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Lambda-shaped hangers: an innovative fatigue-resistant 
hanger system for pedestrian suspension bridges

Arman Khatar , Salar Farahmand-Tabar , and Majid Barghian 

Department of Structural Engineering, Faculty of Civil Engineering, University of Tabriz, Tabriz, Iran 

ABSTRACT 
Susceptibility to dynamic loads is a critical concern for lightweight and 
slender suspension footbridges, especially those with limited damping 
capabilities. The performance of these structures can be influenced by the 
type of the hanger system. Suspension bridge hangers are generally con
figured as either vertical or inclined. While inclined hangers offer enhanced 
aerodynamic stability, they are more vulnerable to fatigue and may exhibit 
distress or slackness due to their configuration. In this paper, a lambda- 
shaped hanger system is proposed to mitigate the internal forces, reduce 
slackness, and enhance fatigue resistance. The general behavior of the sys
tem is investigated, and the impact of key variables on its performance is 
analyzed, comparing it against vertical and inclined hanger systems. 
Results indicate that the lambda-shaped hanger system significantly enhan
ces the behavior of the bridge in most cases compared to vertical or 
inclined hangers. The lambda-shaped hanger configuration demonstrates 
favorable fatigue performance, with a 44.2% force increment, closely 
matching the 44% increment of vertical hangers and outperforming 
inclined hangers by 3.9%. This suggests the lambda-shaped configuration’s 
superior fatigue resistance. When the bridge is subjected to the most criti
cal live load pattern, the maximum force distribution occurs in the inclined 
hanger system. In contrast, the lambda-shaped hangers exhibit a lower 
force distribution by 34.1% than the case with the inclined hanger system.
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1. Introduction

Dynamic loads pose a significant risk to flexible suspension footbridges, especially those with 
slender structures that can lead to oscillation issues (Dey, Narasimhan, and Walbridge 2021; 
Otavio et al. 2022). These footbridges are highly susceptible to wind and vibrations caused by 
pedestrian activities, such as walking, jumping, and running. When the crowd intensity surpasses 
a critical threshold, dynamic responses in the footbridge and discomfort for pedestrians become 
apparent (Lievens et al. 2018; Wang et al. 2021). The trend of constructing lightweight footbridges 
has grown in recent years, but this increased flexibility can lead to larger vibration amplitudes 
under dynamic forces. Traditionally, footbridges were designed to withstand static loads only, but 
modern footbridges must consider vibration phenomena due to their slenderness. However, 
adhering to natural frequency requirements specified in codes (AASHTO GSDPB-2-I11 2015; 
BS5400 1978; DIN-Fachbericht 102 2009; ENV 1995-22 2005; Fib Bulletin 32 32 2005) can be 
challenging for very slender and lightweight structures like stress ribbon and suspension bridges.
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To understand the dynamic response of footbridges, factors such as natural frequencies, bridge 
mass, damping properties, and pedestrian loading are crucial (Avci 2016; Carpineto, Lacarbonara, 
and Vestroni 2010; Garc�ıa-Di�eguez et al. 2021). If the vibration behavior fails to meet comfort 
criteria, adjustments in the design or the incorporation of damping devices might be necessary. 
Lightweight suspension footbridges have lower natural frequencies, making them more susceptible 
to resonance (Li, Xie, and Au 2022; Zhou and Wan 2022). Vibrations caused by pedestrians fur
ther exacerbate the serviceability problems of suspension footbridges (Al-Smadi et al. 2022; Dey, 
Narasimhan, and Walbridge 2018; Nyawako and Reynolds 2018; Saber, Samani, and Pellicano 
2023). Cable systems, such as main cables and hangers, are used to increase the stiffness of sus
pension bridges and improve the vibration characteristics. Inclined hangers, acting as damping 
elements against dynamic loads, are more effective than vertical hangers. However, inclined hang
ers are prone to fatigue, slackness under excessive tension, and early wear compared to vertical 
hangers. The mentioned issues require modification to achieve an optimum system (Farahmand- 
Tabar and Barghian 2020a, 2020b).

