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1. Introduction 

 

Braced frames are efficient and practical in resisting 

lateral loads; hence, they are among the most cost-effective 

systems in steel structures used for seismic application. 

Because of their high strength and stiffness, ordinary 

concentrically braced frames have shown a desirable level 

of performance during small earthquakes, but have not been 

considered suitable under strong earthquakes owing to the 

degrading hysteretic response of the bracing members and 

the limited deformation capacity. For regions with high 

seismic-hazard risk, braced systems with excellent energy 

dissipation and inelastic deformation capacities, such as 

special concentrically, eccentrically, and buckling-restrained 

braced frames, have been broadly employed to provide life 

safety and collapse prevention performance. 

However, such conventional braced systems, although 

designed in accordance with modern building codes, are 

likely to produce large permanent residual deformations 

after moderate to severe seismic excitations. The socio-

economic losses associated with residual deformations 

include (1) the costs of rehabilitation, including 

repair/demolition and relocation of the occupants; (2) an 
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interruption of building function, particularly lifeline 

facilities such as hospitals, schools, and power facilities, 

which can severely impact people’s living and production, 

as well as rescue and relief efforts; and (3) a high collapse 

risk resulting from drift accumulations in the direction of 

the inelastic structural lean under P-Delta effects. 

To address these drawbacks with traditional bracing 

systems and to work toward more resilient sustainable 

seismic structures, significant efforts have been devoted to 

novel bracing solutions to reduce or eliminate residual 

deformations. As a result, a self-centering energy-

dissipative (SCED) brace, characterized by the use of pre-

tensioned (PT) elements for re-centering capability and a 

friction mechanism for energy dissipation, was developed 

(Christopoulos et al. 2008). Experimental results confirmed 

the expected flag-shaped hysteresis behavior of the SCED 

brace within the target design drift without any structural 

damage. To demonstrate the complete seismic performance 

of a SCED-braced frame as designed, a shake table test on a 

three-story model was conducted (Erochko et al. 2013). 

Wiebe and Christopoulos (2011) proposed a new hysteretic 

model using Bézier curves to change the sharp stiffness 

transition of the SCED brace more gradually, and to modify 

the overestimated peak story accelerations calculated in the 

numerical analyses. Karavasilis et al. (2011) developed a 

nonlinear analytical model for a seismic analysis of 

structural systems with self-centering devices and 

supporting braces. To overcome the limitation of the self-

centering capacity of SCED braces, two types of enhanced 

self-centering brace (SCB) configurations with multiple 

self-centering systems have been developed independently 

 
 
 

Development of a self-centering tension-only brace 
for seismic protection of frame structures 

 

Pei Chi 1,2a, Tong Guo 1b, Yang Peng 3c, Dafu Cao 2d and Jun Dong 3 
 

1 
Key Laboratory of Concrete and Prestressed Concrete Structures of the Ministry of Education, 

Southeast University, 2 Sipailou, Nanjing 210096, China 
2 
College of Civil Science and Engineering, Yangzhou University, 88 South University Avenue, Yangzhou 225009, China 

3 
College of Civil Engineering, Nanjing Tech University, 30 South Puzhu Road, Nanjing 211816, China 

 
 

(Received August 23, 2017, Revised November 2, 2017, Accepted December 18, 2017) 

 
Abstract.  This study develops and numerically verifies an innovative seismically resilient bracing system. The proposed self-

centering tension-only brace (SC-TOB) is composed of a tensioning system to provide a self-centering response, a frictional 

device for energy dissipation, and a high-strength steel cable as a bracing element. It is considered to be an improvement over 

the traditional self-centering braces in terms of lightness, high bearing capacity, load relief, and double-elongation capacity. In 

this paper, the mechanics of the system are first described. Governing equations deduced from the developed analytical model to 

predict the behavior of the system are then provided. The results from a finite element validation confirm that the SC-TOB 

performs as analytically predicted. Key parameters including the activation displacement and load, the self-centering parameter, 

and equivalent viscous damping are investigated, and their influences on the system behavior are discussed. Finally, a design 

procedure considering controlled softening behavior is developed and illustrated through a design example. 
 

Keywords:  self-centering brace; tension-only brace; residual deformation; energy dissipation; pre-tension 

 

573



 

Pei Chi, Tong Guo, Yang Peng, Dafu Cao and Jun Dong Pei Chi, Tong Guo, Yang Peng, Dafu Cao and Jun Dong 

(Chou and Chen 2012, Erochko et al. 2014). The hysteretic 

responses and mechanics of steel frames equipped with 

these enhanced SCBs were also confirmed both 

experimentally and numerically (Chou et al. 2016). 

