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Abstract 

The Ponte do Zêzere II bridge, located near Covilhã, is a single-track steel railway bridge composed with 

a steel truss deck with riveted connections inaugurated in 1890. It integrates the Beira Baixa line, this line 

was disabled in 2009 due to several deficiencies. Among the main deficiencies is the lack of fatigue 

resistance, a typical phenomenon of steel structures in which varying cyclic and high tension occurs. 

In this way, it was carried out a structural analysis of the steel rail deck and a safety verification to the 

ultimate states limits according to Eurocode 3, taking into account consideration of the current project loads. 

This verification showed several deficiencies of ultimate resistance of the structural elements of the deck, 
and it was necessary to study solutions for strengthening and replacing various elements of the structure. 

Following this analysis, the fatigue safety verification of various elements of the steel structure was 

performed, considering the recommended strengthening. 

European standards do not contain specific methods for safety verifications to fatigue of riveted 

connections, comparing new rivets to prestressed fasteners.  However, this comparison may be inadequate 

since a centuries-old riveted connection may not be pre-stressed in service. Therefore, methodologies for 

the safety verification to fatigue of riveted connections took this particularity into account. It was concluded 

from this verification that the riveted connections generally shown good behaviour to fatigue, even for the 

present project live loads. 
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1 INTRODUCTION 

The Zêzere II bridge, located in a rural area in the district of Covilhã is dated of 1890 and is part of a set of 

bridges that have been preserved since the initial construction of the Beira Baixa line. This line was disabled 

in 2009 due to several fatigue-related pathologies. 

Therefore, this document provides an overview of the bridge deck and its structural elements, as well as a 

characterization of rivet joints, their behaviour and the types of connection.  

Structural analysis was made to the deck, and safety verifications performed to the ultimate limit states and 

it was found that it was necessary to study a reinforcement solution for numerous structural elements of the 

deck truss.  

After the definition of the solution deck strengthening, the methodology used for the fatigue assessment of 

structural elements and rivet connections is introduced and applied to the case study. 
 

 

2 GENERAL DESCRIPTION OF THE CASE STUDY: ZÊZERE II BRIDGE 

It has a steel truss deck with piers and abutments made of masonry stone. The railway vertical profile is in 

an almost flat area. The bridge deck presents a length of 120 m only 7 m high of the river Zêzere and 

consists of three continuous spans of 37.5 + 45 + 37.5 m supported on two piers and two abutments. Since 
in this section the Beira Baixa line is single-track, the bridge is only 5.01 m wide which includes a single 1 

m wide side for pedestrian use, Figure 1. 
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Figure 1 - Cross section type (adapted from: (GRID, 2009)) 

The static system of the Ponte do Zêzere II bridge consists of a continuous three-span deck with mobile 

supports in abutments and pillar P2 and supports fixed along the P1 pier according to  Figure 2. In the cross 

direction all supports are fixed. 

 

 
Figure 2 - The static system of the Zêzere II Bridge 

The structure of the bridge deck consists of truss modules, composed of cross diagonals, upper and lower 

chord, and vertical with orthogonal dimensions of 3.75 m by 3.75 m. 

Diagonals assume different sections depending on their location on the bridge, with 5 types of diagonals 

with cross section in "U". It should be noted that diagonals 4 and 5 are elements composed of plates riveted 

to gussets. 

The upper and lower chords have both "T" geometry and are also constituted from the riveted joints between 

plates and gussets. The number of 8 mm plates in the flange varies throughout the deck length. 

The cross section of the truss deck forms a "U" (Figure 1); the two planes of the side truss are connected 
by cross girders and stringers with modules of dimensions 5.01 m by 3.75 m. The vertical are composite 

variable height elements and are connected by their top to the upper chords and their base to the lower 

chords, cross girders and cross braces. Table 1 presents the cross-section types for the various structural 

elements that made part of the bridge deck. 

 

 

3 CHARACTERISTIC OF RIVETED CONNECTIONS 

The steel connections using rivets are one of the oldest techniques in connecting materials, and in the 

construction of railway bridges (Fisher & Beedle, 1966). This technique of connecting steel elements, 

which persisted  from the last decades of 1800s until the 1930s, succeeded in the use of simple bolts or 

fasteners and was the dominant technique until the appearance of high fasteners resistance (Picard, 1988). 

There are two distinct processes of riveting, manual and mechanical and can be made hot or cold. But, in 

general, the riveting process consists on the use of rivet in holes previously made in the elements to be 

connected and, with the help of a pneumatic hammer or a rivet pistol, in order to forge the rivet to forming 

a head at the end protruding from the rod. In this way the diameter of the rivet increases and consequently 

decreases the whole clearance (Picard, 1988). These holes previously made in the connecting plates could 

be made by drilling, punching or drilling with flare (D'Aniello, Portioli, Fiorino, & Landolfo, 2011). 
In Portugal, each 'normalized' rivet is regulated by the Definitive Portuguese Standard (NP-264, 1962). 

