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Analytical and numerical study of an eccentric continuous cable bracing 
system with friction slip mechanism 
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A B S T R A C T   

This study proposes a very simple and low-cost friction mechanism using a pre-stressed cable passing over two 
fixed pulleys without rotation along with an eccentric continuous cable bracing as a lateral-resistant system for 
structures subjected to lateral loading such as earthquake. The performance of this mechanism is investigated 
using analytical solution method and finite element modeling. The purpose of this system is to provide a 
structure with sufficient stiffness and lateral resistance as well as energy dissipation through frictional slip be
tween the cable and pulleys. The system exhibits two-phase behavior. In case of a small lateral displacement, the 
system exhibits high stiffness in the linear elastic phase (first phase) and behaves well under normal winds and 
small earthquakes. In case of large lateral displacement such as a strong earthquake, the system experiences a 
nonlinear slip phase (second phase) and, accordingly, exhibits a nonlinear behavior with an increase in stiffness 
and input energy dissipation which protects the structure from displacement. The seismic performance of the 
proposed system is investigated in terms of three parameters: friction coefficient, initial pre-stressing force, and 
span length. As the friction coefficient value increases, the lateral resistance of the system rises. In the event of 
extra rotation of the cable around the pulleys, the coefficient values at static and dynamic friction phases are 5.6 
and 5.1 times those in the frictional state, respectively. The rise of the span length and reduction of initial pre- 
stressing force decrease the system lateral resistance and the initial stiffness of the system, respectively. Upon 
increasing the initial pre-stressing force up to twice that of the base state, the slip threshold of the system lateral 
resistance force increases by 33% and as a result, the system remains more at the static friction phase. Also, by 
reducing the initial pre-stressing to half of its value in the base state, the lateral resistance force corresponding to 
the slip threshold of system is decreased by 52%; therefore, the slip of the cable on pulleys is initiated earlier. 
Finally, the cyclic behavior of the steel moment frame with the proposed system is investigated with ATC24 
protocol, which increases the stiffness and energy dissipation by 19% compared to the moment frame without the 
proposed system.   

1. Introduction 

Steel moment frames in seismic zones are usually designed such that 
they can have good ductility. However, unexpected events such as se
vere earthquakes may cause large floor displacement. Cables are char
acterized by small cross-sectional area, low weight, and high tensile 
strength and stiffness. Therefore, the application of cable brace can in
crease the floor stiffness and strength, which leads to its frequent usage 
in construction [1]. For this purpose, Hou and Tagawa [2,3] proposed a 
new bracing method for seismic retrofitting and restricting lateral 
displacement of steel moment frames using cable and hollow cylinders. 

Fanaie et al. [4-8] investigated the behavior of cylindrical cable braces 
and the effects of cylinder rigidity, cable pre-stressing, and rigid cylinder 
dimensions on cylindrical cable bracing systems. The rigidity of the 
cylinder was considered in two states of soft and rigid cylinders. For a 
cylinder with high stiffness (rigid cylinder), lateral displacement was 
directly linked to the system stiffness. The pre-stressing force was pro
portional to the system initial stiffness and as the pre-stressing increased, 
the cables reached the yield strain at smaller displacements. The 
dimension of the cylinder is one of the important parameters affecting 
the behavior of cable cylindrical bracing and should create a fracture 
along the cable. Furthermore, Zahrai and Mousavi [9] utilized cable 
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with initial loosening to improve the post yield behavior of 
non-deformable frames with large span. Mehrabi et al. [10] used cable 
to increase and distribute the lateral stiffness of different floors opti
mally in an X-cable bracing system with a pre-compressed spring to 
prevent floor displacement during seismic events. 

Ductility and energy dissipation capacity are low despite the high 
stiffness and strength of steel cables. To this end, in case they are used as 
braces in structures with the possibility of severe lateral excitations like 
earthquakes, input energy dissipation occurs in structural components 
and connections or in energy-dissipation devices (such as dampers) that 
are added to the system. For this purpose, researchers have used a 
combination of cable braces and dampers. 

At the end of the twentieth century, the applications of energy- 
dissipation systems grew significantly and led to the development of 
earthquake excitation response control. Passive energy dissipative de
vices with low construction and maintenance costs as well as indepen
dence from external source by absorbing earthquake input energy have 
improved the seismic response of structures and these qualities justify 
their extensive usage [11-18]. Passive dampers including viscous, 
viscoelastic, metal, mass, and friction dampers have a simple, effective 
and predefined fixed capacity and their compatibility with a wide range 
of frequency excitations is limited. 