The number of slacked hangers relies on dynamic load types (Farahmand and Shirgir 2025; 
Farahmand-Tabar and Barghian 2019, 2021; 2023; Shirgir, Farahmand-Tabar, and Aghabeigi 
2024). Pedestrian traffic, density, and comfort needs significantly affect suspension footbridge 
dynamics. Heavy traffic may strain hangers, causing unwanted vibrations. To address this, adjust
ments can be made, such as limiting structural vibrations, stiffening, and reducing internal forces. 
The Millennium Bridge in London experienced significant swaying due to pedestrian movement 
(Dallard et al. 2001; Newland 2003; Pavic et al. 2002), leading to its temporary closure. Similar 
issues were observed in the steel footbridge in Forchheim, Germany (Seiler, Fischer, and Huber 
2002). Studies by Kerr and Bishop (2001) on vertical forces during walking indicated a comfort
able pace between 1.7 and 2.2 Hz. Figueiredo et al. (2008) introduced a load model considering 
pedestrian movement’s impact on footbridge dynamics. Nakamura (2003) found that pedestrians 
excite various vibration modes. The Mindaugas highway arch bridge faced high crowd loading, 
which was improved by adding inclined suspenders. Wu, Takahashi, and Nakamura (2001, 2003) 
studied the effects of slackened cables on bridge vibrations. Melchor et al. (2004) examined pedes
trian suspension bridges with S-shaped inclined hangers.

Several studies highlighted issues with inclined hangers in bridges like the Humber Bridge and 
Severn Bridge in England and the Bosphorus Bridge in Turkey (Al-Khalili 1984; Suh and Change 
2000). Pellegrino, Cupani, and Modena (2010) explored hanger arrangements to reduce fatigue stress. 
Bachmann (2002) proposed acceleration limits for footbridges. Huang, Thambiratnam, and Perera 
(2005) investigated vibration characteristics in cable-supported bridges. Studnic�kov�a (2004) assessed 
pedestrian load effects on footbridge dynamics. Brownjohn (2005) and Lai, Gentile, and Mulas (2017) 
researched footbridge vibration serviceability. Finite element analysis was used to study footbridge 
dynamics, notably the Millennium Bridge (Hauksson 2005; Z�ivanovic 2008). Z�ivanovic (2008) and 
Z�ivanovic et al. (2005) reviewed footbridge vibration serviceability. Bassoli, Gambarelli, and Vincenzi 
(2018) described a footbridge model and testing. Wang et al. (2019) studied a footbridge in Portugal 
prone to pedestrian-induced vibrations, aiming to establish a control system.

In this study, a novel hanger system is introduced to improve the dynamic properties 
(Faravelli and Ubertini 2009, 2009) of inclined hanger systems in a suspension footbridge and 
address the disadvantages as mentioned earlier. The new arrangement, which is introduced as the 
lambda-shaped hanger system, is proposed to control the dynamic responses of the bridge by 
reducing the slackness/overstressing problem that exists in inclined hangers and avoiding the 
related fatigue phenomenon (Gao, Wang, and Ma 2022; Lepidi, Gattulli, and Vestroni 2009; Mei, 
Jin, and Sun 2018; Pothula et al. 2012; Zhu et al. 2019). The new arrangement uses the vertical 
and inclined arrangement together to use the advantages of each system simultaneously. 
Therefore, the performance of all systems is compared to each other to show the capability of the 
new system.
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2. Hanger systems

2.1. Vertical and inclined hanger systems

As a conventional type of hanger system, a vertical hanger model is considered subjected to verti
cal and horizontal load (Figure 1). Considering the assumed boundary condition, the system will 
not slack. Inclined hangers are another type of hanger system that is modeled and subjected to 
vertical and horizontal loads (Figure 1). By applying a lateral load to the inclined hanger system, 
one hanger is over-stressed and another hanger is slacked. This will cause fatigue due to repeated 
loading and unloading cycles in hangers. The load–displacement and axial force diagram are illus
trated in Figure 1.

Inclined hangers are characterized by the fact that each hanger can become either slack or 
overstressed under heavy loads. This distress arises from the relative longitudinal movement 
between the main cable and the suspended deck, which induces a change in stress in the two 
parts of adjacent hangers (Figure 2). Slackness occurs when the compression induced by live 
loading exceeds the dead load tension initially built into the hangers. The extent of stress vari
ation depends on the included angle between two adjacent hangers, which is determined during 
construction and adjusted at various points of attachment to the cable to protect the hangers 
from overstress and slack conditions under extreme live loads. However, the difference in vertical 

Figure 1. Load–displacement diagram for different hanger systems.
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loads causes continuous fluctuation in the stress levels of the hangers. These fluctuations—where 
axial tension in the hanger alternates with compression—can lead to rupturing due to fatigue. 
This type of fatigue has been considered in the present research. By introducing a lambda-shaped 
hanger, the weakness of conventional inclined hangers is mitigated. The proposed hanger remains 
in tension and avoids slackness, thereby preventing fatigue failure.