Introducing self-centering mechanisms in buckling-

restrained brace (BRB) systems, Liu et al. (2012) developed 

a self-centering BRB (SC-BRB), which uses PT steel 

strands to provide a restoring force and BRB as the energy-

dissipative component. However, the axial deformation 

capacity is limited owing to the poor elastic elongation of 

the steel strands. Zhou et al. (2014, 2015) proposed and 

experimentally investigated an improved SC-BRB using 

basalt fiber-reinforced polymer as PT elements, which 

achieves a stable and desirable flag-shaped hysteresis. A 

self-centering property can also be provided through pre-

pressed disc springs, which has led to the development of a 

pre-pressed spring for a self-centering energy dissipation 

brace (Xu et al. 2016a, b). For higher self-centering 

capacity, the developed SCBs often consist of two or more 

sets of compressive steel bracing members. However, such 

members may not only reduce the reliability of the brace 

owing to complex configurations but also lead to excessive 

initial axial stiffness generally controlled by global 

buckling, which also has a negative influence on the seismic 

performance of the SCBs and their braced frames. 

Alternatively, tension-only braces (TOBs) can be used in 

buildings located in low seismic intensity regions with 

advantages of lightness, high strength, slenderness, and 

specifically, buckling-free conditions. Frame structures 

braced with TOBs have a relatively longer fundamental 

period, which helps relieve the seismic forces induced in the 

structures, and consequently requires fewer materials to be 

used for the frame, thus saving on material costs. In light of 

this, substantial efforts have been made to investigate the 

feasibility of extending the applications of TOBs. Tang et 

al. (2016) focused on applying PT cable braces for 

controlling the lateral displacement of buildings. Zahrai and 

Mousavi (2016) proposed a new cable-pulley bracing 

system, which operates as a secondary load-resisting 

mechanism to improve the story drift distribution even for 

wide frames with large openings. Hou and Tagawa 

 

 

 (2009),and Mousavi and Zahrai (2016), were interested in 

the use of pre-slacked wire rope/cable braces for a seismic 

retrofitting of steel moment frames. However, owing to 

their severe pinching hysteresis with undesirable energy 

dissipation, the current seismic codes prohibit the use of 

TOBs as sole bracings in high intensity regions (ASCE 7 

2010, AISC 341 2010, Eurocode 8 2013). Nonetheless, their 

seismic performance can be improved by applying them in 

conjunction with various types of damping systems, which 

make them promising seismic-resilient bracings with 

respect to the significant advantages that they afford 

(Sorace and Terenzi 2012a, b, Kurata et al. 2012, Zahrai et 

al. 2017, Mousavi and Zahrai 2017). 

In view of the potential benefits in the use of SCBs and 

TOBs, this study investigated an innovative flexible bracing 

system, referred to as a self-centering tension-only brace 

(SC-TOB), which integrates the concepts of TOB and SCB 

as proposed by Chi et al. (2016). The mechanics of the 

system as well as its overall concept are first explained. An 

analytical model that is able to predict the hysteresis 

behavior of the system was developed and subsequently 

verified through a finite element simulation. The effects of 

the key parameters including the activation displacement 

and load, self-centering, and equivalent viscous damping on 

the behavior of the system are investigated. The design 

procedure considering controlled softening behavior is also 

presented using a working example. 

 

 

2. Analytical study of an SC-TOB 
 

2.1 General mechanical description of the SC-TOB 
 

The proposed SC-TOB, shown schematically in Fig. 

1(a), is mainly composed of a tensioning system to provide 

self-centering capacity, a frictional device (FD) for energy 

dissipation, and a high-strength steel (HSS) cable as a 

bracing element with high bearing capacity. 

A set of parallel-lay tendons (shown as a whole unit in 

Fig. 1 for illustrative purposes) pass around the frictionless 

pulley with one end anchored onto a sliding box (Fig. 1(b)), 

 

 

 

(a) Overall view 

 

  

(b) Construction details (c) Assembly of frictional device 

Fig. 1 Schematic of SC-TOB 
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which is allowed to move to the right, but is restricted from 

moving to the left by a blocking plate. Through a tensioning 

force applied to the tendons, and anchoring the other end 

onto the blocking plate, the sliding box is compressed 

tightly against the blocking plate. Thus, once the sliding 

box moves, the PT tendons are further elongated. This 

increases the tension in the PT tendons, and therefore 

produces additional restoring force to the system, providing 

a self-centering response. The pulley is employed to reduce 

the strain on the PT elements by half if the same elongation 

occurs, leading to a double-elongation capacity of a 

traditional SCB. 

The FD, which is deemed to maintain stable energy 

dissipation, relies on a friction plate with long slotted holes 

(shown in Fig. 1(c)) sliding between two brass shims. The 

cover plates of the FD can be bolted to the base plate 

through a connecting plate. 

The HSS cable is a bracing member with one end 

connected to the FD, and the other end attached to a 

connecting gusset plate. Using HSS, a significant stiffness 

reduction of the cable can be achieved without a failure in 

strength. Such reduction is desirable in seismic systems 

because it lengthens the fundamental period of structures 

equipped with a SC-TOB system, thereby mitigating their 

 

 

 

Fig. 2 Arrangement of SC-TOB 
 

 

seismic response. 

SC-TOBs can be installed in frame structures to 

dissipate the energy and provide self-centering capabilities. 

As shown in Fig. 2, HSS cable elements passing around 

frictionless pulleys placed at the top corner of the beam are 

attached to the brace connections, similar to traditional 

TOBs. However, the FD and PT tendons are arranged 

horizontally on the beam. For tension-only bracing, two SC-

TOBs are required for each frame. In Fig. 2, the active HSS 

cable is represented through the solid lines, whereas the 

dotted lines denote the cable on stand-by for a load reversal. 
 