The friction-based damper is the most common and widely used 
passive energy-dissipation device, which was introduced by Pall et al. 
based on car brakes [16-21]. The performance of friction dampers is 
based on dry friction mechanism and the friction results from the slip 
between two solid pre-stressed surfaces, which provide a specific energy 
dissipation capacity and have the ability to create an efficient seismic 
protection system [22,23]. Moghadam et al. [24], for the first time, 
investigated the applicability of low-cost computational methods for 
optimizing the multi-level performance of friction dampers imple
mented in a diagonal bracing system, which led to the calculation of the 
best friction damper position. The proposed optimal design solution 
yields a 98% reduction in computational costs, compared to conven
tional techniques. Friction dampers are less affected by ambient tem
perature and vibration rate than other types of dampers, which maintain 
their performance at a constant level [21,25]. Mualla and Belev [26] 
applied a combination of friction dampers and Chevron cable braces to 
distribute the input energy of the earthquake and building protection 
against severe earthquakes, which reduced the base shear. Monir and 
Zeynali [18] employed a modified friction damper at the intersection of 
diagonal cable braces in the square section to improve the seismic 
behavior of steel structures. This system provides the friction required 
for energy dissipation through friction pads. In recent years, the use of 
new dampers with the friction slip mechanism has been considered by 
researchers. For this purpose, for providing strength and lateral stiffness 
in structural frames, Bagheri et al. [27] used a very simple friction 
mechanism the cable brace, in which the energy dissipation capacity is 
provided by passing the pre-stressed cable over a fixed metal cylinder. 

Francisco et al. [28] used a cable and pulley system connected in series 
with a spring damper (fluid viscous) in order to provide a high damping 
rate and reduce the relative response of the structure. This system was 
installed in a five-story, one-span frame that was considered in four 
states: i) the structure without cable, pulley, and damper; ii) the struc
ture with an installed damper in each story; iii) the structure with cable, 
pulley, and damper; and iv) the structure with cable and pulley without 
damper. Experimental results demonstrated that the system with cable, 
pulley, and damper had a nonlinear response, which was the result of the 
interaction between cable and pulley. In addition, the cable and pulley 
system without damper had a higher energy dissipation rate than the 
system with only a spring damper. According to the above result, they 
found that the spring damper played a secondary role in this system and 
the main role of energy dissipation was the interaction between the 
cable and the pulley. 

According to the investigations, a very simple and low-cost friction 
mechanism is applied using a pre-stressed cable passing over two fixed 
pulleys without rotation along with an eccentric continuous cable 
bracing to create energy dissipation and provide lateral stiffness. This 
system becomes cost effective by replacing damper with pulleys and has, 
therefore, a different configuration from the one adopted by Bagheri 
et al. is used in order to dissipate energy. Furthermore, based on struc
tural analysis, the relationships between the axial force and the system 
lateral resistance were obtained and then, verified via finite element 
method. The pre-stressed cable is implemented continuously in a one- 
story, three-span frame, which passes over the fixed pulleys at the 
intersection between the diagonal and horizontal parts and is connected 
to the lower part of the structure. The friction required for energy 
dissipation in the proposed system is provided by the contact between 
the steel cable and the pulleys. The proposed system can be used as a 
resistant lateral system with energy dissipation in structures under 
lateral environmental loads. This system exhibits linear behavior with 
high stiffness in case of small displacement, while it enters the nonlinear 
phase in case of large displacement and prevents the growing 
displacement. In this research, the proposed system is investigated in 
two ways: analytical solution and finite element model. The most 
important effective parameters are considered to be friction coefficient, 
initial pre-stressing force, and span length. Finally, the moment frame is 
compared to the one equipped with the proposed system. 

2. The analytical solution of the proposed system 

The applied cable in the system is pre-stressed with the tension force 
of T0 = EAε0 where ε0, E, and A represent pre-stressing strain, Young’s 
modulus, and cross-section, respectively. In Fig. 1 (a), before applying 
lateral load to the system, the pre-stressed cable with the length of L and 
the contact angle of β0 = 2α0 is wrapped around the pulleys and the 
parameters α0 and L are obtained by the figure geometry. 

Fig. 1. A view of a continuous eccentric cable bracing system with a new friction damper: (a) Before applying lateral load to the system; (b) After applying lateral 
load to the system. 
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By considering r/h ≪1, Eqs. (3) and (4) can be written by dividing 
the numerator and denominator of Eq. (1) fraction by h and the 
simplified form is given below. 
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In order to simply solve equations, a dimensionless geometric 
parameter is defined as Eq. (5), which simplifies the values of α0 and L as 
Eqs. (6) and (7). 
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The pulleys are displaced horizontally by Δ lateral loading, and their 
vertical displacement and rotation are restricted. Throughout this 
research, the value of Δ to the right is considered positive. In order to 
simply solve equations, a dimensionless parameter is defined for the 
normalized displacement of the pulleys. 

δ=
Δ
h

(8) 

According to the modified figure of the system (Fig. 1(b)), the con
tact angle between the pre-stressed cable and the pulleys is equal to β =

αL + αR, where the values of αL and αR are obtained using the figure 
geometry. 
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Given that the value of Δ is small, αL ≅ αR ≅ α0 can be considered. 
In the proposed system, the pre-stressed cable with friction coefficient of 
μ is in contact with the pulleys and the system behavior is investigated in 
two states, i.e., with and without friction. 

