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Abstract:— This paper conducts the study to investigate the in-plane and out-of-plane buckling of tied-arch bridge. Several 

analytical models of tied arch with varying span to height ratio and hanger numbers are studied. It has been shown from results 

that the recommended values of European standards (Eurocode 3: 1993-2) for predicting the in-plane and out-of-plane buckling 

length factor of tied arch bridges is not rational and often leads to unsafe design. The in-plane buckling length factor not only 

depends on the stiffness of main arch girders but also depends on the stiffness of deck and vertical ties. Furthermore, it is difficult 

to predict the first mode of buckling, It largely depends on the effectiveness of a bracing system. To predict the actual critical 

buckling force it is of paramount importance to know the first buckling mode. In last it is concluded that tied arches are complex 

structures owing to its various parameters which are difficult to formulate in terms of codal procedures, Therefore more emphasis 

should be given in actual modeling 
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I. INTRODUCTION 
 

 The arches have widespread use in infrastructure 

projects owing to its effective load carrying mechanism. 

While designing the arch the primary step is to calculate 

its buckling load due to high compression forces. The 

subject of arch buckling has been extensively dealt by 

many researchers. But there is few research in the field of 

tied-arch buckling with flexible hangers, Though tied 

arches are used extensively in bridges.  

 

 Most of the international codes do not give 

guidelines to predict elastic buckling of tied arch. The one 

which provides is Eurocode-3 in form of graphs of in-

plane and out-of-plane buckling and the buckling length 

factors are not rational sometimes even leading to over-

predicting of critical buckling normal force. 

 
  Ju (2003) gave the effective lengths for arches 

through statistical analysis. Arie and Charalampos (2008) 

in their paper came out with a conclusion that buckling 

length factor depends upon arch in-plane stiffness which 

leads to unsafe design. Palkowski (2012) gave buckling 

length factors which are in close agreement with 

Eurocode 3. But none of the papers discuss the bending 

stiffness of deck and nature of buckling mode. Even after 

the effective cross-bracing of arches, the global out-of-

plane buckling mode can be the first mode 

 

 

 

 

 

II. THEORY AND EUROCODE PROVISIONS 

 

A. Eigenvalue buckling analysis 

 To carry out the buckling analysis an eigenvalue 

problem is 

formulated and solved. Eq. 1 is an eigenvalue problem [1]. 

 
 Where [K] is the conventional stiffness matrix, 

Matrix [kσ ] is a function of element geometry and 

displacement. The smallest root λcr defines the smallest level 

of external load for which there is buckling which is to be 

multiplied by applied load P. The eigenvector {δD} 

associated with λcr is the 

buckling mode. 

 
Where {P}cr is the critical buckling load. From buckling 

analysis the critical buckling load obtained is applied to the 

model which gives the critical buckling normal force Ncr at 

support in the arch. 

 
Where, E = young’s modulus of elasticity, Iy = the second 

moment of area of cross-section of arch rib, S = half arch 

length and β is the buckling length factor for an arch which is 

obtained by 

 
B. Eurocode provisons 

 The buckling of tied-arch is dealt in Annex D.3, part 

2. For in-plane buckling a graph is given as shown in Figure 
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1. The buckling length value β can be obtained for a 

given arch rise and a number of hangers. The critical 

buckling normal force Ncr at support is given by Eq. 3. 

Where m is the number of hangers, f is the arch rise, l is 

the length, p is the spacing and q is load intensity. 

 
Figure 1[2]. Buckling factor β. 

 The out-of-plane buckling is verified by a 

stability check of the end portal. The buckling factor β is 

obtained from Figure 3 by using the geometry shown in 

Figure 2. 

 
Figure 2[2]. Buckling of portal for arches. 

 
Figure 3[2]. Buckling length factors β for end portal. 

 

 Where h is the minimum distance between 

support and first cross bracing between arch ribs, αk is 

the angle at support between arch rib and deck, hr is the 

mean of all lengths hH of the hangers multiplied by 1 / 

sin αk , Io is the second moment of area of arch cross 

bracing and I is the second moment of inertia of arch rib 

along minor axis. 

