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Abstract.  This paper presents a method for stochastic modelling of fatigue crack growth and optimising 
inspection and maintenance strategy for the structural members of steel bridges. The fatigue crack evolution 
is considered as a stochastic process with uncertainties, and the Gamma process is adopted to simulate the 
propagation of fatigue crack in steel bridge members. From the stochastic modelling for fatigue crack 
growth, the probability of failure caused by fatigue is predicted over the service life of steel bridge members. 
The remaining fatigue life of steel bridge members is determined by comparing the fatigue crack length with 
its predetermined threshold. Furthermore, the probability of detection is adopted to consider the uncertainties 
in detecting fatigue crack by using existing damage detection techniques. A multi-objective optimisation 
problem is proposed and solved by a genetic algorithm to determine the optimised inspection and 
maintenance strategy for the fatigue affected steel bridge members. The optimised strategy is achieved by 
minimizing the life-cycle cost, including the inspection, maintenance and failure costs, and maximizing the 
service life after necessary intervention. The number of intervention during the service life is also taken into 
account to investigate the relationship between the service life and the cost for maintenance. The results 
from numerical examples show that the proposed method can provide a useful approach for cost-effective 
inspection and maintenance strategy for fatigue affected steel bridges. 
 

Keywords:  steel bridge; fatigue crack; maintenance strategy; Gamma process; life-cycle cost analysis; 

genetic algorithm 

 
 
1. Introduction 
 

Steel bridges are deteriorating with time due to the daily cyclic loading caused by traffic and/or 

aggressive environmental conditions. The performance deterioration can adversely affect structural 

safety and decrease the service life of steel bridges. Fatigue cracks, common damage due to cyclic 

loading, can exist in structural components of steel bridges, such as the welded joints of cover 

plate, the web gap between the transverse stiffeners and the tension flanges, the welded rib-to-deck 

details in decks (Fisher 1984, Fisher and Roy 2011, 2015, Tang 2011, Mertz 2012). If these fatigue 

cracks cannot be detected and repaired in time, it may result in the functional failure or even 

catastrophic collapse of steel bridges, e.g. the collapse of the I-35W Bridge in Minnesota in 2007 

caused by fatigue induced member fracture (Deng et al. 2015). 
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In order to investigate the influence of fatigue cracks on structural behaviour, some 

deterministic models have been proposed to provide the relationship between fatigue crack growth 

and cyclic loads, for example, the Paris-Erdogen model and the Forman model (Paris and Erdogan 

1963, Forman et al. 1967). However, experimental results for fatigue crack growth in metals show 

that there exists a significant scatter due to the uncertainties in fatigue crack propagation (Virkler 

et al. 1979, Ghonem and Dore 1987). The probabilistic approaches were then adopted to take the 

parameters in the Paris-Erdogen, Forman or other deterministic models as random variables. 

Currently, the statistical data, such as mean, coefficient of variation and probability density 

functions, are typically assumed or determined using limited fatigue experimental results (Kwon 

and Frangopol 2011, Soliman et al. 2013). In order to consider the uncertainties and predict fatigue 

crack evolution, the stochastic models may be more appropriate (Sobczyk and Spencer 1992). 

During the past two decades, many stochastic methods have been proposed to address the 

stochastic modelling of crack growth, e.g., Markov-chain models (Spencer et al. 1989, Chiquet et 

al. 2009), modified deterministic models with multiplicative randomness function (Yang and 

Manning 1996, Wu and Ni 2004, Casciati et al. 2007, Beck and de Santana Gomes 2013) and 

Gamma process (Guida and Penta 2015, Chen and Alani 2012, 2013).  

Inspection actions on steel bridge members can provide information about the location and 

length of fatigue cracks. Based on the results of the inspections, maintenance such as repair and 

retrofit may be performed to delay the propagation or reduce the length of fatigue cracks. It is 

critical to maintain structural reliability level related to fatigue and to extend the service life of the 

steel bridges by using proper inspection and maintenance schedules. In practice, the inspection and 

maintenance schedules for steel bridges are normally made at the start of the bridge construction. 

The conflict between the resources available and the actual inspection and maintenance needs 

often exists in making decision, i.e., extensive necessary maintenance is often required but the 

resources are limited, or excessive resources are scheduled for unnecessary maintenance. 

Therefore, there is a need to find an appropriate strategy to balance the risk of structural failure 

and the cost of inspection and maintenance (Jandu 2008, Frangopol 2011). 