2.1. Frictionless state μ = 0 

In this state, the total change in cable length is defined as ΔL = l − L 
and the amount of strain is uniform throughout the cable. In the above 
equation, parameter ℓ is the cable length after deformation, the value of 
which is calculated according to Fig. 1(b) in Eq. (11) and the value of L is 
calculated using Eq. (7). 
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The cable strain is calculated via Eq. (14). 
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According to the non-zero term of Taylor series, the cable strain is 
calculated using Eq. (15). 
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In the frictionless state, the cable tension force is as TR = TL = T =

EAε and its normalized value is calculated with T0 in Eq. (16). 
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2.2. Friction state 

The left and right sides of cable length changes are ΔLL = l L − LL and 
ΔLR = l R − LR, respectively, which are calculated using Eqs. (17) - (19). 
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Similarly, for r
h≪1 , Eq. (19) is simplified as follows: 
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According to Eqs. (21) and (22), the strain in the left and right sides 
of the cable is calculated as follows: 
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Similarly, in the frictionless state, by using the first non-zero terms of 
the Taylor expansion, the strain in the left and right sides of the cable is 
simplified as follows: 

H. Mohammadpour Roshan and N. Fanaie                                                                                                                                                                                               



Soil Dynamics and Earthquake Engineering 165 (2023) 107694

4

εL = ε0 +
d

1 + d2 δ (25)  

εR = ε0 −
d

1 + d2 δ (26) 

As a result, using Eqs. (25) and (26), the normalized tension forces in 
the left and right sides of the cable are calculated, where δs is the 
normalized displacement at the slip threshold of the cable on the pul
leys. Throughout the research, the index S is related to the slip threshold 
of the cable on the pulleys. 
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The normalized forces of the left- and right-side cables at the slip 
threshold are as follows: 
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By placing Eqs. (29) and (30) in the Euler’s formula (Eq. (31)), the 
normalized displacement of the cable at the slip threshold is calculated 

as follows: 

TLs =TRs eμβs (31)  
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d
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(32) 

The parameter βs in Eq. (32) is the angle of the inclined cable with 
the horizontal extension. The values of δs and ℇ0 are infinitely small; 
thus, the basic geometry of the system does not differ from the system 
geometry at the slip threshold and it can be assumed that βs = β0. To 
this end, Eq. (33) is obtained as follows: 
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Assuming that δ = δs , the tension forces of the left- and right-side 
cables at the slip threshold in Eqs. (29) and (30) are simplified to Eqs. 
(34) and (35). 
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The Euler’s formula (Eq. (31)) is valid in the phase of the cable slip 
on pulleys (δ > δs). 

TL =TReμβ → TLs + T́L =(TRs + T́R)eμβ (36) 

Parameters T́R and T́L are the additional tension forces of the cable in 
the right and left sides in the slip state, respectively, which are calcu
lated as T́L = EAέL and T́R = EAέR . By placing Eqs. (34) and (35) in Eq. 
(36), the following equation is obtained. 
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In Eq. (38), the parameters ΔLLs and ΔLRs are the left- and right-side 
cable length changes at the slip threshold and LLs = LRs is considered. 

Through Eqs. (21) and (22), the above is written as follows: 
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1 + (d + δ)2
√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (d − δ)2
√

− 2
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + d2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + d2

√ (41) 

By placing Eqs. (39) and (40) in Eq. (38), the sum of the additional 
left- and right-side cable strains is written as follows:   

By the first non-zero term in the Taylor series expansion, the right 
side of Eq. (42) is simplified as follows: 

έL + έR =
1

(
1 + d2

)2

(
δ2 − δs

2) (43) 

By solving Eqs. (37) and (43), additional strains of the left and right 
cables are obtained; accordingly, the normalized tension forces by T0 of 
the left- and right-side cables can be calculated as follows: 

έL =
eμβ

(eμβ + 1)
(
1 + d2

)2

(
δ2 − δs

2)+
2(eμβ − eμβ0 )

(eμβ + 1)(eμβ0 + 1)
ε0 (44)  

εR
´
=

1
(eμβ + 1)

(
1 + d2

)2

(
δ2 − δs

2) −
2(eμβ − eμβ0 )

(eμβ + 1)(eμβ0 + 1)
ε0 (45)  

TL

T0
=

TLs

T0
+

TL
´

T0
→

TL

T0

=
2eμβ0

eμβ0 + 1
+

eμβ

ε0(eμβ + 1)
(
1 + d2

)2

(
δ2 − δs

2)+
2(eμβ − eμβ0 )

(eμβ + 1)(eμβ0 + 1)
(46)  

TR

T0
=

TRs

T0
+

TR
´

T0
→

TR

T0

=
2

eμβ0 + 1
+

1
ε0(eμβ + 1)

(
1 + d2

)2

(
δ2 − δs

2) −
2(eμβ − eμβ0 )

(eμβ + 1)(eμβ0 + 1)
(47) 

εL
´LL + εR

´L R = ΔL − (ΔLls + ΔlRs)→ εL
´+ εR

´=
ΔL
LLs

−
ΔLLs + ΔLRs

LLs
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (d + δs)
2

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (d − δs)
2

√

− 2
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + d2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + d2

√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (d + δs)
2

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (d − δs)
2

√

− 2
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + d2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + d2

