for the qualification of buckling-restrained braces was adopted with some adaptions in the subassemblage tests. In particular, the specimens were loaded to half of their respective estimated shear strength of the friction damper in the first two load cycles in which the friction dampers were not supposed to slide. Subsequently, two load cycles were performed for each amplitude of θCB = 0.125θd, 0.25θd, 0.5θd, 1.0θd, 1.5θd and 2.0θd, where θd = 4% was the assumed chord rotation of the coupling beam corresponding to the design story drift. Finally, three additional cycles of θCB = θd were performed to further increase the cumulative sliding of the frictional dampers (Fig. 11). Quasi-static loading was performed with an average loading velocity of 0.5 mm/s for both specimens. 

Hysteretic responses of the coupling beams

Fig. 12 shows the total shear force-damper deformation relationship of both specimens at different displacement amplitudes. The total shear force was derived by force equilibrium with the lateral force in the actuator. The friction dampers in both specimens exhibited very stable hysteretic responses throughout the loading process, but the shear forces were approximately 25% lower than the design force of 417 kN. The cause of the lower-than-expected shear force will be discussed in Section 4.4. The RC slab in Specimen No.2 introduced additional post-sliding stiffness to the overall behavior of this specimen, especially at load cycles of up to θCB = 4%. The influence of the slab diminished at larger θCB amplitudes due to damage to the RC slab. 

Damage to the RC slab

The steel teeth of the friction damper in Specimen No.2 did not touch the slab throughout the test (Fig. 13).

Severe flexural cracks were found across the full width of the slab even if the beam chord rotation θCB was only 2%. The maximum crack width at θCB = 0.5% was 0.4 mm whereas it became 3.5 mm at θCB = 2.0% and 6.0 mm at θCB = 4.0%. Most severe cracks were concentrated at the toes of the steel beam segments (Fig. 14). An isolated slab as suggested by Ji et al (2017) [23] would effectively mitigate the cracking at these toes. The distribution of the peak strains of the tensile rebars of the RC slab confirms that the flexural deformation was concentrated at the toe of the steel beam segments and the plasticity of the rebars spread over the full width of the slab at θCB = 2.0% (Fig. 15a). The damage to the slab was also concentrated at the clamped ends as the strains in the longitudinal rebars near the clamped end were much larger than those near the toe of the steel beam segment at the same beam chord rotation (Fig. 15b). 

Decomposition of the slab and coupling beam contributions

Simplified numerical model

A simplified numerical model was established in OpenSees [START_REF] Mckenna | A framework for earthquake engineering simulation[END_REF] to decompose the contributions of each component of the specimens. The specimen without a slab (No. 1) is represented by two springs in series, one for the friction damper and the other for the two steel beam segments. The spring for the steel beam segments is assumed to be linearly elastic, whereas the elastic-perfectly plastic model is adopted to simulate the behavior of the damper. Another spring in parallel with the series system is added to represent the RC slab, whose hysteretic behavior was simulated by the modified Ibarra-Medina-Krawinkler Deterioration Model with Peak-Oriented Hysteretic Response [START_REF] Ibarra | Hysteretic models that incorporate strength and stiffness deterioration[END_REF]. More details of the model are presented later in Section 4.3. Note that the composite effect between the RC slab and the underlying steel beam is not considered in this model, as no shear connectors were used between them for the specimen. The spring systems and the simplified hysteretic models of each specimen are summarized in Fig. 16, in which δij denotes the relative displacement between Nodes i and j; Fb and Fd are the shear force in the steel beam segments and the friction damper, respectively; and Fs is the shear force in the RC slab. 
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Fig. 16. Simplified numerical model of coupling beam specimens.

Initial stiffness of the coupling beam

The test results of Specimen No. 1 were used to calibrate the initial stiffness of the bare coupling beam. The initial stiffness of the friction damper Kd can be estimated by Eq. 6 based on the same assumption of moment and shear force as shown in Fig. 8. The physical meanings of the notations have already been explained in Eq. (3).

Therefore, the equivalent stiffness Kb of the steel beam segments can be calculated by Eq. ( 7) according to the series model of the steel beams segments and the friction damper.
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where K is the overall stiffness of the coupling beam and is given in Eq. ( 3).