The approaches for the optimal fatigue inspection planning of steel bridges have been proposed 

in many studies (Lovejoy 2003, Chung et al. 2006, Soliman et al. 2013). Since maintenance 

actions generally follow inspections, the integrated inspection and maintenance schedule is 

required to make the informed decisions (Kim and Frangopol 2013, Chen and Huang 2012). 

Considering the uncertainties in the fatigue crack propagation and the inspection and maintenance 

actions, the probabilistic approaches for the optimum management for deteriorating steel bridges 

were developed (Kwon and Frangopol 2011, Soliman and Frangopol 2014). Monte Carlo 

simulations are often utilised in these approaches on the basis of the adopted probabilistic models 

for modelling the fatigue crack propagation, requiring significant computational efforts. Therefore, 

there is limited research available on optimum inspection and maintenance strategy based on the 

stochastic models for the fatigue crack propagation (Valdebenito and Schuëller 2010, Gomes and 

Beck 2014).  

This paper presents a method for stochastic modelling of fatigue crack growth and optimising 

inspection and maintenance strategy for the structural members of steel bridges. The Gamma 

process is adopted to simulate the fatigue crack propagation. From the stochastic modelling for 

fatigue crack growth, the probability of failure caused by fatigue is predicted over the service life 

of steel bridges. Then, the remaining fatigue life of steel bridge members is determined by 

comparing the fatigue crack length with its predetermined threshold. The probability of detection 

is adopted to consider the uncertainties in detecting fatigue crack by using existing techniques. The 
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effectiveness of maintenance actions on steel bridge members is measured by reducing the length 

of fatigue cracks. A multi-objective optimisation problem is formulated and solved by genetic 

algorithm (GA) to determine the optimised inspection and maintenance strategy for the fatigue 

affected steel bridge members by minimising the life-cycle cost, including the inspection, 

maintenance and failure costs, and maximizing the service life after necessary intervention. The 

number of intervention during the service life is also considered to investigate the relationship 

between the service life and the cost for maintenance. Finally, a numerical example of the fatigue 

damaged stiffening rib is used to illustrate the proposed method. The Pareto solutions are obtained 

to provide asset manager with a set of optimised inspection and maintenance strategies for steel 

bridges. 

 

 

2. Modelling of fatigue crack growth 
 

2.1 Fatigue crack growth 
 

Fatigue in steel bridge members is the process of initiation and growth of cracks under the 

action of repeated traffic loading. A typical model for fatigue crack growth may include three 

phases, as indicated in Fig. 1, i.e., crack initiation phase, steady-state crack propagation phase and 

unstable crack growth phase. In phase I, the crack growth rate is relatively low and threshold 

effects are important. In phase II, the crack growth rate is steady and predictable. In phase III, the 

crack growth rate is relatively high and unstable. In general, phase III does not contribute 

significantly to the fatigue life and can be ignored (Mertz 2012). For a steel bridge composed of 

welded members, it is inevitable that some initial cracks or flaws would be generated in the 

process of either manufacturing or assembly, thus the fatigue crack initiation life can be ignored. In 

this study, only steady-state crack propagation phase, i.e., phase II, is taken into account for the 

service life estimation of the steel bridge members. 

The typical crack propagation model proposed by Paris and Erdogan (Paris and Erdogan 1963) 

is used in this study. The rate of fatigue crack propagation over number of stress cycles in steel 

bridges (    ⁄ ) is a function of the range of stress intensity factor (∆𝐾), expressed here as 

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾)𝑚  𝑓𝑜𝑟  ∆𝐾 > ∆𝐾𝑡ℎ                     (1) 

 

 

Fig. 1 Typical fatigue crack growth in metals 
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∆𝐾 = 𝑆𝑠𝑟 ∙ 𝑌( )√𝜋                            (2) 

 𝑐𝑦𝑐𝑙𝑒 =
1

𝐶∙𝑆𝑠𝑟
𝑚 ∙ ∫

1

(𝑌(𝑎)√𝜋𝑎)
𝑚

𝑎𝑁
𝑎0

                       (3) 

where   is the fatigue crack length;    is the initial fatigue crack length; 𝐶 and 𝑚 are the 

material parameters which can be determined experimentally; ∆𝐾 is the range of stress intensity 

factor; ∆𝐾𝑡ℎ is the threshold range of stress intensity factor;  𝑐𝑦𝑐𝑙𝑒 is the cumulative number of 

stress cycles associated with crack length  𝑁; 𝑆𝑠𝑟 is the amplitude of stress; 𝑌( ) represents the 

symmetry function which varies with the location of the crack. 