2.2. The proposed lambda-shaped hanger system

Beside the conventional system of hangers, the lambda-shaped hanger model is shown in Figure 
3. The maximum amount of lateral stiffness is achieved when the ratio of vertical member length 
to the total height of the hanger is less than 10%: However, applied lateral force is transferred to 
each inclined hanger unproportioned. Considering this case, it seems that this type of hanger sys
tem is also vulnerable to fatigue. However, this system refrains from fatigue due to its applied 
constraint for being in hanger slackness. In other words, dislike inclined hangers, no hanger expe
riences slackness during lateral loading, and both hangers are under tension. The load–displace
ment diagram for a lambda-shaped hanger is shown in Figure 1. In lambda-shaped hangers, a 
low lateral force results in low stiffness, whereas increasing the applied load leads to a corre
sponding increase in stiffness. Figure 3—which illustrates the desired configuration—can be easily 
constructed. A comparable configuration is often seen in suspension bridges with inclined hang
ers. The primary distinction lies in the connecting component: instead of a cylindrical element, a 
square flat plate is employed, with a rod member positioned atop the plate to create the arrange
ment shown in Figure 3. It is important to note that the hangers are pre-tensioned; therefore, 
this structural configuration does not present any practical or mechanical issues.

3. Analysis of the bridge models

3.1. Bridge model

The considered Soti Ghat Bridge Figure 4a is a pedestrian suspension bridge in Nepal. The height 
of the bridge tower measures 16 m. The conventional hangers were considered and substituted 
with lambda-shaped ones (Figure 4b and c) within the analyzed model. This alteration aimed to 
investigate how the different hanger systems impact the performance of the footbridge when sub
jected to pedestrian loads. All three bridges had an equal number of hangers, each with the same 

Figure 2. Hanger strain due to bridge oscillations.
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Figure 4. The suspension bridge with different hanger systems. (a) Cross-section of the Soti Ghat bridge. (b) Finite element 
models. (c) Hanger systems.

Figure 3. Lambda-shaped hanger system: configuration and cable fittings.
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cross-section diameter. The span length is 100 m, while the load-bearing deck is set at a width of 
2 m. To enhance the structural integrity of the span, two longitudinal beams with a height of 
0.3 m were incorporated. The main cables exhibited a sag of 12 meters, with diameters measuring 
120 mm, and the hangers were 26 mm in diameter.

Transverse beams, forming pinned connections between the longitudinal beams, were situated 
at 125 cm intervals. The deck was additionally reinforced with lateral horizontal braces. The con
nection between the deck and the main cables was achieved through hangers spaced at 2.5 meters 
in bridges featuring inclined and lambda-shaped hangers. In comparison, bridges employing ver
tical hangers had intervals of 1.25 m, coinciding with the placement of crossbeams. The bridge 
towers were constructed using steel pipes, stabilized by diagonal lateral braces. In the simulation, 
all structural members were represented using steel material properties, including Young’s modu
lus of 2� 1011 N/m2 and a weight density of 7.85� 104 N/m3. The main cables and hangers were 
assigned the following material properties: a yield stress (fy) of 1.18� 109 N/m2, and an ultimate 
strength (fu) of 1.57� 109 N/m2.

The pre-stressed load of the cables was determined based on cable weight, sag, and axial stiff
ness. It was assumed that each mode shared identical damping ratios. Given that the footbridge is 
constructed from steel, a damping ratio of 0.004 has been adopted for the structure. The deck 
components were modeled as shell elements with end releases, designed to mimic simple support 
conditions by employing pin connections to the supporting beams. The longitudinal beams were 
modeled using 3D beam elements, as were the steel pipe towers. To capture the flexible behavior 
of the cables, each cable element was divided into 40 segments.