2.2 Step-wise prediction of the SC-TOB response 
 

The analytical model developed in Fig. 3 is used to 

illustrate the mechanics and force-displacement behavior of 

the SC-TOB system. The PT tendons, sliding box, and HSS 

cable are represented by three different springs with an 

axial stiffness labeled as 𝐾𝑡 ,  𝐾𝑏 , and 𝐾𝑐 , respectively, 

where 𝐾𝑡 = 𝐸𝑡𝐴𝑡/𝑙𝑡 , with 𝐸𝑡 , 𝐴𝑡 , and 𝑙𝑡  being the Young’s 

modulus, cross-sectional area, and original length of the PT 

tendons, respectively; and 𝐾𝑐 = 𝐸𝑐𝐴𝑐/𝑙𝑐 , with 𝐸𝑐 , 𝐴𝑐 , and 

𝑙𝑐  being the Young’s modulus, cross-sectional area, and 

original length of the HSS cable, respectively. The blocking 

plate is depicted using a solid block. The left end of the 

system is pinned to a support, and a load P is applied to the 

end on its right side. The sliding box does not move until 

the increasing load P overcomes the sum of the pre-tension 

of the tendons, 𝑇𝑡0, and the frictional resistance of the FD, 

𝐹. The activation load (corresponding to Event A in Fig. 3 

(a)), 𝑃𝑎 , is expressed as 
 

𝑃𝑎 = 𝑇𝑡 ,0 + 𝐹. (1) 
 

The full hysteretic behavior of the SC-TOB under cyclic 

loading can be divided into five key stages, as illustrated in 

Fig. 3. 
 

 

(a) 

  

(b) 

  

(c) 

  

(d) 

  

(e) 

  

Fig. 3 Mechanics and hysteretic behavior of the SC-TOB 
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Stage O-A: In this stage (Fig. 3(a)), 𝑃 < 𝑃𝑎 , indicates 

that the sliding box remains stationary and can be regarded 

as a fixed support of the HSS cable. Thus, the initial axial 

stiffness of the SC-TOB, 𝐾0, is solely determined by the 

axial stiffness of the HSS cable, i.e. 
 

𝐾0 = 𝐾𝑐 . (2) 

 

The tension in the HSS cable, 𝑇𝑐 , is 

 

𝑇𝑐 = 𝐾𝑐𝛿𝑐 = 𝐾0∆, (3) 
 

where 𝛿𝑐  is the elongation of the HSS cable, and ∆ is the 

end displacement of the SC-TOB. 

 

Stage A-B: With continued loading, when 𝑃 ≥ 𝑃𝑎  (Fig. 

3(b)), the sliding box starts to move, thereby activating the 

frictional dissipation mechanism. Meanwhile, a gap opens 

between the blocking plate and the sliding box, and 

increases up to its maximum value at Event B. In this stage, 

the axial stiffness of the system is significantly reduced to 

the post-activation stiffness, 𝐾𝑎 , given by 
 

𝐾𝑎 =  
1

𝐾𝑡
+

1

𝐾𝑏
+

1

𝐾𝑐
 
−1

. (4) 

 

Because 𝐾𝑏 ≫ max(𝐾𝑡 ,  𝐾𝑐), the influence of 𝐾𝑏  on 

𝐾𝑎  can be omitted. Consequently, Eq. (4) can be revised as 
 

𝐾𝑎 =  
1

𝐾𝑡
+

1

𝐾𝑐
 
−1

. (5) 

 

The tension in the HSS cable, 𝑇𝑐 , is 

 

𝑇𝑐 = 𝑃𝑎 + 𝐾𝑎(∆ − ∆𝑎 , ) (6) 

 

where ∆𝑎  is the end displacement of the SC-TOB at the 

onset of activation. The corresponding tension in the PT 

tendons, 𝑇𝑡 , is 
 

𝑇𝑡 = 𝑃 − 𝐹. (7) 
 

Stage B-C: Upon unloading (Event B in Fig. 3(c)), the 

frictional force will first reduce gradually from F to zero, 

and then increase in the opposite direction to -F at Event C, 

with the difference between 𝑃𝐵 and 𝑃𝐶 being equal to 2𝐹. 

During this stage, the sliding box remains stationary once 

again, and hence, the axial stiffness of the SC-TOB is 

recovered to 𝐾0, and the tension force of the PT tendons 

remains unchanged. 

 

 

Stage C-D: With continued unloading, once a slippage 

of the sliding box is initiated to its original position (Event 

C in Fig. 3(d)), the energy dissipation mechanism is re-

activated, and the stiffness of the SC-TOB is equal to 𝐾𝑎  

until the sliding box is back in contact against the blocking 

plate (gap closed at Event D). Because AD ∥ BC and 𝑃𝐵 is 

2𝐹  greater than 𝑃𝐶 , 𝑃𝐷  can be expressed as 𝑃𝐷 = 𝑃𝐴 −
2𝐹. The area enclosed by the hysteresis loop of the system 

represents the energy that is dissipated during the cyclic 

loading. 
 