By substituting Eqs. (2) and (3) into Eq. (1) and calculating the integration, the fatigue crack 

length  𝑁 can be determined as a function of the number of stress cycles  𝑐𝑦𝑐𝑙𝑒 namely 

 𝑁 = 0  
(2−𝑚)/2

+ .
2−𝑚

2
/ ∙ 𝐶 ∙ 𝑆𝑠𝑟

𝑚 ∙ 𝑌𝑚 ∙ 𝜋𝑚/2 ∙  𝑐𝑦𝑐𝑙𝑒1
.

2

2−𝑚
/
             (4) 

It is assumed here that there is no increase in the annual volume of traffic, and the annual 

number of stress cycles on this steel bridge member remains a constant (e.g.,  𝑎𝑛 cycles/year) 

during the whole life of the steel bridge. According to the traffic volume statistics, the fatigue 

service lifetime 𝑇𝐿 (year) for  𝑐𝑦𝑐𝑙𝑒 cycles of stress can be expressed as 

𝑇𝐿 =
𝑁𝑐𝑦𝑐𝑙𝑒

𝑁𝑎𝑛
=

1

𝑁𝑎𝑛∙𝐶∙𝑆𝑠𝑟
𝑚 ∙ ∫

1

(𝑌(𝑎)√𝜋𝑎)
𝑚

𝑎𝑁
𝑎0

                     (5) 

 

2.2 Gamma process modelling of fatigue crack growth 
 

The Gamma process is a stochastic process with independent and non-negative increments, 

having a Gamma distribution with an identical scale parameter. The Gamma process is appropriate 

for modelling gradual damage monotonically accumulating over time in a sequence of small 

increments, such as wear, fatigue, corrosion, crack growth, erosion, etc. The advantage of 

modelling the above deterioration processes by Gamma process is that the required mathematical 

calculations are relatively straightforward (Van Noortwijk and Frangopol 2004, Van Noortwijk 

2009, Chen and Nepal 2015, Chen and Xiao 2015).  

In this paper, the fatigue crack length 𝐴 is assumed as a random quantity following the 

Gamma distribution, the probability density function (PDF) of the fatigue crack length is given as 

𝑓𝐴( ) = 𝐺 ( |𝜂, 𝜆) =
𝜆𝜂

𝛤(𝜂)
 𝜂−1𝑒−𝜆𝑎 ∙ 𝐼( ,∞)( )                (6a) 

𝐼( ,∞)( ) = 2
1,                 ≥ 0
0,       𝑒𝑙𝑠𝑒𝑤𝑒𝑟𝑒

                       (6b) 

where 𝜂 > 0  and 𝜆 > 0  are the shape and scale parameters of the Gamma distribution 

respectively, which can be estimated by the maximum likelihood estimation (MLE) for a random 

quantity with continuous and positive increment. 𝛤(𝜂) = ∫ 𝑧𝜂−1𝑒−𝑧 𝑧
∞

𝑧= 
 is the gamma function 

for 𝜂 > 0.  

If the shape function 𝜂(𝑡) is a non-decreasing, right-continuous, and real-value function for 
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𝑡 ≥ 0 with 𝜂(0) ≡ 0. The random fatigue crack length growth over time *𝐴(𝑡), 𝑡 ≥ 0+ can be 

considered as a Gamma process with shape function 𝜂(𝑡) > 0 and scale parameter 𝜆 > 0, which 

is a continuous-time stochastic process with the following properties (Van Noortwijk 2009) 

(a) For all 𝑡𝑖+1 > 𝑡𝑖 > 0, 𝐴(𝑡𝑖+1) − 𝐴(𝑡𝑖)~𝐺 (𝜂(𝑡𝑖+1) − 𝜂(𝑡𝑖), 𝜆). 
(b) 𝐴(𝑡) has independent increment. 