3.2. Load cases

Pedestrian suspension bridges commonly face a variety of loads over time, stemming from pedes
trians, bicycles, motorcycles, animals, and external factors such as temperature effects (Liu et al. 
2024), earthquakes, and wind. In this study, the bridge was subjected to both static dead loads 
and live loads. The live load was applied symmetrically and asymmetrically as a distributed load 
with a magnitude denoted as "q" according to Eq. (1) (Barghian and Faridani 2011).

q ¼ 2þ
150

Lþ 150

� �
kN
m2 ; 2 < q < 3 (1) 

In Equation (1), L represents the loaded length in meters, and q stands for the load intensity 
in kN/m2. The specifics of the load quantities and distribution patterns are presented in Table 1. 
The dead load of the bridge was computed using software to account for gravity-related forces. 
The value of the pre-stressed load in the cables was determined by considering factors such as 
cable weight, sag, and axial stiffness. The analysis will illustrate that the most critical scenarios for 
live loads arose from the symmetric configuration labeled as A and the asymmetric pattern desig
nated as D:

3.3. Analysis

The primary purpose of the study is to improve the behavior of hangers and reduce slackness. 
First, the suspension bridge with vertical and inclined hangers was analyzed for dead and live 
loads to discuss the force distribution in hangers and other bridge members. Then, the hangers 
were replaced with lambda-shaped hangers within a similar condition. Then, all stages of loading 
on the bridge were applied. The structural analysis of the bridge was conducted considering the 
geometric nonlinearity and large deformations, consistently with modeling methodologies 
employed for all hanger configurations of the case study bridge. The SAP2000 software package 
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was utilized to perform the numerical simulations (as illustrated in Figure 4b) and solve the ana
lytical models.

4. Results and discussions

4.1. Parametric analysis to reach the optimal lambda-shaped hanger system

The lambda-shaped hanger was chosen with a cable diameter of 1 cm, the hanger height of 3 m 
(H ¼ 3), and a span of 3 m (L ¼ 3). The ratio of vertical member length to the total height of the 
hanger (a) was chosen to be 0.1. To evaluate the lateral performance of the system, a horizontal 
load of 20 tons (P ¼ 20) was applied to the hanger system. The system was analyzed statically, 
and geometric nonlinearity with large deformations was considered. The load–displacement dia
gram for the lambda-shaped hanger system is shown in Figure 1. For low lateral load values, the 
stiffness is very low, while the lateral stiffness of the hanger system is increased when the slope is 
increased. Therefore, the lambda-shaped hanger system has a hardening behavior. Also, the axial 
forces of the lambda-shaped hanger elements are shown in Figure 1. In this system, the applied 
load has caused tension in all cables. This is the advantage of the proposed system. By increasing 
the lateral displacement, the tensile force in the right-hand side member decreases after passing a 
maximum peak. As the lateral displacement increases further after a downtrend, the tensile force 
in the right-hand side member gradually decreases and approaches zero, causing the member to 
become slack.

4.1.1. Prestressing effect
Due to the nonlinear behavior of cables, applying the prestressing to cables increases their stiff
ness. The pre-stress effect on the lambda-shaped hanger system is given in Figure 5a. Three pre
stressing loads—minimal force, 5 tons, and 20 tons—were applied, along with varying lateral 
loads (P). By applying prestressing load, the diagram slope increases; therefore, the stiffness is 
increased. The effect of prestressing load on the slacking of the right-hand side member is shown 
in Figure 5a. By increasing the prestressing load, the slacking of the member is delayed.

Table 1. Applied load patterns due to pedestrian live loads.

Load pattern Loaded length (m) Intensity of gravity loads (kN/m2) Load pattern name

A 100 2.6

B 100 2.6

C 100 2.6

D 50 2.75

E 50 2.75
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Figure 5. Parametric analysis results to reach the optimal lambda-shaped hanger system. (a) Effects of prestress and length of 
the vertical members. (b) Performance of the vertical, inclined and lambda-shaped hangers.
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4.1.2. Length effect of the vertical member
The hangers connect the main cable to the deck. Hangers’ intervals are usually fixed from each 
other, and only the heights of the hangers are changed. The change in the length of the vertical 
member in the lambda-shaped hangers alters the performance of the system. Therefore, the geo
metric characteristics of the system should be selected in such a way that by changing the length 
of the vertical member, the system’s performance should not change. The length ratio of the ver
tical member to the full hanger is discussed as an influential variable in the lambda-shaped 
hanger system. A load–displacement diagram for the lambda-shaped hanger system with various 
lengths of the vertical member is shown in Figure 5a. As shown, reducing the length of vertical 
members increases the lateral stiffness of the entire hanger system. The effect of length variation 
in the vertical member of the lambda-shaped hanger versus the corresponding lateral stiffness is 
also given in Figure 5a. The increase in the length of the vertical member reduces the lateral stiff
ness of the lambda-shaped hanger system.