Stage D-O: In this stage (Fig. 3(e)), the HSS cable 

works solely, and the stiffness of the brace is equal to 𝐾𝑐 . 
 

Based on the mechanical analysis above, the full 

solution of the SC-TOB hysteretic behavior is as 

summarized in Table 1. 

 

2.3 Parametric analyses and discussions 
 

2.3.1 Activation displacement and activation load 
The activation point is a performance point associated 

with a key transition between the first two behavioral stages 

of the hysteresis of the SC-TOB system. It governs the 

conditions when the softening occurs and the energy-

dissipative mechanism works. The location can be 

determined by computing the activation displacement, ∆𝑎 , 

and the activation load, 𝑃𝑎 . 

Fig. 4 shows the configuration of a prototype frame 

structure equipped with SC-TOBs under a lateral load 𝑃, in 

which the stand-by cable for a stress reversal is not shown. 

Based on the geometry, ∆ can be expressed as 

 

∆= ℎ𝜃𝑐𝑜𝑠𝛼, (8) 
 

where ℎ is the length of the column, 𝜃 is the inter-story 

 

 

 

Fig. 4 Deformed configuration of the prototype SC-TOB 

frame 

Table 1 Full solution of the SC-TOB hysteretic behavior 

Stage Axial stiffness Tension in HSS cable Tension in PT tendons 

OA 𝐾0 𝑇𝑐 ,𝑂𝐴 = 𝐾0∆ 𝑇𝑡 ,𝑂𝐴 = 𝑇𝑡 ,0 

AB 𝐾𝑎  𝑇𝑐 ,𝐴𝐵 = 𝐾0∆𝐴 + 𝐾𝑎(∆ − ∆𝐴) 𝑇𝑡 ,𝐴𝐵=𝑇𝑐 ,𝐴𝐵 − 𝐹 

BC 𝐾0 𝑇𝑐 ,𝐵𝐶 = 𝐾0(∆𝐴−∆𝐵 + ∆) + 𝐾𝑎(∆𝐵 − ∆𝐴) 𝑇𝑡 ,𝐵𝐶=𝑇𝑐 ,𝐵 − 𝐹 

CD 𝐾𝑎  𝑇𝑐 ,𝐶𝐷 = 𝐾0∆𝐷 + 𝐾𝑎(∆ − ∆𝐷) 𝑇𝑡 ,𝐶𝐷=𝑇𝑐 ,𝐶𝐷 + 𝐹 

DO 𝐾0 𝑇𝑐 ,𝐷𝑂 = 𝐾0∆ 𝑇𝑡 ,𝐷𝑂 = 𝑇𝑡 ,0 
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drift-angle, and 𝛼 is the slope of the cable. It should be 

noted that, for a particular SC-TOB frame, ℎ and 𝛼 are 

fixed variables. Hence, ∆𝑎  can be flexibly decided by 

specifying different values for 𝜃, which may be selected 

from a wide range of values owing to the excellent elastic 

elongation capacity of HSS, unlike the limited values of 

mild steel. Once ∆𝑎  is determined, 𝑃𝑎  may be obtained by 

substituting ∆𝑎  in Eq. (3), i.e. 
 

𝑃𝑎 = 𝐾0ℎ𝜃𝑐𝑜𝑠𝛼 (9) 
 

In this case, if 𝜃 = [𝜃𝑒] = 0.4% is selected, it indicates 

that activation occurs when the frame deforms to its 

allowable elastic inter-story drift angle, [𝜃𝑒] (GB 50011-

2010 2010). Clearly, ∆𝑎  and 𝑃𝑎  are both displacement-

related parameters. These allow the designer to select a 

smaller or greater 𝜃 to advance or delay the activation 

accordingly. 

 

2.3.2 Self-centering capacity parameter 
According to the mechanical analyses described in 

Section 2, it is deduced that a full self-centering capacity 

can only be achieved if point D (see Fig. 3) is located at the 

origin or above the horizontal axis, i.e. 
 

𝑃𝐷 = 𝑃𝐴 − 2𝐹 ≥ 0. (10) 
 

Otherwise, the unloading curve would have an 

intersection with the horizontal axis, indicating that a 

residual deformation occurs. The self-centering capacity 

parameter, 𝛽, is defined as 
 

𝛽 =
𝑇𝑡 ,0

𝐹
. (11) 

 

Substituting Eqs. (1) and (11) in Eq. (10) gives the full 

self-centering requirement as 𝛽 ≥ 1. One may obtain 𝑇𝑡 ,0 

and 𝐹 by substituting 𝛽 in Eq. (1) as follows 
 

𝑇𝑡 ,0 =
𝛽

1 + 𝛽
𝑃𝑎 , (12) 

 

𝐹 =
1

1 + 𝛽
𝑃𝑎 . (13) 

 

As a key parameter describing the relative relationship 

between 𝑇𝑡 ,0  and 𝐹, 𝛽 governs the overall performance 

of the SC-TOB in terms of the self-centering and energy-

dissipative capacities. Theoretically, its optimal value 

should be 𝛽 = 1 for the best energy dissipation under the 

premise of achieving full self-centering performance. 