√

(42)   
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The contribution of the last term in Eqs. (46) and (47) is negligible 
compared to the second term, because the value of ℇ0 at the denomi
nator of the second term is infinitely small. In addition, these equations 
are function of β, which are given in terms of δ normal displacement. 
Therefore, by using this expansion and ignoring the last terms in Eqs. 
(46) and (47), these equations can be simplified as follows: 

TL

T0
=

2eμβ0

eμβ0 + 1

[

1 +
1

2ε0
(
1 + d2

)2

(
δ2 − δs

2)
]

δ > δs (48)  

TR

T0
=

2
eμβ0 + 1

[

1 +
1

2ε0
(
1 + d2

)2

(
δ2 − δs

2)
]

δ > δs (49) 

Eqs. (27) and (28) together with Eqs. (48) and (49) show the system 
response, as depicted in Fig. 1. 

3. Friction slip mechanism of the proposed system, finite 
element model and its verification 

In the proposed system mechanism, fixed and non-rotating pulleys 
are welded inside the column at the upper level of the structure and the 
cable passes over the pulleys and under the beam. Lateral excitements 
such as earthquakes and wind cause a drift between the upper and lower 
levels of the structure and this bracing system results in the reduction of 
the displacement of top of the columns significantly compared to the 
state without a cable; in other words, system lateral stiffness increases. 
The input energy is dissipated due to the friction force and friction in this 
system is provided by the contact between the cable and pulleys. 

The friction coefficient between the cable and pulley remains con
stant in the life time of structure if the proper maintenance can prevent 
the cable and pulley from corrosion. Whenever an earthquake occurs, 
heat is generated by the cable slip over the pulley and some of the 
earthquake input energy is dissipated. This cable bracing system works 
as a passive control system and since it does not require any special 

equipment, this bracing system is low-cost and affordable. In addition, 
another advantage of this system is that it acts like a conventional 
bracing against wind and small earthquakes and prevents the frame 
from displacement under lateral loading. 

Proven equations in the analytical solution section are validated 
using the applied model in finite element model in Abaqus software 
[29]. The pulleys with the radius and thickness of 7 and 5 cm, respec
tively, are modeled by ‘Analytical rigid’ method and the deformation of 
the pulleys is ignored in the modeling’. The cable is modeled as an 
elastic high-strength steel with Young’s modulus of E = 185 GPa, 
Poisson’s ratio of v = 0.3, and density of = 7850 kg

m3 in the form of a 1 cm 
diameter circular cross-section. Fig. 2(b) shows the proposed cable 
system with pulleys. In the proposed system, the cable only works in 
tension; thus, the ‘No Compression’ option is activated and the system is 
not capable of compression. The constructed model is analyzed using the 
‘static general’ method and the ‘Nlgeom’ option is enabled to consider 
nonlinear geometric analysis. The cable is pre-stressed by applying 
displacement and is meshed with T3D2 truss elements with a maximum 
element size of 10 mm. The interaction between the cable and pulleys is 
defined by friction through penalty method and of the ‘Hard Contact’ 
type, in which the cable is selected as the slave surface and the pulleys as 
the master surface. 

The boundary condition of the model is as follows: By applying the 
boundary condition to the center of the pulleys, vertical displacement 
and rotation of them are restricted and they are only allowed to have 
horizontal displacement. Both cable ends are restricted by a hinged 
support to prevent displacement in the horizontal and vertical directions 
of the cable. 

The proposed system is implemented in a three-span frame in which 
the horizontal part of the cable in the middle span and the two diagonal 
parts of the cable are on two side spans. 

In this study, lateral displacement is applied to the structure from the 
left span and causes displacement to the right side of the system. In 
accordance with this assumption, the system is validated and all outputs 
are extracted and analyzed. The parameters used for validation are a =
5 m, h = 3 m, dcable = 0.01, rclinderical = 0.07, and E = 185 GPa. 

3.1. Verification of cable and pulley bracing system 

In order to verify the proven equations, the axial force diagram of the 
left- and right-side cables is compared to the diagram obtained from 
finite element model. The axial force diagram of left- and right-side 
cables in the frictionless state is taken from Eq. (16). In the frictional 
state with a friction coefficient of 0.3, the left-side cable axial force is 
drawn by Eqs. (27) and (48) while the right cable axial force is drawn by 
Eqs. (28) and (49) in Fig. 3. Fig. 3 compares the diagrams of analytical 
method and finite element and as shown in the figure, the diagrams have 
an acceptable correlation with each other. According to the figure, the 
system has a nonlinear phase in the frictionless state, and by imposing 
friction, the system has two phases of static and dynamic friction, which 

Fig. 2. Model of the proposed system components in Abaqus software: (a) 
Pulley; (b) Cable bracing system and pulleys, (c) Magnification of the cable and 
pulleys connection. 
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Fig. 3. Verification diagram of the model in Abaqus and the analytical solution with the assumption of T0 = 20.76 kN and a = 5.  