4.1.3. Slackness of cables
Lateral load on inclined hangers causes cable slackness. Loading and unloading cycles lead to 
slackness in some cables and excessive tension in others, creating fatigue. In lambda-shaped hang
ers, one of the inclined members may slack under large lateral loads, but applying prestressing 
force resolves this issue. The length of the vertical member also affects slackness. Figure 5a shows 
that increasing the vertical member length delays slackness in inclined members. The ratio of dis
placements at maximum axial forces to those at slacking force was determined for inclined mem
bers of lambda-shaped hangers, indicating strength participation. Reducing the vertical member 
length increases hanger system slackness. Figure 5a also shows slackness percentages for inclined 
members with various vertical member lengths under lateral load. The most slackness occurs with 
the shortest vertical member. The lambda-shaped hanger system with a ¼ 0.1 has the least slack
ness among the investigated systems.

4.1.4. Force distribution among members
The axial force of the vertical member (for a ¼ 1/10 and a ¼ 0.5) is shown in Figure 5b. For a 

¼ 1/10, the highest force was generated in the vertical member. Forces in the left cable (LC) and 
right cable (RC) were 11% and 82% less than the force in the vertical member, respectively. The 
force distribution between the members in the system with a ¼ 0.5 is better than the system 
with a ¼ 0.1. The highest axial force belonged to the vertical member. The force in LC is around 
15%, and the force in RC is about 50% less than the achieved force in the vertical member. 
Applying the lateral load to hangers with a > 0.1 in the lambda-shaped hanger arrangement 
enhances the force distribution between its inclined members. However, by increasing the amount 
of a to more than 0.1, the lateral stiffness of the hanger system is reduced.

4.1.5. Cross-section of hangers in different systems
The cross-sections of the vertical, inclined, and lambda hangers considering the same steel quan
tity were compared. For this reason, a one-story frame consisting of three members of 3 m was 
considered. The frame was used considering different hanger systems: vertical, inclined, and 
lambda hangers with a ¼ 1/30, 1/15, 1/10, 1/6, 1/3, and 1/2. The amount of consumed steel for 
the inclined hanger was calculated as a base item. For other arrangements, the cable length used 
for any arrangement was calculated. Based on the inclined hanger, other systems’ volumes were 
kept constant, and their lengths and cross-sections were calculated for the mentioned volume. 
The result is shown in Table 2. It is seen that the smallest cross-section is related to the inclined 
system, while the lambda-shaped hanger, with a equals 1/15, is placed second.
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4.1.6. Comparing the performance of hangers
The load–displacement diagram for vertical, inclined, and lambda-shaped hanger systems is 
shown in Figure 5b. Load applied to the inclined hanger, causing the graph to be a straight line. 
But at the beginning of the loading process on the vertical hanger, a huge displacement is created, 
and after the initial displacement (nonlinear behavior), the graph becomes almost a line. The 
behavior of the lambda-shaped hanger at the beginning of loading is the same as that of the verti
cal hanger. However, with increasing load, the behavior of this system begins to resemble that of 
the inclined hangers. Figure 5b also presents the load–displacement diagram under vertical load 
for vertical, inclined, and lambda-shaped hangers. Under vertical loads, the graph for all three 
systems becomes linear.

4.1.7. Stiffness of the hanger systems
Given that all systems contain the same amount of steel, a comparison of hanger stiffness 
becomes meaningful. Figure 6 compares the horizontal and vertical stiffness of hanger systems. 
Cable cross-sections are shown in Table 2. Vertical hangers have the lowest horizontal stiffness, 
80.5% less than inclined hangers. Lambda-shaped hangers have higher horizontal stiffness than 
vertical but lower than inclined hangers. The horizontal stiffness of lambda-shaped hangers with 
the a value equal to 1/30, 1/15, 1/10, 1/6, 1/3, and 1/2 is obtained 31%, 42.5%, 49%, 58%, 70%, 
and 77% lower than inclined hangers, respectively. Reducing vertical member length increases 
horizontal stiffness. For a ¼ 1/10, the lambda-shaped hanger’s horizontal stiffness is 49% lower 
than inclined hangers and 62% higher than vertical hangers. Figure 6 shows that the vertical 
hangers have the highest vertical stiffness, while inclined hangers are 30.3% lower. Reducing verti
cal member length in lambda-shaped hangers increases vertical stiffness. With a ¼ 1/30, 1/15, 
1/10, 1/6, 1/3, and 1/2, vertical stiffness is 36%, 38%, 40%, 43%, 49%, and 57% lower than vertical 
hangers, respectively. For a ¼ 1/10, lambda-shaped hangers have 40% lower vertical stiffness than 
vertical hangers and 6% lower than inclined hangers. The best system should consider these 

Table 2. Cable cross-sections for different hangers with equal amounts of steel.