 

2.3.3 Equivalent viscous damping 
Damping in actual structures is usually represented 

through the equivalent viscous damping. For a single-

degree-of-freedom system, it can be defined by equating the 

energy dissipated in a vibration cycle and an equivalent 

viscous system (Chopra 2011). The damping ratio is 

calculated as 
 

𝜁𝑒𝑞 =
1

4𝜋

𝐸𝐷

𝐸𝑆𝑜
, (14) 

 

 

Fig. 5 Definition of 𝐸𝐷  and 𝐸𝑆𝑜  

 

 

where 𝐸𝑆𝑜  and 𝐸𝐷  are the strain energy and the energy 

dissipated in the SC-TOBs, respectively, and 𝐸𝑆𝑜  is given 

by the area of triangle ∆026 indicated in Fig. 5, and is 

expressed as 
 

𝐸𝑆𝑜 = 𝑆∆026 =
1

2
𝑃2∆2. (15) 

 

Here, 𝐸𝐷  is given by twice the area of polygon 1234 

(two SC-TOBs for each bracing frame), and is expressed as 

 

𝐸𝐷 = 2𝑆1234 = 2 𝑆0126 − 𝑆04326  

= 2(
1

2
  𝑃𝑖+1 + 𝑃𝑖  ∆𝑖+1 − ∆𝑖 

1

𝑖=0

 

−
1

2
  𝑃𝑖+1 + 𝑃𝑖  ∆𝑖 − ∆𝑖+1 

4

𝑖=2

). 

(16) 

 

Substituting Eqs. (15) and (16) in Eq. (14), 𝜁𝑒𝑞  is 

rewritten as 
 

𝜁𝑒𝑞 =

  𝑃𝑖+1 + 𝑃𝑖  ∆𝑖+1 − ∆𝑖 
1
𝑖=0

−  𝑃𝑖+1 + 𝑃𝑖  ∆𝑖 − ∆𝑖+1 
4
𝑖=2

2𝜋𝑃2∆2
. 

(17) 

 

 

3. Finite element simulation and validation 
 

3.1 Finite element simulation 
 

To simulate the hysteretic response of the SC-TOB, the 

3D finite element (FE) model shown in Fig. 6 was 

developed using the computer program ABAQUS (Dassault 

Systems 2010). 

All metal plates were modeled using eight-node solid 

elements with incompatible modes, C3D8I, which is 

suitable for dealing with “hard contact” behaviors, such as 

friction and relative sliding, as involved herein. An elasto-

plastic law with the von Mises yielding criterion was 

specified for these metal plates, as shown in Fig. 7(a). The 

material selected for the PT tendons was aramid fiber-

reinforced polymer (AFRP), and the principle of material 

selection is as described in Section 5. Both the HSS cable 

and the PT tendons were modeled using a two-node truss 

element, T3D2, with only linearly elastic properties, as 

shown in Fig. 7(b). The anchor plates for the HSS cable and 

the PT tendons were modeled using analytical rigid parts, 

which are un-deformable and cannot be meshed, to assure 

that tensile forces from the truss elements can be transferred 

uniformly to the contacting surfaces. 

577



 

Pei Chi, Tong Guo, Yang Peng, Dafu Cao and Jun Dong Pei Chi, Tong Guo, Yang Peng, Dafu Cao and Jun Dong 

 

 

 

 

Tie constraints were defined between the contacting 

surfaces, namely, the PT tendons, anchor plate for the PT 

tendons, friction plate, anchor plate for the HSS cable, and 

HSS cable such that no relative motion occurred among 

them. A hard contact interaction with “finite sliding” was 

applied to the contact surfaces between the blocking plate 

and the anchor plate for the PT tendons in order to model 

their gap opening and closing behaviors under cyclic 

loading. 

The FD was modeled as one friction plate (with an 

equivalent stiffness of the sliding box) sandwiched by two 

brass shims to decrease the computational scale. The 

Coulomb friction formulation technique was chosen for the 

interaction, specifying a constant coefficient of friction, 

𝜇𝐹𝐸 . The clamping force, 𝑁𝐹, which is applied to produce 

the friction force, can be computed as 
 

𝑁𝐹 = 𝐹/𝑛𝐹𝐸𝜇𝐹𝐸 , 
 

where 𝑛𝐹𝐸  is the number of friction surfaces in the model. 

 

 

 

 

Because 𝑛𝐹𝐸  was reduced to half of the actual number, 

𝜇𝐹𝐸  should be assumed as twice the actual value to ensure 

that 𝐹  represented in the model agrees with the actual 

conditions. For each surface-to-surface contact definition, 

the master surface and the slave surface must be carefully 

selected in terms of the geometry, stiffness, and mesh 

fineness. 

The required pre-tension in the PT tendons was applied 

by enforcing the pin support, which was assigned to the free 

end of the PT tendons, to produce a certain displacement, 

∆𝑡 ,0 
 

∆𝑡 ,0=
𝑇𝑡 ,0

𝐾𝑡

. (18) 

 

The initial elongation of the PT tendons induced by the pre-

tension, 𝛿𝑡 ,0, is equal to ∆𝑡 ,0. 