H. Mohammadpour Roshan and N. Fanaie                                                                                                                                                                                               



Soil Dynamics and Earthquake Engineering 165 (2023) 107694

6

is the system main feature. The system is in a static phase with high 
stiffness up to the cable slip over the pulleys and after the cable slip over 
the pulleys, the system stiffness suddenly decreases and enters the dy
namic friction phase and prevents system large displacement. Upon the 
application of lateral displacement to the right, the pulleys have 
displacement to the right and the tension starts from the left side of the 
cable and enters the horizontal part of the cable. At the end, the diagonal 
right-side cable is in tension, which shows the cable permanent tension 
in the proposed system. Fig. 4(a) shows a view of an eccentric contin
uous cable bracing system with a new frictional damper after processing 
in which the cable is pre-stressed and, then, a displacement is applied to 
pulleys. Fig. 4(b) shows displaced pulleys after system processing. 

3.2. Limitations of the cable and pulley bracing system 

Before the slip, static friction is considered for the object displace
ment from the static state and after the slip, the displacement is 
accompanied by dynamic friction. In two states of static and dynamic 
friction, the value of the friction coefficient is different so that in case of 

the same material for both surfaces, the dynamic friction coefficient is 
lower than the static friction coefficient. One of this research limitations 
is the assumption of static and dynamic friction coefficients being the 
same, and their value is assumed to be 0.3 for the base friction coeffi
cient. Another limitation of the proposed system is that the pulleys’ 
rotational degree of freedom is zero and no rotation is allowed during 
the analysis. In this research, the effect of the initial pre-stressing force of 
the cable is investigated, while the cable relaxation has not been 
investigated. 

4. Investigating the behavior of the proposed system against 
lateral load 

The proposed system consists of a pre-stressed cable and two pulleys 
that make frictional contact with them at the point where the cable 
passes over the pulleys, causing energy dissipation and creating lateral 
resistant force according to Eq. (50) against the lateral load applied to 
the system. In the proposed system, three main parameters namely 
friction coefficient, initial pre-stressing force, and span length are 

Fig. 4. The proposed system; (a) Shape of the cable and pulley in the state of pre-stressed cables; (b) Final shape of the proposed system after processing.  

Fig. 5. Static investigation of the cable and the pulley in (a) Frictionless state; (b) Frictional state.  
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investigated. 
To study the effect of friction coefficient, extra rotation of the cable 

around the pulleys is used, which increases the contact angle between 
the cable and pulleys and, thus, increases the friction coefficient. In the 
case of static cables, if a cable passes over a pulley without friction and 
the cable is under a tension force, as shown in Fig. 5(a), the cable force is 
necessarily equal on the left and right sides of the pulley. If the friction 
coefficient of the contact surface of the cable and pulley is equal to μ and 
if the cable is subjected to tension force of T1 from the left side, the 
tension force of the right-side cable (T2) will be equal to T2 = T1eμα, as 
shown in Fig. 5(b). In this relation, α is the contact angle of the cable 
with the pulley in terms of radian. According to this relation, it is 
considered that two parameters namely friction coefficient and contact 
angle between the cable and pulley increase the force on the other side 
of the cable. Due to the friction coefficient of 0.3 which is added to 
Abaqus as a fixed number, the friction force can be artificially increased 
by simply increasing the contact angle of the cable and pulley and in this 
research, at a friction coefficient value greater than 0.3, the technique of 
additional rotation of the cable around the pulley is used. The rise in the 
value of the friction coefficient in the additional rotation of the cable 
around the pulleys is calculated as μeq = μ × ((2nπ +α) /α), where the 
parameters n and α are the number of cable rotations around the pulley 
and the contact angle between the cable and pulley, respectively. The 
increase rate of the friction coefficient in one and two additional rota
tions of the cable around the pulleys is calculated using Eqs. (52) and 
(53), respectively. It should be noted that α0 is the contact angle of the 
cable and the pulley, which is defined in the analytical solution section 
in Eq. (6), and the value is calculated 1.08 using the shape geometry 
according to Eq. (51). 

F = TL cos αL − TR cos αR (50)  

α0 = tan− 1
(

1
d

)

= tan− 1

⎛

⎜
⎝

1
b

3h

⎞

⎟
⎠ = tan− 1

(
9
5

)

= 1.08 rad (51)  

μ α0 = μ1α1→0.3 × (2π + 1.08) = μ1 × 1.08→μ1 =
0.3 × (2π + 1.08)

1.08
= 2.045

(52)  

μα0 = μ2α2→0.3 × (4π + 1.08) = μ2 × 1.08→μ2 =
0.3 × (4π + 1.08)

1.08
= 3.79 (53) 

The diagram of the axial force and lateral resistance of the system 
with different friction coefficients is drawn in Fig. 6. In general, 
increasing the friction coefficient reduces the axial force of the right 
cable and increases the axial force of the left cable, lateral strength, and 
system stiffness, thus causing the system to remain in the static friction 
phase and the cable slip on the pulleys occurs later. 