Hanger system Cable length (cm) Cross section (cm2)

Vertical 300.00 2.24
Inclined 670.90 1.00
Lambda – 1/2H 574.31 1.17
Lambda −1/3H 600.04 1.12
Lambda −1/6H 633.15 1.06
Lambda −1/10H 647.81 1.04
Lambda −1/15H 655.37 1.02
Lambda −1/30H 653.01 1.03

Figure 6. Comparing the stiffness of vertical, inclined, and lambda-shaped hangers.
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variables. Inclined hangers increase horizontal stiffness but cause slackness and fatigue due to 
force fluctuation. Lambda-shaped hangers reduce slackness and provide good lateral stiffness. 
With a ¼1/10, lambda-shaped hangers minimize slackness and resolve fatigue issues in inclined 
hangers.

4.2. The performance of hanger systems on the bridge

The load is applied along the bridge span. Under load pattern A, hangers do not slack or over
stress. This study identifies the critical loading pattern for suspension bridges with vertical, 
inclined, and lambda hangers. Figure 7a shows force distribution in vertical and inclined hangers 
due to various loadings, with an average force of 4.19 and 4.23 kN, respectively. The maximum 
force under dead load in vertical hangers is 8.28 kN, while it ranges from 0.16 to 8.69 kN in 
inclined ones. Also, Figure 7a shows force distribution in the lambda-shaped hangers. The aver
age force in the upper section of lambda-shaped hangers (8.5 kN) is approximately 50% higher 

Figure 7. Force comparison in different hanger types. (a) Effects of different load patterns on hanger systems. (b) Different hang
ers under dead load (left), and live load pattern D (right).
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than those in the lower section (4.3 kN). The maximum and minimum forces in the upper section 
are 8.66 and 8.42 kN (a 3% variation), while in the lower section, they are 3.78 and 4.65 kN (a 
19% variation), respectively. Table 3 summarizes hanger force fluctuations under live loads, with 
most fluctuations for critical pattern D.

4.2.1. Comparing the lambda-shaped hanger system with conventional hangers
To compare the performance of vertical, inclined, and lambda-shaped hanger systems, a diagram 
of force distribution for the three systems is shown in Figure 7b. The analysis of force distribu
tion in the lambda-shaped hanger system with vertical and inclined hangers under dead and live 
load is shown in Table 4. Under dead load, the ratio of minimum force to maximum force (force 
ratio) in the lambda-shaped hangers along the bridge is an average of 18.75% compared to the 
values of 99.03% and 98.17% for vertical and inclined hangers, respectively. The average force 
ratio in lambda-shaped hangers is 80% and 79% lower than the vertical and the inclined hangers, 
respectively. The most critical live load pattern that causes the most slackness in hangers is load 
pattern D: As a result, 7 vertical hangers, 37 inclined hangers, and 28 lambda-shaped hangers 
have slacked.

4.2.2. Effects of the hanger system on the response of the deck system
Load pattern D is the critical load pattern for the deck responses (Figure 8). Tensile force on the 
deck considering the inclined and lambda-shaped hangers is 19% and 24% lower than the deck 
with vertical hangers, respectively. The shear force considering vertical and lambda-shaped hang
ers is 10% and 2% more than that of inclined ones, respectively. Furthermore, the bending 
moment in the deck with lambda-shaped hangers is 0.56% lower than the case using inclined 
hangers. The hanger type and its load-transferring mechanism can affect the displacement of the 
deck. The maximum displacements of the deck considering different hanger systems under vari
ous load patterns are presented in Table 5. According to Figure 8 and Table 5, the maximum dis
placement for the vertical and inclined hanger systems are 481.84 and 380.94 mm, respectively, 
while it is 3.4% more in the lambda-shaped system.

Table 3. Force fluctuations of hangers due to live load.

Hanger type Load Pattern A B C D E

Vertical Max. 875% 121% 118% 773% 630%
Min. 60% −71% −71% −44% −44%

Inclined Max. 326% 178% 178% 829% 621%
Min. −9% −9% 14% −100% −100%

k-Shape (Upper section) Max. 78% 39% 39% 120% 52%
Min. 72% 37% 36% 10% 10%

k-Shape (Lower section) Max. 99% 48% 48% 344% 202%
Min. 52% 29% 28% −99% −94%

Table 4. Force distribution in different hanger systems due to applied load.