The FE model geometry almost replicates the analytical 

model geometry, except that the FD was modeled in a 

simplified manner, as previously mentioned. The dimensions 

    

(a) (b) (c) (d) 

 

 

(e) 

 

 

(f) 

Fig. 6 Finite element model details: (a) friction plate; (b) brass shim; (c) blocking plate; (d) anchor plate; (e) HSS 

cable and PT tendons; and (f) assembly model for the SC-TOB 

  

(a) Metal plates (b) Cable and tendons 

Fig. 7 Constitutive models 
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dimensions of the metal plates were selected according to 

their effective areas by omitting all holes for simplification. 

A round hole was cut in the blocking plate, allowing the PT 

tendons to pass through and be connected to their anchor 

plate. The key parameters selected for the prototype model 

are listed in Table 2. 

 

3.2 Finite element simulation validation 
 

The force-displacement curves are plotted in Fig. 8 based 

on the FE analyses (parameters listed in Table 2) along with 

the analytical curves of both the HSS cable and PT tendons 

under monotonic displacement loading, among which the 

 

 

 

 

 

 

the cable curves represent the overall behavior of the SC-

TOB system. It is shown that the tension in the PT tendons 

remains constant until the brace reaches its activation 

displacement, and then slowly increases. The curves for the 

cable and PT tendons are parallel after activation, indicating 

that the tensions in these two components increase at the 

same rate, where the difference is equal to the frictional 

resistance F. A slight error can be observed in Fig. 8 in that 

the post-activation stiffness of the system obtained from the 

analytical prediction is slightly greater than that obtained 

from the FE model, which is caused by the omission of the 

stiffness of the friction plate (see Eqs. (4) and (5)). Never-

theless, the FE model can trace the nonlinear behaviors of 
 

 

 

 

Table 2 Parameters of the FE prototype model 

PT tendons Friction plate 

𝑑𝑡 , mm 𝑙𝑡 ,0, mm 𝑓𝑡 , MPa 𝐸𝑡 , GPa δ𝑡 ,0, 𝑚𝑚 𝑏𝑓 , mm 𝑑𝑓 , mm 𝑙𝑓 , mm 𝑓𝑓 , MPa 𝐸𝑓 , GPa 

35 10 000 2267 73 105 340 40 550 295 206 

Brass shim HSS cable 𝜇𝐹𝐸  

𝑏𝑏 , mm 𝑑𝑏 , mm 𝑙𝑏 , mm 𝐸𝑏 , GPa 𝜎𝑏 , MPa 𝑑𝑐 , mm 𝑙𝑐 ,0, mm 𝑓𝑐 , MPa 𝐸𝑐 , GPa -- 

340 8 420 97 3.72 80 10 000 835 200 0.66 
 

*where 𝑑𝑡 , 𝑙𝑡 ,0, 𝑓𝑡 , 𝐸𝑡 , and δ𝑡 ,0 are the diameter, length, tensile strength, Young’s modulus, and initial elongation of the 

PT tendons; 𝑏𝑓 , 𝑑𝑓 , 𝑙𝑓 , 𝑓𝑓 , and 𝐸𝑓  are the width, thickness, length, tensile strength, and Young’s modulus of the friction 

plate; 𝑏𝑏 , 𝑑𝑏 , 𝑙𝑏 , 𝐸𝑏 , and 𝜎𝑏  are the width, thickness, length, Young’s modulus, and clamping stress of the brass shims; 

𝑑𝑐 , 𝑙𝑐 ,0, 𝑓𝑐 , and 𝐸𝑐  are the diameter, length, tensile strength, and Young’s modulus of the HSS cable, respectively; and 

𝜇𝐹𝐸  is the coefficient of friction between the steel and brass used in the model 

  

Fig. 8 Comparison of FE and analytical behaviors Fig. 9 Loading sequence 

  

(a) HSS cable (b) PT tendons 

Fig. 10 Hysteretic responses of the SC-TOB 
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both the cable and PT tendons with the desirable accuracy, 

and in particular, the activation displacement is captured 

precisely because a sufficiently small time increment of the 

analysis step is specified. 

To validate the overall hysteretic response of the SC-

TOB under cyclic loading, an FE simulation was conducted 

on the same model. The axial displacement applied to the 

HSS cable was used as a controlling parameter following 

the loading protocol, as specified in Fig. 9. Eight loading 

loops having peak values increasing from 10 to 80 mm at 

10 mm intervals are also labeled, in which an 80 mm 

displacement corresponds to a 2.23% inter-story drift in the 

prototype structure, as shown in Fig. 4. The variations in 

tension in the HSS cable and PT tendons with the axial 

displacement are described in Fig. 10, where the arrows 

indicate the force path under the eighth loading loop. The 

FE results are in reasonably good agreement with 

corresponding analytical results. Both the cable and PT 

tendons exhibit a flag-shaped hysteresis without a residual 

deformation, i.e., a full self-centering capacity is achieved. 