According to Fig. 6(a), the variation of the axial force of the cable 
with friction coefficients of 2.045 and 3.79 compared to the friction 
coefficient of 0.3 on the left side of the cable increases by 74% and 118% 
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Fig. 6. (a) Normalized axial force diagram; (b) Normalized lateral resistance; (c) Ratio of lateral resistance changes with different friction coefficients.  
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with friction coefficients of μ = 0.3 and μ = 0.6. 
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in the static friction phase and by 71% and 110% in the dynamic friction 
phase, respectively. On the right side of the cable in the static friction 
phase, the abovementioned variation is reduced by 74% and 84%, 
respectively, and also by 74% and 95%, respectively, in the dynamic 
friction phase. 

As sketched in Fig. 3, the axial force of the left and right cables is 
equal in the frictionless state; therefore, the system lateral resistance has 
a negligible value in the nonlinear slip phase, which is obtained due to 
changes in the values of αL and αR during displacement. However, in the 
frictional state, the system lateral resistance is obtained from the dif
ference in the amount of axial force of the left- and right-side cables. 
Similarly, it has two phases of static and dynamic frictional slip and the 
above results are shown in Fig. 6. 

According to Fig. 6(b), the lateral resistance of the system at the 
friction coefficient values of 2.045 and 3.79 in the static frictional phase 
is 5.6 and 7.7 times the friction state of 0.3. This value in the dynamic 
friction phase is 5.1 and 6.8 times the friction state of 0.3. Fig. 6(c) 
shows the changes in the system lateral resistance with friction co
efficients of 2.045 and 3.79 compared to the friction coefficient of 0.3 in 
two phases of the static and dynamic friction. These results are depicted 
from the lateral resistance diagram obtained from the finite element 
method (Fig. 6(b)). 

Increasing the base state friction coefficient from 0.3 to 0.6 causes 

increase in the slope of the axial force and lateral resistance of the sys
tem, as sketched in Fig. 7. According to Fig. 7 (a), by increasing the 
friction coefficient from 0.3 to 0.6, the axial force of the cable on the left 
and right sides will increase by 20% and decrease by 20%, respectively. 
Moreover, according to Fig. 7(b), the system lateral resistance in the 
static and dynamic friction phases increases by 100% and 73%, 
respectively. 

By increasing the friction coefficient especially when its value ap
proaches infinity, the system lateral resistance curve converges to a 
single curve, and exceeding the friction coefficient from a certain range 
would not change the performance and lateral resistance of the system. 

One of the main applications of structural systems with energy 
dissipation is the resistance against lateral load. This lateral load resis
tant systems are exposed to cyclic loading such as earthquake. Fig. 8 
shows the lateral resistance diagram of the system with different friction 
coefficients between the cable and pulleys in a complete cyclic loading. 
As depicted in Fig. 8, the starting point of the figure is zero, at which 
there is only the pre-stressing force in the cable and the force on both 
sides of the right and left supports is equal, but in opposite direction. 
From the starting point to point A, the system lateral resistance is in the 
static friction phase and has a linear behavior. The slip on the cable 
starts from point A and enters the dynamic friction phase, which has 
nonlinear behavior and continues up to point B. The direction change 
starts from point B and there will be no slip in the range of B to C. The 
lateral resistance reaches zero from point B and from the point zero, the 
force enters the linear phase again and point C, same as point A, is the 
slip threshold, but starts in the opposite direction. After point C, the 
second slip on the cable begins to form. From point C to D, the system 
exhibits nonlinear behavior. The system is symmetric and in this 
context, the behavior of the system in the range of D to G is the same as 
the behavior in the range of zero to D. 

The effect of the initial pre-stressing force parameter on the proposed 
system is investigated in three states of pre-stressing force in the base 
state as well as double and half the base states. By reducing the initial 
pre-stressing force, the stiffness of the system decreases, which leads to 
areduction of the system static friction phase, and the system stays less 
in the static friction phase before reaching the slip threshold. Fig. 9 
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Fig. 8. System lateral resistance diagram under the effect of a cycling loading of 0.1 height in different states of friction assuming a = 5 and T0 = 20.76 kN.  
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shows the diagram of the axial force and system lateral resistance with 
different pre-stressing forces. 

According to Fig. 9, the slip threshold of the cable axial force and the 
system lateral resistance for the pre-stressing force, which doubles the 
base state, is increased by 71% and 33%, respectively, and for the pre- 
stressing force that is half the base state, it is reduced by 44% and 
52%, respectively, in proportion to the base state slip threshold. 

Finally, the span length parameter at different spans of 3, 4, 5, and 6 
m has been investigated. By changing the ratio of length to height, the 
strain along the cable changes and its value decreases following increase 
in the ratio of length to height of the cable. Moreover, the cable 
normalized elongation is reduced at the same lateral displacement. As a 
result, upon reducing the strain along the cable, the axial force of the 
cable is reduced, same as the lateral resistance. Fig. 10 shows the cable 

strain changes with the analytical solution. 
As the span length increases, the contact angle between the cable and 

pulleys decreases, which reduces the contact surface and, thus, the effect 
of the friction. The effects of dimension parameter changes on the axial 
force and system lateral resistance are shown in Fig. 11. In general, as 
the span length increases, the axial force and system lateral resistance 
are reduced, which are also confirmed by the figures drawn through the 
analytical solution and Abaqus software. 