Load

Vertical hanger Inclined hanger

Lambda-shaped hanger

(Upper Section) (Lower Section)

Dead Live (D) Dead Live (D) Dead Live (D) Dead Live (D)

Minimum Hanger Force (kN) 0.08 0.01 0.16 0 8.42 9.29 3.78 0
Maximum Hanger Force (kN) 8.28 12.76 8.69 19.43 8.66 19 4.65 18.64
Member Force Ratio (%) 99.03 100 98.17 100 2.73 51.12 18.75 100
Number of Slacked Hanger 0 7 0 37 0 0 0 28
Average force (kN) 4.19 5.95 4.32 6.14 8.45 12.2 4.26 6.14
Standard Deviation (kN) 3.97 5.19 3.78 6.36 8.42 4.19 8.42 4.19
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4.2.3. Effects of the hanger system on the responses of towers and main cables
Load pattern A causes maximum axial force in towers (Figure 9). With inclined hangers, the force 
is 757 kN. For lambda-shaped hangers, it’s 0.33% lower. The load pattern D causes the highest 

Figure 8. Force and displacement with their maximum values on the deck subjected to live load (Pattern D).
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shear force in towers. The lambda-shaped hanger system’s shear force is 63% higher than inclined 
hangers but 52.9% lower than vertical hangers. Although lambda-shaped shear force is higher 
than inclined, it’s lower than vertical. The load pattern D also causes maximum bending 
moments. Bending moments with lambda-shaped hangers are 63.3% higher than inclined hangers 
but 53% lower than vertical hangers. Maximum axial force in the main cable occurs under load 
pattern A (Figure 9). Axial force is 763.9 kN for vertical hangers, 768.7 kN for inclined hangers, 
and 0.5% lower for lambda-shaped hangers compared to inclined ones.

Table 5. Maximum vertical displacement (mm) stiffeners beam on deck due to 
different load patterns.

Load Pattern

Hanger Type

Vertical Inclined Lambda-shaped

Dead – 78.9 64.59 79.29
Live A 15.66 4.62 15.16

B 45.77 30.06 45.79
C 45.9 30.28 45.92
D 481.84 380.94 393.76
E 310.61 186.69 226.92

Figure 9. Forces in the tower and deck due to live load (Pattern A & D).

Table 6. Standard deviation of force in the hanger members due to different load patterns.

Standard Deviation (kN) Pattern

Hanger Type

Vertical Inclined Lambda-shaped

Dead Load – 3.97 3.78 0.23
Live Load A 6.34 2.16 0.21

B 5.29 2.16 0.2
C 5.28 4.69 0.19
D 5.19 6.36 4.19
E 4.61 4.92 2.53
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4.3. Comparing force distribution in hanger systems

By applying load to the suspension bridge, forces in hangers are generated. The force in each 
hanger is the function of the system’s overall performance and the hangers’ position along the 
bridge. A diffusion index should be used to investigate the force distribution in the hanger sys
tems. One indicator of dispersion and distribution of data is the standard deviation. The standard 
deviation shows how much data are away from the median values. When the standard deviation 
is close to zero, the data are closer to the average. The values of the standard deviation for the 
force distribution in members of each hanger system are summarized in Table 6 considering dif
ferent load patterns.

Figure 10 illustrates the performance comparison of the hanger systems under the most critical 
load pattern, D: In this pattern, the maximum force distribution is related to the inclined hanger 
system. Force distribution in members of lambda-shaped hangers is 34.1% lower than the case 
with the inclined hanger system. According to the results, the best case of force distribution is 
related to the lambda-shaped hanger system.

4.4. Optimum steel quantity

The optimized steel quantity for each type of hanger system is calculated. In comparison, the least 
amount of required steel is relating to the vertical hanger system (0.292 kN). The amount of 
required steel for the inclined hanger system (0.301 kN) is about 3% more than the vertical 
hanger system. However, the amount of required steel for the lambda-shaped hanger system 
(0.302 kN) is about 0.33% more than inclined hangers.