The estimated hysteretic curves of Specimen No.1 are compared with the test results for the first several load cycles in Fig. 17. The yield force of the spring representing the friction damper is taken as the average frictional force in the test Fd0 = 250 kN. The stiffness of the damper estimated by Eq. ( 6) matches well with the test results, whereas the overall stiffness of the coupling beam is overestimated by the model. The analysis results match well with the test results when the stiffness of the steel beam segments Kb is adjusted with a 50% reduction (red solid δ δ line in Fig. 17b). The lower stiffness in the test specimen is due to the flexibility of the bolted connection between the beam segments and the loading columns, which is not considered in the simplified numerical model Fig. 17. Experimental and simulated hysteretic curves of small-amplitude loading cycles of (a) friction damper and (b) whole couple beam of Specimen 1.
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Contributions of the slab to stiffness and strength

The skeleton curve of the modified Ibarra-Medina-Krawinkler Deterioration Model with Peak-Oriented Hysteretic Response for the RC slab was defined by the forces and the corresponding displacements at the yield point (δy, Vy), the ultimate point (δu, Vu) and the residual point (δr, Vr) (Fig. 18a). The yield and ultimate points were determined by assuming that the slab deformation is predominated by out-of-plane bending, and two plastic hinges form across the full width of the slab; one forms immediately outside the clamped region and the other forms at the toe of the steel beam segment. The distance between the two plastic hinges, that is, the equivalent slab span length, was Leq = 1030 mm. The moment-curvature relationship of the slab cross section was calculated by sectional analysis in Response2000 [START_REF] Bentz | Sectional analysis of reinforced concrete members[END_REF], by which the yield and ultimate moments My and Mu and the corresponding curvatures φy and φu were determined (Fig. 18b). In the sectional analysis, the compressive and tensile behavior of the concrete was defined by the uniaxial stress-strain relationship in the Chinese code for design of concrete structures [START_REF]National Standards of the People's Republic of China. Code for design of concrete structures (GB50010-2010[END_REF] in which the concrete compressive strength fc, tensile strength ft and Young's modulus Ec were determined from the measured average cubic compressive strength fcu = 28.8 MPa by Eqs. ( 8), [START_REF] Chung | Seismic performance of friction dampers using flexure of RC shear wall system[END_REF] and [START_REF] Grigorian | Slotted bolted connection energy dissipators[END_REF], respectively [START_REF]National Standards of the People's Republic of China. Code for design of concrete structures (GB50010-2010[END_REF]. Moment equilibrium gave the yield and ultimate shear forces of the slab, Vy=2My/Leq and Vu=2Mu/Leq. The deformations of the slab at the yield and the ultimate points were δy = Leqθy and δu = Leqθu, where the yield and ultimate rotations θy and θu were calculated by the recommended empirical equations in Eurocode 8 [START_REF]Eurocode 8: Design of structures for earthquake resistance. Part 3: Assessment and retrofitting of buildings[END_REF] as shown in Eqs. [START_REF] Rojas | Seismic performance of post-tensioned steel moment resisting frames with friction devices[END_REF] and [START_REF] Morishita | Experimental approach of slip damper consists in multiple sliding plates for structural seismic control[END_REF].
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H = 0.1 " + 0.17C + 0.24 F ' G 6 [START_REF] Morgen | Characterization of two friction interfaces for use in seismic damper applications[END_REF] where LV=Leq/2 is the shear span of the slab; t = 100 mm is the slab thickness; a = 25 mm is the distance from the longitudinal rebars to the slab surfaces; fy and εy are the measured yield strength and strain of the rebars, 
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respectively; db is the diameter of the rebars; fc is the axial compressive strength of the concrete, taken as 0.76fcu according to; and Lp is the length of the plastic hinge.

The estimated hysteretic curves of Specimen No.2 at selected amplitudes are compared with the test results in Fig. 19. The increased post-sliding stiffness of the simulated hysteresis up to 4% chord rotation is generally consistent with the test results. For larger chord rotations, this specimen exhibited a more complicated hysteretic behavior that the numerical model could not reproduce, whereas the shear forces in both the simulation and the test at δFC=0 were similar (Fig. 19c). The slab stiffness, which was taken as the peak-to-peak secant stiffness of the simulated slab hysteresis, was no greater than 1% of the initial stiffness K = 99.6 kN/mm of the bare coupling beam and decreased rapidly with the increase of the loading amplitude. It was only 0.44% of the initial stiffness for the first load cycle of the 4% chord rotation amplitude and became less than 0.1% for subsequent load cycles (Fig. 20a). The strength contribution of the RC slab increased with the increase of the chord rotation amplitude and reached the maximum of greater than 10% of the damper friction force during the first load cycle of θCB = 4%.