III. MATHEMATICAL MODELLING 

 

 SAP 2000v14 is adopted to conduct Elastic buckling 

and static analysis for tied arch bridges. A total of 25 arch 

models are analyzed for different arch rise ratio f / L ( 0.1, 

0.2, 0.3, 0.4, 0.5) where f is the arch rise and L is the length of 

the arch. Each arch rise has five different cable configuration, 

m =1,2,3,5 and 11 cables (For modeling the same cross-

section details from [3] are used as shown in Figure 4). 

 

 The main arch rib is the rectangular box section with 

a height of 4000 mm, 3000 mm width and thickness 

of 60 mm. 

 Tie member is the rectangular box section with a 

height of 2300 mm, 3000mm width and thickness of 

25 mm. 

 Crossbeam is also a rectangular cross-section with 

height of 2300m, a width of 1400 mm and thickness 

of 20mm. 

 Arch cross beam is hollow circular cross-section 

with 2000 mm diameter and a thickness of 20 mm. 

 Figure 4[3]. Different cross-se 

 
Figure 4[3]. Different cross-sections used : a ) Tie; b) 

Stringer; c) Arch; d) Arch bracing; e) Cross girder. 

 The longitudinal girders are I-section cross-section 

having top and a bottom flange width of 650 mm, a flange 

thickness of 25mm, a web thickness of 20mm and total depth 

of I section is 1800mm. 

 The cross-section as shown and discussed are 

modeled as beam elements. The cables are modeled as cable 

element in SAP 2000 with a diameter of 120mm. The 

concrete deck above longitudinal girder is 450mm thick 

which is modelled as a composite beam with I-section 

longitudinal girder. The total length of a bridge is considered 
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as 300 m which remain constant for every model and 

cross section width is 25m. 

 For modelling two types of steel material and a 

concrete material have been defined. Members other than 

cable and slab, steel is used with yield strength fy = 345 

Mpa, Elastic modulus E = 200GPA, poison ratio υ = 0.3, 

for steel cables fy = 975Mpa, E = 200 GPA, υ = 0.3 and a 

concrete of fck = 35 MPa , E = 29580, υ = 0.3 is used for 

deck slab. 

 Appropriate boundary conditions are applied. To 

model support, four end nodes are selected. Two nodes at 

one of the end have been restrained from translations, the 

in-plane rotation is allowed. The remaining nodes at other 

end are allowed both in longitudinal translation and in-

plane rotation. A schematic diagram is shown in Figure 5. 

 
Figure 5. A schematic diagram of Tied-arch bridge 

IV. RESULTS 

A. In-plane buckling 

 As mentioned earlier a total of 25 arches with 

five different cable configurations for five different arch 

rise ratio have been analyzed. At first, the deck slab has 

been kept as 450 mm thick then the whole analysis is 

repeated for 250 mm thick deck slab. The first in-plane 

buckling mode is considered as shown in Figure 6 to 

calculate normal critical buckling force at support and 

then the β value is obtained from Eq. 4 

 

 The results are summarized and shown in Table 

1, βEN is the buckling length from Eurocode 3, βM1 is 

the buckling length factor obtained from mathematical 

model for 450 mm thick deck slab, βM2 is the buckling 

length factor obtained from mathematical model for 250 

mm thick deck slab, δ1 and δ2 are the percentage change 

in βM1 and βM2 with respect to βEN. 

 
Figure 6. First in-plane buckling mode 

Table 1. Buckling length factors from analysis. 

 
Following are the observations from above results. 

i. It can be observed that for an arch rise ratio of 0.1 Eurocode 

overestimates the Ncr which is increasing as we reduce the 

number of cables. 

ii. For an arch rise ratio of 0.2 and above with a number of 

cables 5 or more the Eurocode values are best applicable as 

δ1 is within 5%. Most of the tied arch bridges have cable 

numbers more than 5. 

iii. By comparing β1 and β2 it is observed that with a 

decrease in lateral and transverse stiffness of deck the 

buckling length factor increases or Ncr decreases, that 

concludes buckling factor not only depends upon arch ribs in-

plane stiffness [4] but also upon the 

stiffness of deck. Since the Eurocode β values do not depends 

upon deck stiffness it may lead to unsafe design depending 

upon the deck stiffness. 