These standards distinguish rivets by the shape of their head, shank and diameter. Each rivet head indicates 

the type of use to which they should be subjected. 
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Table 1 - Type section of the different profiles of the original structure 

  Element Type section 

D1, D2, D3 

 

D4, D5 

 

Bottom/top chord 

  

Vertical 

 

Stringers/Cross girders 

  
 

 

 

3.1 RIVETED BEHAVIOUR 

Tensile strength depends directly on the mechanical properties of the constituent material before being 

worked and also on factors related to its installation process, such as temperature, the time the rivet was 

submitted to the high temperatures and the fastening mode (D'Aniello, Portioli, Fiorino, & Landolfo, 2011). 

The rivet resistance is inversely proportional to the length of the shank, that is, the longer the rivet shank 

is, the lower is its resistance.  

To determine the resistance to rivet cutting, ductility tests defined by NP-192 (NP-192, 1959) are 

performed. It is possible to establish a relationship between the deformation capacity of the material 

(ductility) and its resistance to cutting. This relationship depends on the test method, the riveting process, 
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and the elements to be tested. Rivets with larger shank tend to begin to deform at an early stage due to the 

effects of bending moments created by the cutting force. In any case, the resistance to the bite cut is not 

affected with this initial deformation (Picard, 1988). 

Rivets may be subject to combinations of tensions and shear. According to the tests done by Munse and 

Cox (William H. Munse, 1956), only the length of the rivet shank has an influence on its combined 

resistance, that is, the longer the length of the shank, the lower its resistance. 

 

 

3.2 TYPES OF RIVETED CONNECTIONS 

Mechanical connections can be classified according to the type of internal forces to which rivets are 

subjected, and it may be by tension, shearing or combination of tension-shear  (Kulak, 2003). 

From the existing forms of connections to the shear, the most common is the symmetrical connection with 

copper-joint plates. There is also a connection by overlapping plates. For trusses, the most used and that 
works very similarly to the copper-joint bond, it is the connection with gusset plate. Connections where 

rivets only work at tension are uncommon, only lying on so-called "hanging" connections. 

 

 

4 SECURITY VERIFICATION OF THE EXISTING DECK 

For structural analysis, a modelling of the bridge deck was made using the finite element software, SAP2000 
(CSI, 2016). 

The analysis model developed consists of longitudinal truss composed of upper and lower chord, vertical 

and diagonals and the railway deck that integrates stringers, cross girders and in-plan cross braces. 

With this model, a static analysis was performed to determine the internal forces and deformations due to 

the design loads, obtain by the combination of the different applied actions. This analysis assumed the linear 

elastic behaviour up to very high load levels. 

For the analysis, the permanent and variables actions were quantified from the values fixed by EC1-2 (EC1-

2, 2005) were applied, as well as the partial safety factors and combination factors. 

In order to obtain the design values of the internal forces, the following variable where considered: 

• Live load with LM71 load model (Figure 3) 

• Live load on pedestrian path 

• Dynamic coefficient applied to the LM71 load model 

• Horizontal forces due to 

o Braking 

o Acceleration 

o Lateral 

• Wind action 

• Temperature variations 

• Snow action 

 
Figure 3 - Disposition and characteristic values of LM71 railway load model 

 

 

4.1 ULTIMATE LIMIT STATES RESISTANCE 

European EC3-1-1 standard is followed for the calculation of resistance efforts. 

Thus, the resistances of cross sections in relation to normal force, shear force and bending moments were 

analyzed, as well as the resistances of structural elements. For both security verifications, the maximum 

and minimum design internal forces of each element were considered. 

It should be noted that the charges employed, and the combinations of actions considered at the time were 

lower than those considered in the present standard, thus justifying the slenderness of the structural elements 

that comprise the bridge deck. These factors together with the low resistance of the steel used contribute to 

the reduced resistance obtained for numerous deck cross sections and structural elements. 



Pague 5 / 9 
 

Therefore, it is possible to conclude that before advancing to fatigue assessment, a solution for 

strengthening the all bridge deck is required. 

Given the structural configuration of the bridge, the material and geometrical properties of the existing 

sections and the slenderness of the structural elements that make up the deck, it is proposed that the 

strengthening should be materialized by adding steel plates to the elements in which this is reasonable. In 

cases where it will not be possible to add steel plates, the replacement of the elements is proposed with new 

steel profiles with comparable characteristics, as seen in Table 2. 