4.5. Fatigue

The variation in traffic load over time induces fluctuations in the forces exerted on hangers, lead
ing to stress variations that contribute to fatigue over prolonged cycles. This paper assesses the 
behavior of different hanger systems by examining the extent of force fluctuations as a key vari
able in fatigue development. Specifically, changes in live load directly impact the internal forces 
and, consequently, the stress experienced by hangers. These fluctuations in stress, arising from 
loading and unloading cycles, drive the fatigue phenomenon. Therefore, a hanger configuration 
capable of reducing fatigue effects from live load variations is essential. To evaluate the perform
ance of the lambda-shaped hanger system relative to traditional configurations, we compared the 
force increment in each system under varied live-to-dead load ratios, as illustrated in Figure 11a. 
According to the different arrangements of hangers, force distribution in each system is varied 
compared to each other.

Figure 10. Standard deviation of axial force in hangers due to live load (Pattern D).
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Higher force increments through loading cycles in hangers due to varying load ratios increase 
fatigue vulnerability. Results show that the inclined hanger system exhibits the highest force 
increment by 50.3%, making it more susceptible to fatigue. The vertical hanger configuration 
exhibits a relatively lower fatigue vulnerability, with a force increment of 44%, indicating a more 
favorable performance regarding fatigue resistance. The lambda-shaped hangers achieve a force 
increment of 44.2%, closely matching vertical hangers and showing favorable fatigue performance. 
In comparison, the lambda-shaped configuration achieves a 3.9% lower force increment than 
inclined hangers, underscoring its advantage in fatigue resistance. Figure 11b further highlights 
force distribution in different members, with the lowest and most desirable values at the system 
center.

Compared with traditional vertical or inclined hangers, the lambda-shaped hanger system may 
require unique maintenance strategies due to its distinct geometry and force distribution charac
teristics. Engineers should focus particularly on inspecting connection points, as these play a criti
cal role in maintaining structural integrity and preventing slackness. Additionally, regular checks 
for uniform stress distribution across the lambda-shaped hangers are essential to mitigate fatigue 
over time. Material durability and corrosion resistance should also be prioritized, as they directly 
affect the long-term performance of the hangers. Developing tailored inspection protocols can 
help ensure the system’s effectiveness, especially in dynamic load conditions where force fluctua
tions may be more pronounced.

5. Conclusion

In this paper, a new hanger system called lambda-shaped hangers was introduced to improve the 
dynamic behavior of conventional hangers. The loading and unloading cycles over time cause 

Figure 11. Performance evaluation considering different hanger systems. a) Force comparison in hangers. b) Behavior of the 
bridge.
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slackness and excessive tension in inclined hangers, and this process causes fatigue for the cable 
system. The effect of different variables (contributing to shear stiffness and damping characteris
tics) on the behavior of lambda-shaped hangers were investigated. The following results was 
obtained about the different hanger systems:

� The lambda-shaped hangers reduce the axial forces of inclined hangers and the slackness possibility, 
significantly due to efficient force distribution caused by their geometrical advantage. Therefore, the 
lambda-shaped hanger system exhibits improved performance against fatigue, comparable to that of 
vertical hangers, which are renowned for their excellent fatigue resistance in cable bridges.

� Similar to the bridge with vertical hangers, the maximum axial forces within the main cables 
of the bridge with lambda-shaped hangers became lower, compared to those of the bridge 
incorporating inclined hangers. This reduction is due to the ability of lambda-shaped hangers 
to distribute deck loads more evenly along the cable length, reducing peak stresses.

� Internal forces of the bridge deck in the case of lambda-shaped hangers became lower than 
inclined, and vertical hangers. Approximately, the same results were achieved for towers. The 
maximum vertical displacements of the deck with lambda-shaped hangers were reduced, com
pared to those with vertical hangers, although they were still slightly greater than those with 
inclined hangers. This improvement is due to the increased stiffness resulting from the angular 
configuration of the lambda-shaped hangers.

� The investigation revealed that pre-stressing is the most influential factor in reducing slackness 
in the lambda-shaped hanger system, as it provides effective stabilization under varying loads. 
The shape of the hangers also plays a significant role, contributing to both the reduction of 
slackness and the minimization of internal forces.

Considering the benefits, the lambda-shaped hangers can be the proper alternative to conven
tional hangers. Practical considerations for the lambda-shaped hanger system include factors such 
as connection detailing, optimum configuration, material durability, and ease of inspection and 
maintenance, which are likely to be critical to the system’s long-term success in real-world appli
cations. Future experimental research should focus on exploring the practical aspects of the 
lambda-shaped hanger system in more detail, including its structural performance under various 
environmental conditions and its long-term maintenance requirements.
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