According to Fig. 11(a), the span length changes with a friction co
efficient of 0.3 are as follows: The axial force of the left cable for 4, 5, and 
6 m spans is reduced by 0.8%, 1.5%, and 2.5% for slip threshold, 
respectively, and for nonlinear phase by 21%, 31%, and 36%, respec
tively, compared to the 3-m span. These decreasing values in the static 
friction phase are very small compared to those at nonlinear or dynamic 
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friction phases. Furthermore, the axial force of the right cable for 4, 5, 
and 6 m spans for the slip threshold is reduced by 9%, 13%, and 17%, 
respectively, and reduced for the nonlinear phase by 15%, 21%, and 
24% compared to the 3-m span. The length changes in the static friction 
phase on the right side of the cable are much greater than that of the left 
side of the cable; nevertheless, the static friction phase changes on the 
left side of the cable are less than those of the dynamic friction phase. 

According to Fig. 11(b), the system lateral resistance reduction for 4, 
5, and 6 m spans at the slip threshold is 3%, 12%, and 22%, respectively, 
and is 28%, 44%, and 53% in the nonlinear phase compared to the 3-m 
span. 

Fig. 11(c) shows the lateral resistance changes for the system with 
different spans compared to the 3-m span in two phases of static and 
dynamic friction and the results are obtained from the finite element 
diagram (Fig. 11(b)). 

5. Finite element model of moment frame and its verification 
and the investigation of the system cyclic behavior presented in 
the steel moment frame 

In order to investigate the cyclic behavior of the proposed system, the 
considered moment frame is modeled in the Abaqus software and, then, 
verified by numerical reserch done by Mualla et al. [30]. For modeling, 
the designed frame specifications in the Taiwan international project 
were used by Mualla et al. Frame materials are defined as non-linear 
(elastic-plastic), as can be seen in Table 1. The modeled steel frame 
has a floor height of 3 m and a span lrngth of 5 m, and its beam and 
column sections are I 200 × 150 × 6 × 9 and H 200× 200× 8× 12, 
respectively. An elasto-plastic behavior is considered for the braced 
frame in the case of applied displacement. The steel frame is meshed 
with B31 beam elements at which maximum size is 50 mm, the 
beam-to-column connection is rigid, and the base of columns is fixed. 
Furthermore, the connection between the pre-stressed cable and the 
column is hinged and the pulleys are prevented from rotational 
displacement. Fig. 12 shows the modeled moment frame without the 
proposed bracing system and its deformed shape. Fig. 13 shows the 
eccentric continuous cable bracing system implemented in the moment 
frame and its deformed shape. 

5.1. Limitations of the structural frame system 

The proposed system is investigated in a one-story, three-span frame 

Table 1 
Specifications of the steel used for the frame.  

Ultimate 
stress 

Yield stress Density Poisson’s 
ratio 

Young’s 
modulus 

Fu = 370 
MPa 

Fy = 240 
MPa 

ρ =

7850
kg
m3 

v = 0.3 E = 2.1×

105MPa  

Fig. 12. (a) Modeled moment frame; (b) Deformed shape of the moment frame.  
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with the same span length. The frame with more stories is not investi
gated in this research and the proposed frame beam and column mate
rial is assumed to be the same. It has been assumed that the frame 
examined in this research experiences deformation only in its own plane 
and the displacement perpendicular to the frame nodes plane is ignored. 
It is also assumed that there is sufficient lateral stiffness and restraint in 
the direction perpendicular to the frame plane. In addition to the 
mentioned limitations, the pulleys are restricted from rotational 

displacement inside the column and there is no relative displacement for 
the pulley with respect to the top of the corresponding column. Each 
pulley experiences the same displacement as that of the top of column. 

5.2. Verification of the hinged frame with the cable and pulley bracing 
system 

To verify the frame with the cable and pulley bracing system, the 

Fig. 13. (a) The eccentric continuous cable bracing system implemented in the moment frame; (b) Its deformed shape.  
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Fig. 14. Lateral resistance diagram of a simple frame with the proposed system and the proposed system under cyclic loading.  
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connections and frame supports are considered hinged. Moreover, the 
friction between cable and pulleys is considered 0.3. In this case, the 
frame shows almost no structural resistance against lateral loads and 
plays the role of supporting the proposed cable bracing system. In this 
condition, the diagram of the shear force transferred to the support by 
the cable under cyclic loading should be equal to the lateral resistance 
diagram of the proposed cable bracing system without a frame under 
cyclic loading. The above result is shown in Fig. 14. 

Fig. 15 shows the pushover analysis of the moment frame and the 
moment frame with the proposed cable bracing in different states of 
friction and accordingly, by adding the cable bracing system to the 
frame, the initial stiffness of the whole system (frame with cable and 
pulleys system) increases compared to the frame without cable bracing 
system, and the static friction phase and the cable slip on the pulleys 
occur sooner. 