 
Table 2 – Type section of the different profiles of the reinforced structure 

  Element Type section 

D1, D2, D3 

 

D4, D5 

 

Bottom/top chord 

  

Vertical 

 
 

 

4.2 STUDY OF THE UPPER CHORD UNDER COMPRESSION 

For the analysis and verification of the global safety of the structure it was necessary to study the buckling 

of the chords, especially the upper chord since it is not out of plane braced along the 120 m of the deck. 

Thus, to calculate the buckling length of the compressed upper chord, the analogy of a compressed column 

on an elastic foundation subject to increasing compression forces along each span was used, Figure 4. 

 
Figure 4 – Top chords beam on elastic foundation model for evaluating its critical load 

Assuming in a conservative and simplified form that this compression distribution is uniform, the Engesser 

formula can be used to estimate the critical load of the upper chord by expression (4.1), in which 𝛽  

represents the uniform stiffness of the "foundation" obtained from the stiffness outside the plane of each 
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truss module,  
𝑘 (being 𝛽=  𝑘/𝑎, 𝑎 the distance between amounts of the truss and 𝐸𝐼𝑧 off the plane bending stiffness of 

the top chord): 

 

 
To calculate the stiffness of the section (𝑘), a cross load is applied to a half-way knot of the truss and 

removed the corresponding cross shift, since 𝑘 =F/δ (in a model where the bending stiffness of the upper 

chord is null). In order to obtain the buckling length, Lcr, the formula of the Euler column is used. Thus, the 

𝐿𝑐𝑟 value of the equation is obtained (5.2) 

 
Although the buckling length was reduced by 33.3(3) %, the problem of global stability apparently remains. 

It should be noted that this methodology is conservative, that is, it was considered that the beam is subject 

to a constant normal load and that it is composed of a single geometry when in the case of study virtually 

all trusses modules have different geometries and normal stress is variable. 

Also, in the model used in the study case it was considered that diagonals are out of the plane hinged, this 

condition makes the structure less rigid than considering those diagonals have rigid connections, which 

would be a better approximation of reality. In this way, the same analysis was made to the structure 

strengthen with the diagonals with rigid connections. 

It is possible to verify that with the condition of diagonals with rigid connections the displacement of the 

chord in the various sections decreases slightly, and consequently, its buckling length also was reduced. 

In future works it will still be necessary to carry out a more detailed analysis of this upper chord in order to 
confirm its overall stability, in particular taking into account that the distribution of compressions on this 

chord along each spam is not uniform. 

 

 

5 FATIGUE SAFETY VERIFICATION 

5.1 FATIGUE VERIFICATION METHODOLOGY 

The safety verifications regarding fatigue can be performed using (5.1) and (5.2) from EC3-2. 

Where, 

𝛥𝜎𝐸 and 𝛥𝜏𝐸 stress amplitude due to the LM71 load model; 

𝛥𝜎𝑐 and 𝛥𝜏𝑐  fatigue strength corresponding to the detail of fatigue under analysis, to 2 x106 cycles; 

Ff e Mf  partial safety factors. 

 

Partial safety factors for actions and resistances, Ff and Mf respectively, according to EC3-1-9, are adopted 
depending on the consequence of the rupture and the method of verification (Table 3). Thus, there’ll be 

adopted the value of 1.15 for Mf since it is admitted that the rupture of a single rivet does not lead to the 

collapse of the structure and inspection to the detail of the rivet is not guaranteed; and for factor Ff the 

value recommended by EC3-2, i.e. it’ll be adopted Ff = 1.0. 

Table 3 - Partial safety factors for safety verification to fatigue 

 

𝑁𝑐𝑟 =  2√𝛽𝐸𝐼𝑧  (4.1) 

𝐿𝑐𝑟 =  √
𝜋2𝐸𝐼𝑧

2√𝛽𝐸𝐼𝑧
 (4.2) 

𝛾𝐹𝑓 𝛥𝜎𝐸 ≤
Δ𝜎𝑐

γ𝑀𝑓 

 (5.1) 

𝛾𝐹𝑓 𝛥𝜏𝐸 ≤
Δ𝜏𝑐

γ𝑀𝑓 

 (5.2) 
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5.2 COMPUTATION OF IN SERVICE EQUIVALENT TENSIONS 

The maximum equivalent tension range E,2 is calculated from 𝛥𝜎𝐸= 𝜆∙ 𝜙2 ∙ 𝛥𝜎𝐿𝑀71 where 𝜆 is the damage 

equivalent factor due to 2x106 cycles, 𝜙2 is the dynamic coefficient as a function of the element under 

analysis and 𝛥𝜎𝐿𝑀71 is the maximum tensions variation due to the LM71 loading model. 