For the first loading loop (peak displacement within 10 

mm), the curves pertaining to loading and unloading appear 

to overlap, indicating that no energy was dissipated, 

whereas from the second loading loop onward, the 

hysteresis loops grow, and increasing energy is dissipated 

with the displacement. Overall, the results presented in Fig. 

10 confirm the hysteretic performance of the SC-TOB 

system as predicted. 
 

 

4. Design procedure of the SC-TOB 
considering controlled softening behavior 
 

4.1 Softening coefficient of stiffness 
 

The softening coefficient of stiffness of the SC-TOB 

system, 𝛼, is defined as the ratio of the post-activation 

stiffness, 𝐾a , to the initial axial stiffness, 𝐾0, namely 
 

𝛼 =
𝐾a

𝐾0
. (19) 

 

Unlike the similar post-yield stiffness ratio for 

conventional bracings such as a BRB, which is basically 

invariable owing to the inherent properties of the 

materials, 𝛼 can be selected from a wide range of values by 

changing the material and length of the PT tendons to 

achieve a controlled post-activation stiffness. Hence, it is a 

unique parameter with regard to the controlled softening 

behavior of the SC-TOB, and should be taken into account 

in the design. 

Substituting 𝐾a  from Eq. (5) in Eq. (19), the 

relationship between 𝐾c (equal to 𝐸𝑐𝐴𝑐/𝑙𝑐) and 𝐾t (equal 

to 𝐸𝑡𝐴𝑡/𝑙𝑡) is established, and can be expressed as 
 

𝐸𝑐𝐴𝑐

𝑙𝑐
=

1 − 𝛼

𝛼

𝐸𝑡𝐴𝑡

𝑙𝑡
. (20) 

 

Substituting 𝑃𝑎  from Eq. (13) and 𝐾a  from Eq. (19) in 

Eq. (6), the ultimate tension in the HSS cable, 𝑇𝑐 ,𝑢 , can be 

expressed as 𝑇𝑐 ,𝑢 =  1 + 𝛽 𝐹 + 𝛼
 1+𝛽 𝐹

∆𝑎
(∆𝑢 − ∆𝑎), where 

∆𝑢  is the ultimate displacement of the end of the HSS 

cable. Consequently, the required area of the HSS cable, 

𝐴𝑐 , is 
 

𝐴𝑐 ≥
𝑇𝑐 ,𝑢

𝑓𝑐
=

 1 + 𝛽 𝐹 + 𝛼
 1+𝛽 𝐹

∆𝑎
(∆𝑢 − ∆𝑎)

𝑓𝑐
. (21) 

 

According to Eq. (7), the ultimate tension in the PT 

tendons, 𝑇𝑡 ,𝑢 , is expressed as 𝑇𝑡 ,𝑢 = 𝑇𝑐 ,𝑢 − 𝐹, and thus the 

required area of the PT tendons, 𝐴𝑡 , is 
 

𝐴𝑡 ≥
𝑇𝑡 ,𝑢

𝑓𝑡
=

𝛽𝐹 + 𝛼
 1+𝛽 𝐹

∆𝑎
(∆𝑢 − ∆𝑎)

𝑓𝑡
 (22) 

 

Substituting Eq. (22) in Eq. (20), the equation governing 

the fundamental parameters of the SC-TOB with emphasis 

on the controlled softening behavior is obtained as 
 

𝐸𝑐A𝑐

𝑙𝑐
≥

1 − 𝛼

𝛼

𝐸𝑡𝐹  𝛽 + 𝛼 1 + 𝛽 
∆𝑢−∆𝑎

∆𝑎
 

𝑓𝑡𝑙𝑡
. (23) 

 

4.2 Design procedure 
 

The step-by-step design procedure for the SC-TOB 

system considering the controlled softening behavior is 

summarized as follows: 
 

(1) Conduct an elasto-static analysis on an HSS cable 

braced frame under frequently occurred 

earthquakes to select the appropriate grade of 

strength for the HSS cable, and initially determine 

the cross-sectional area, 𝐴𝑐 , according to the 

displacement requirement of the design code. 

Make sure that all HSS cables always remain 

elastic. 

(2) Calculate the activation load, 𝑃𝑎 , based on Eq. (9), 

at a preferred inter-story drift angle, 𝜃. 

(3) Determine the initial pre-tension of the tendons, 

𝑇𝑡0, and the frictional resistance, F, based on Eqs. 

(12) and (13), respectively, after selecting an 

appropriate self-centering capacity parameter, 𝛽. 

(4) Select a range of the softening coefficient of 

stiffness, 𝛼 , as needed, and then determine the 

material and length for the PT tendons based on 

Eq. (23) after computing the ultimate displacement 

of the HSS cable, ∆𝑢 , given by Eq. (8). 

(5) Determine the cross-sectional area of the PT 

tendons, 𝐴𝑡 , based on Eq. (22). 

(6) Calculate 𝛼 based on Eq. (20). 

(7) Check whether 𝐴𝑐  conforms to Eq. (21). 

Otherwise, go back to Step 1 using a larger 𝐴𝑐  or 

𝑓𝑐 , or both. 

(8) Calculate the initial elongation of the PT tendons, 

δ𝑡 ,0, equal to ∆𝑡 ,0, which is given by Eq. (18). 