5.3. Investigation of the proposed system cyclic behavior in steel moment 
frame 

During an earthquake, the structure loading will be cyclic based on 
the nature of this load. For this reason, it is not acceptable to use 
monotonic loading to investigate the non-linear behavior of the struc
ture and its elements, because the important parameters of stiffness 
reduction and strength degradation in ductility are not included. To this 
end, for investigating the hysteresis behavior of the frame system with 
cable and pulleys, ATC24 loading protocol was used in the connection 
between the beam and the column. The entered cyclic loading to the 
system is depicted in Fig. 16, which has a displacement range of 0.1 m. 
The base shear force diagram in the moment frame and the frame with 
cable and pulley bracing system models with a friction coefficient of 0.3 
under cyclic loading is drawn in Fig. 17. As shown in the figure, by 
applying the proposed bracing system to the structural frame, the shear 
force transmitted to the base increases and the dissipated energy in
creases. The area under the hysteresis diagram or, in other words, the 

area inside the hysteresis diagram, represents the dissipated energy. This 
dissipated energy is obtained by both calculating the area inside the 
hysteresis diagram by interface software and Abaqus software. Fig. 18 
shows the diagram of the cumulative dissipated energy of the moment 
frame and the moment frame with the proposed bracing system. Ac
cording to Fig. 18 and the calculation of area inside the hysteresis loops 
in Fig. 17 in the moment frame without braces, the dissipated energy is 
520 kJ. In this case, the dissipated energy results from the formation of 
plastic hinges in the beam; however, with the addition of an eccentric 
continuous cable bracing system with a friction coefficient of 0.3 to the 
moment frame, the amount of energy dissipation is increased by 19%– 
620 kJ. Therefore, this state of friction between the cable and the pulleys 
leads to energy dissipation. 
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6. Conclusion 

In this research, a cable bracing system consisting of a pre-stressed 
cable passing over fixed pulleys was proposed to provide stiffness and 
lateral resistance in structural frames. In addition to providing lateral 
strength for the structure, the proposed system also provided energy 
dissipation through frictional slipping between cable and pulleys. The 
proposed system had a two-phase resistant behavior in which the first 
phase was linear elastic with high stiffness while the second phase was 
nonlinear, increasing stiffness with input energy dissipation. The 
mentioned result was obtained by two methods of analytical solution 
and finite element model. Moreover, the most important parameters 
affecting the system were studied and at the end, the behavior of the 
moment frame with the proposed bracing system was investigated. The 
most important research results were as follows:  

1) The proposed system, in addition to the lateral restraint of the 
structure, has the capacity to dissipate the input energy.  

2) In the proposed system, the whole cable is always in tension and 
loosening does not occur. 

3) The two-phase behavior of the system is one of its main charac
teristics; thus, the system has a linear behavior with high stiffness 
in case of a small displacement such as the usual wind force and in 
the case of a large displacement such as a severe earthquake, the 
system experiences nonlinear phase and exhibits a nonlinear 
behavior with increasing stiffness, which prevents the growing 
displacement of the system.  

4) The resistant behavior of the system and its energy dissipation 
capacity can be investigated and adjusted by three main param
eters of friction coefficient, initial pre-stressing force, and span 
length.  

5) To check the effect of friction coefficient parameter, additional 
rotation of the cable around the pulleys is considered and further 
increase of friction effect is calculated using the friction coeffi
cient formula equivalent to μeq = μ×((2nπ +α) /α) .  

6) Increasing the friction coefficient leads to the reduction of the 
axial force of the right side of the cable, thus the axial force of the 
left side of the cable increases and the lateral resistance and initial 
stiffness of system rises. As a result, stiffness increase leads to an 
increase in range of static friction phase and the pulleys slipping 
over the cable occurs later.  

7) The axial force of the cable with friction coefficients of 2.045 and 
3.79 compared to the friction coefficient of 0.3 on the left side of 
the cable is increased by 74% and 118% in the static friction 
phase and by 71% and 110% in the dynamic friction phase, 
respectively. In addition, on the right side of the cable in the static 
friction phase, it is reduced by 74% and 84%, respectively, and by 
74% and 95% in the dynamic friction phase.  

8) Increasing the base state friction coefficient from 0.3 to 0.6 leads 
to an increase in the system lateral resistance and the amount of 
the increase in the static and dynamic friction phases is 100% and 
73%, respectively.  

9) High values of the friction coefficient do not lead to any changes 
in the structure performance and the lateral resistance curve of 
the system converges to a single curve.  

10) Reducing the initial pre-stressing force reduces the initial stiffness 
of the system, thus leads to a reduction in the static friction phase 
and the system displacement until the slip threshold is reached.  

11) By increasing the ratio of the cable length to its height, the system 
strain decreases and leads to reduction of the axial force of the 
system.  

12) Upon increase in the span length, the system lateral resistance 
decreases. With increase in the span length from 3 to 5 m, the 
lateral resistance of the system in the static and dynamic friction 
phases is reduced by 12% and 44%, respectively. 

13) Addition of the cable bracing system to the moment frame in
creases the system stiffness in the static friction phase and the 
cable slipping on the pulleys occurs later. In addition, its energy 
dissipation increases by 19% compared to the frame without 
bracing. 
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