 

B. Out-of-plane buckling 

First out-of-plane buckling mode is considered as shown in 

Figure 7 and its corresponding Eigenvalue is used to calculate 

normal critical out-of-plane buckling force. The results are 

summarized and shown in Table 2. Ncro is the normal critical 

buckling force at support as per clause D.3.4 of EN:1993 part 

2. Ncro,M1 and Ncro,M2 are the critical out-of-plane 

buckling force at support from a mathematical model for deck 

slab of thickness 250 mm and 450 mm. 

 
Figure 7. First out of plane buckling mode. 
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Table 2. Out-of-plane normal critical buckling force at 

support. 

 
 

Following observations are made from Table 2 

i. The codal procedure given in Eurocode part-3 over-

estimates the out-of-plane critical buckling force 

compared to mathematical model which may lead to 

unsafe design. 

ii. Unlike in-plane buckling, the change in deck stiffness 

does not have a pronounce effect over out-of-plane 

normal critical buckling force. 

 

C. Effect of different types of bracing over buckling 

strength 

 Three different types of bracing have been 

considered as shown in Figure 8 are defined as a,b and c 

having the same cross-section as defined earlier for arch 

bracing. In this present study, the effect of different 

bracings over buckling strength have been studied. Five 

different arches with f / L = 0.1, 0.2, 0.3, 0.4 and 0.5 for 

11 cables in one side each are analyzed. The results are 

summarized in Table 3 and 4. 

 
Figure 8. Bracing type a,b and c. 

 

 

Table 3. First buckling mode type for bracing type a,b and c. 

 
Table 4. Normal critical buckling force Ncr for 1st mode of 

buckling for bracing type a,b and c. 

 
 It can be observed from Table 3 the governing mode 

is the out-of-plane buckling mode for type a and in-plane 

buckling mode for type b and c. From Table 4 which shows 

the corresponding normal critical buckling force, it can be 

said that in-plane buckling mode is the preferred mode of 

buckling because of higher normal critical buckling force than 

out-of-plane buckling. Therefore type b and c should be 

preferred over type a, owing to the high stiffness of b and c 

against out-of-buckling. The increase in stiffness is due to the 

fact that the number of members are increased from 11 in 

type a to 31 in type b and c. Even if the number of bracings 

are increased for type a the out-of-plane buckling could have 

been resisted However the codal provisions of Eurocode part 

3 are silent over different types of bracing and their effect 

over buckling strength. This may lead to an over conservative 

and uneconomical design. Because of large difference in 

normal critical buckling force for in-plane and out-of-plane 

buckling. 

 

CONCLUSION 

 

From the study following observations are derived 

i. The in-plane buckling length factor also depends upon the 

longitudinal stiffness of deck apart from arch rise ratio and 
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cable numbers. This fact is ignored in Eurocode part 3 

designing through it may lead to deficient design. 

ii. The out-of-plane normal critical buckling force by 

considering the end portal as given in Eurocode part 3 

may predict results on the higher side as compared to the 

mathematical model. 

iii. The bracing has a significant effect over buckling 

strength that can change the fundamental mode of 

buckling. Which is unfortunately not present in Eurocode 

part 3 provision. Depending upon the aesthetics or any 

other reason designer may choose any particular type of 

bracing and can design without knowing the actual mode 

of failure, which may produce a very conservative and 

uneconomical design. 

iv. From results, it is observed codal provisions are not 

rational and it is difficult to predict actual buckling load. 

The tied-arch bridges are complex structures as it depends 

on many factors like in-plane and out-of-plane stiffness of 

arch, the stiffness of cross bracing, The longitudinal and 

transverse stiffness of deck, cable numbers and many 

others which is difficult to formulate in terms of codal 

procedure. Therefore more emphasize should be given in 

modeling which can predict result with sufficient 

accuracy. 
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