Where 

• λ1– effect of damage due to traffic; 

• λ2 – to adjust the volume of "real" traffic on the bridge; 

• λ3  – lifetime designed for the bridge; 

• λ4– a factor that expresses the possibility that the structural element is loaded on more than one 

track; 

• λ𝑚á𝑥  is 1.40 for rail decks. 

 

In the case of non-welded details, EC3-1-9 stipulates that "the effective stress range can be calculated by 

adding the traction part and 60% of the compression part of the stress range" [EC3-1-9, 7.2.1]. Once the 

connections on the deck under study are riveted, the expression (5.4) will be considered for the calculation 

of stress variations, being a range of tensions 𝛥𝜎𝑝= 𝜙2 ∙  𝛥𝜎𝐿𝑀71. 

 

5.3 FATIGUE DETAILS CATEGORY  

European standards do not contain specific methods for safety verification of fatigue on riveted 

connections, rather compared rivets to high fasteners resistance, but this comparison may be inadequate 

since a one hundred old riveted connection may, in service, not being pre-stressed. AASHTO specifically 

indicates riveted connections working on cut as category D, similar to detail category curve 71 (EC3-1-9) 

which means that, in the S-N curve, at the 2 million cycles the stress range is 71 MPa with an initial slope 

𝑚 = 3 , as shown in Figure 5 (DiBattista, Adamson, & Kulak, 1998). 

 
Figure 5 - S-N curve correspondent category 71 adopted for rivets 

 
 
5.4 APPLICATION TO THE CASE OF STUDY 

5.4.1 VERIFICATION OF THE FATIGUE OF THE ELEMENTS 

All elements verified fatigue safety, i.e. the ratio between design tensions and safety tensions (category 71) 

is less than 1, except for the CS_22 element with a value slightly greater than 1. 

 
 

𝜆 = 𝜆1 × 𝜆2 × 𝜆3 × 𝜆4 ≤ 𝜆𝑚á𝑥 (5.3) 

Δ𝜎′𝑝 = |𝜎𝑚𝑎𝑥| + 0,6 ∙ |𝜎𝑚𝑖𝑛| (5.4) 
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5.4.2 FATIGUE VERIFICATION OF BONDING NODES 

According to Taras and Greiner, it is possible to verify that the riveted connection works by cutting or 

friction comparing this force with one of the options presented in Table 4. 

 

Table 4 - Minimum cut resistance values by cutting surface (Taras & Greiner, 2010) 

 
 

This force should be multiplied by the number of rivets cutting surfaces and the number of rivets to consider. 

For bolted connections, verification to fastener slip, is done according to EC3-1-8. This standard stipulates 

that to obtain the minimum force required to ensure fastener slip is described in expression (5.5) 

 

Where, 𝑘𝑠 is a parameter related to the type of holes, whose values are found in Table 3.6 of EC3-1-8, in 

the case of study will be considered the value 1.0 that corresponds to  "fasteners in normalized holes", 𝑛 

corresponds to the number of friction plans and 𝜇 friction coefficient that in the case of study will be taken 
the value of 0.5. 

 

 

6 CONCLUSIONS 

European standards do not specify the safety verification for fatigue of riveted connections. Therefore, an 
alternative is to use the category proposed by AASHTO which proposes a specific category for rivets but 

does not follow European standards or methodologies. Although, in recent years a new table of categories 

of details for riveted connections has been developed by Taras and Greiner (Taras & Greiner, 2010), which 

generally proposes category 71 for rivets. 

One of the biggest difficulties in analyzing the resistances of riveted connections on centuries-old bridges 

is the acquisition of data at the time of the bridge construction, such as the type of technique used for 

riveting, and the accounting of the annual traffic volume to which the bridge has been subjected since then, 

and allows to assess more rigorously the fatigue data already recorded. 

Applying this knowledge, fatigue resistance of the structural elements as well as some riveted and bolted 

connections. It was possible to notice that the connections that use rivets, unlike bolted connections, they 

do not work by friction, but continue to verification safety for fatigue. However, according to DiBattista, 

the riveted connections to the cut suffer, for the most part, fatigue break in the surrounding connection  
(DiBattista, Adamson, & Kulak, 1998). Thus, it would be of interest to develop in the future an analysis of 

the fatigue of the bond plates that would allow the study of these connections to be complemented.  

 

  

𝐹𝑠,𝑅𝑑 =  
𝑘𝑠  𝑛 𝜇

𝛾𝑀3.𝑠𝑒𝑟𝑣

𝐹𝑝,𝐶  (5.5) 

𝐹𝑝,𝐶 =  0,7 𝑓𝑢𝑏𝐴𝑠 (5.6) 
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