It then underwent a sudden drop in the second load cycle of θCB = 4% because of the damage to the RC slab and remained at a negligibly low level of less than 3% of the damper friction force for load cycles of larger amplitudes (Fig. 20b).
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Behavior of friction interfaces

Unlike the coupon tests in which the sliding jigs were detailed to be free of out-of-plane bending when the clamping force was imposed, the steel teeth of the friction dampers of the coupling beam specimens were welded to the end plates in advance. For the friction pads to fit in after the steel tooth were set, it was intended that the total thickness of the friction pad-steel plate pairs was slightly smaller than the gaps between the steel teeth. As a result, the steel teeth would have been bent out-of-plane due to the clamping force although the clearance was supposed to be very small. A finite element analysis by a fine mesh of reduced-integration shell elements in ABAQUS (Fig. 21) shows that a 0. The reduced effective normal force on the friction interfaces corresponds to a nominal normal pressure of approximately 6.3 MPa on the friction dampers in the sub-assemblage tests, which is almost the same as that in the coupon tests. In addition, the loadings of both the subassemblage and the coupon tests were deemed to be quasi-static. As aforementioned, the average loading speed of the coupon tests was 3.3 mm/s, whereas that of the subassemblage tests was 0.5 mm/s for both specimens. Although both the normal pressure and sliding velocity may have an influence on the friction coefficients, such slight differences in the two sets of tests are deemed to have very limited effect. Therefore, the reduction in the normal force of the friction dampers because of the unintended out-of-plane bending of the steel teeth is deemed to be the primary reason for the lower-than-expected shear forces of the subassemblage specimens.

Conclusions

Specimens of steel coupling beams with mid-span friction dampers were subjected to cyclic loading of up to 8% beam chord rotation. The performance of the friction dampers in the steel coupling beams was investigated. A cast-in-site RC slab was included in one of the specimens to investigate the damage to and the influence of the slab on the coupling beam. The following conclusions can be drawn from the test results.

(1) The friction pads exhibited stable hysteretic responses and full energy dissipation in both the uniaxial 

Fig. 2 .Fig. 3 .

 23 Fig. 2. Brake pad-steel frictional coupon (units: mm).

Fig. 4 .Fig. 5 .

 45 Fig. 4. Hysteretic curves of specimens under uniaxial cyclic loading.

Fig. 6 .

 6 Fig. 6. Prototype of coupling beam specimens: (a) Prototype building; (b) cross section of prototype RC coupling

20 Fig. 7 .

 207 Fig. 7. Dimensions and details of (a) specimen w/o slab (No. 1) and (b) specimen w/ slab (No. 2) (units: mm).

  respectively; L1 = 680 mm is the length of the steel beam segment; L2 = 275 mm is the half length of the friction damper; Es = 206 GPa is Young's modulus and Gs = 79 GPa is the shear modulus of steel; Ib and Id are the moments of inertia of the steel beam segment section and the damper section, respectively; Ab and Ad are the areas of the steel beam segment and the damper, respectively; and κb =Ab/Aw and κd =1.2 are the form factors of the steel beam segment and the damper, respectively, where Aw is the cross-sectional area of the web plate.
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  2 mm initial clearance for each of the four friction pads in the friction dampers would result in a total of 60.5 kN and 59.5 kN out-of-plane (OOP) forces to resist the clamping force in specimens No. 1 and No. 2, respectively. By subtracting the OOP resisting force of the steel teeth from the monitored clamping force N, the effective normal force on the friction interfaces, denoted as Neff, was actually approximately 20% smaller than expected.
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 21 Fig. 21. Distribution of out-of-plane reaction force of clamped steel teeth in specimen No.1 assuming a 0.2
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 22 Fig. 22. Variations of (a) clamping force N, effective normal force Neff and (b) friction coefficient µ at δFD = 0.
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coupon tests and coupling beam subassemblage tests. The friction coefficient exhibited a gradual increase of 8%-27% whereas the clamping force exerted by the pretensioned bolts decreased constantly during the loading.

Both phenomena might be attributed to the wear phenomenon of the friction interfaces.

(2) In the subassemblage tests, the unintended out-of-plane bending of the steel teeth of the friction dampers significantly reduced the effective normal forces on the friction interfaces. Correspondingly, the shear strengths of the coupling beams were 20% lower than the design shear force. For practical implementation, the details of the clamping mechanism should be carefully designed to avoid unintended loss of normal force.

(3) The RC slab sustained severe damage associated with concentrated flexural cracks that had a 6 mm width at 4% chord rotation of the coupling beam, even when the slab was not connected to the top flange of the steel coupling beam by shear connectors.

(4) The slab introduced a less than 1% postsliding stiffness to the coupling beam, which decreased rapidly with increasing amplitudes and became less than 0.1% beyond 4% chord rotation of the coupling beam. The shear force in the slab reached its maximal value at the 4% chord rotation load cycle, which was approximately 12% of the average damper friction force. This may constitute a source of overstrength for the coupling beams and an increase in coupling ratio of the coupled wall system.