 

4.3 Design example 
 

In this section, a design example of the SC-TOB is 

given following the proposed design procedure, along with 

an explanation on how the parameters listed in Table 2 are 
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involved. 
 

(1) Conduct an elasto-static analysis on an HSS cable 

braced frame under frequently occurred 

earthquakes, and select an HSS cable with 𝐴𝑐  = 

5024 mm2 (diameter dc = 80 mm), 𝑓𝑐 = 835 MPa,
𝐸𝑐 = 200 GPa, and 𝑙𝑐 = 10 000 mm. 

(2) Select 𝜃 = 0.4% . From Eq. (9), the activation 

load, 𝑃𝑎 , is calculated as 1438.98 kN. 

(3) Select 𝛽 = 1.05. Using Eqs. (12) and (13), the 

initial pre-tension of the tendons, 𝑇𝑡 ,0 , and the 

frictional resistance, 𝐹 , are computed as 𝑇𝑡 ,0 = 

737.04  and 𝐹 = 701.94 kN, respectively. 

(4) Because BRBs are prone to damage concentration 

over the structure height owing to their low post-

yield stiffness ratio of between 1 and 5% 

(Tremblay et al. 2008, Chou et al. 2014), the 

softening coefficient of stiffness, 𝛼, is expected to 

be larger. However, too large a ratio may overload 

the brace connections and adjacent structural 

members (Qiu and Zhu 2016). Hence, 𝛼, which 

needs more discussion in future research, is 

considered herein to be 5% ≤ 𝛼 ≤ 10% . From 

Eq. (8), after selecting the ultimate inter-story drift 

angle 𝜃𝑢 =  2%, the ultimate displacement of the 

HSS cable, ∆𝑢 , is calculated as 71.60 mm. Select 

the length of the PT tendons as 10 000 mm. It can 

be deduced from Eq. (23) that the range for the 

ratio of the Young’s modulus, 𝐸𝑡 , to the tensile 

strength, 𝑓𝑡 , of the PT tendons is 
𝐸𝑡

𝑓𝑡
≤ 85. Hence, 

aramid fiber Technora-T200 (the published 

properties of which are 𝐸𝑡 = 73 GPa  and 

𝑓𝑡 = 2.27 GPa)  was selected as PT tendon 

material. 

(5) From Eq. (22), the cross-sectional area of the PT 

tendons, 𝐴𝑡 , should be greater than 451 mm2 . 

Select 𝐴𝑡 = 961 mm2 (diameter 𝑑𝑡 = 35 mm). 

(6) Based on Eq. (20), the softening coefficient of 

stiffness, 𝛼, is finally determined to be 6.53%. 

(7) Use Eq. (21) to check 𝐴𝑐 . Here, 𝐴𝑐 = 5024 mm2 

>
𝑇𝑐 ,𝑢

𝑓𝑐
= 2260 mm2. This result indicates that for 

an HSS cable, the cross-sectional area initially 

determined in Step 1 is generally sufficient to resist 

the ultimate load. Basically, 𝐴𝑐  is controlled 

based on the deformation requirement of the 

braced system instead of the strength requirement 

itself. 

(8) According to Eq. (18), the initial elongation 

needed for the pre-tension of the tendons, δ𝑡 ,0, is 

calculated as 105 mm. 
 

 

5. Conclusions 
 

An innovative, self-centering tension-only brace (SC-

TOB) that combines post-tensioned tendons to provide a 

self-centering response, a friction device to dissipate 

seismic energy, and HSS cables as bracing elements was 

presented and investigated both analytically and 

numerically. The following conclusions can be drawn from 

this study: 
 

 The mechanics of the SC-TOB system along with a 

concrete demonstration were illustrated. The basic 

equations that govern the cyclic behavior of the 

system were deduced from the developed analytical 

model. Key parameters including the activation 

displacement and load, self-centering parameter, and 

equivalent viscous damping were investigated, and 

their influence on the performances of the bracing 

system was discussed. 

 The FE model accurately predicted the response of 

the SC-TOB in terms of variations in tension in an 

HSS cable and PT tendons under monotonic and 

cyclic loading. In particular, the activation behavior 

was captured precisely as long as a sufficiently small 

time incrementation of the analysis step was 

specified. However, an acceptable error between the 

FE and analytical results was observed, which was 

caused by an omission of the stiffness of the friction 

plate while conducting the analytical calculations. 

Basically, the FE validations confirmed that the SC-

TOB performed as analytically predicted. 

 The design procedure considering the controlled 

softening behavior, represented by the softening 

coefficient of the stiffness, 𝛼 , was developed. A 

working example with a specified range of 𝛼 was 

presented in detail to illustrate its practical 

application. However, 𝛼 needs more investigation 

in future research. 
 

Finally, it must be clarified that this work is primarily a 

study on the behavior of the SC-TOB system. Moreover, 

although an explicit FE model is deemed to be sufficiently 

accurate to confirm the findings, experimental studies are 

necessarily required, especially for practical concerns such 

as anchorage and placement of PT tendons around the 

pulley, for further verification and investigation. 
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