According to the above properties, the fatigue crack length growth can be simulated using the 

Gamma sequential sampling (GSS) method (Avramidis et al. 2003). In the time period between 

zero and 𝑇 > 0, a series of time, 𝑡 , 𝑡1,⋯ , 𝑡𝑖, ⋯ , 𝑡𝑛−1, 𝑡𝑛, are generated, namely 𝑡𝑖 = 𝑖∆𝑇, 𝑖 =
0,1,2,⋯𝑛, 𝑡𝑛 = 𝑛∆𝑇 = 𝑇 where 𝑛 is a positive integer and ∆𝑇 is a fixed time interval. The 

increment of fatigue crack length 𝛿𝑖 at each time 𝑡𝑖 can be obtained from 

𝛿𝑖 =  (𝑡𝑖) −  (𝑡𝑖−1), 𝑖 ≥ 1, 𝛿 =  (𝑡 ) =                    (7) 

By using the above properties of the Gamma process, the fatigue crack length increments 𝛿𝑖 at 

each time interval follow the Gamma distribution and can be estimated from  

𝛿𝑖~𝐺 (𝛿|𝜂(𝑡𝑖+1) − 𝜂(𝑡𝑖), 𝜆) =
𝜆[𝜂(𝑡𝑖+1)−𝜂(𝑡𝑖)]

𝛤(𝜂(𝑡𝑖+1)−𝜂(𝑡𝑖))
𝛿,𝜂(𝑡𝑖+1)−𝜂(𝑡𝑖)-−1𝑒−𝜆𝛿         (8) 

Finally, the cumulative fatigue crack length  (𝑡𝑖) can be obtained by summing the increments 

for the associated time intervals, namely 

 (𝑡𝑖) = ∑𝛿𝑖                            (9) 

A simple numerical example is used here to illustrate the above GSS method for fatigue crack 

growth. Assuming that  𝑎𝑛 = 106  times per year,   = 0.5 𝑚𝑚 , 𝐶 = 3.54 × 10−12 , 

𝑚 = 2.54 and 𝑌( ) = 1, the simulated fatigue crack growth curve using the GSS method, 

together with the deterministic curve predicted by the Paris-Erdogan model in Eq. (1), is shown in 

Fig. 2. From the results, the simulated fatigue crack growth generally matches the prediction by 

the Paris-Erdogan model, although the simulated curve does not appear smooth due to 

uncertainties in the parameters. When the service life is less than 20 years, the rate of fatigue crack 

growth is slow. The rate increases sharply after the service life of over 20 years. 

 

 

Fig. 2 Fatigue crack growth curves simulated by present Gamma sequential sampling method and predicted 

by the Paris-Erdogan model 
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3. Probability of fatigue failure  
 

In the time-dependent reliability analysis of fatigue affected steel bridge members, the 

probability of structural failure ( 𝑓) can be defined as the time when the fatigue crack length 

reaches its predetermined threshold  𝑐𝑟 after experiencing  𝑇 cycles of stress. The threshold 

 𝑐𝑟 is determined according to the operational conditions and the allowable limit of the structure. 

The probability of the fatigue affected steel bridge members to fail during their life time is 

given as (Chen and Alani 2012, 2013, Chen and Nepal 2015, Huang et al. 2014, 2015) 

 𝑓 =  𝑟* ≥  𝑇+ =  𝑟* ≥  𝑐𝑟+ = ∫ 𝑓𝐴(𝑁)( )  
∞

𝑎=𝑎𝑐𝑟
=

𝛤(𝜂(𝑁),𝜆𝑎𝑐𝑟)

𝛤(𝜂(𝑁))
          (10) 

where 𝛤(𝜂( )) = ∫ 𝜈𝜂(𝑁)−1𝑒−𝜈 𝜈
∞

 
 is Gamma function for 𝜂( ) = 𝜆 ( ). The incomplete 

Gamma function is defined as 

       𝛤(𝜂, 𝑥) = ∫ 𝜈𝜂−1𝑒−𝜈 𝜈
∞

𝜈=𝑥
                    (11) 

where 𝜂( ) ≥ 0 and  𝑥 ≥ 0. 

The probability of failure against service time is plotted for different thresholds, i.e.,  𝑐𝑟=  

5 mm, 10 mm and 15 mm, respectively, as shown in Fig. 3. At the beginning of service, since the 

fatigue crack length grows slowly, the probability of failure is very small and close to zero. As the 

service time increases, fatigue crack length increases gradually until reaching the critical threshold. 

After the service time gets to the time corresponding to the critical fatigue crack threshold, the 

probability of failure increases significantly and quickly approaches unity. From the results, in the 

case with larger threshold of fatigue crack, the failure probability experiences faster growth before 

structural failure. These characteristics indicates that proper inspection and maintenance should be 

carried out before the crack length reaches a critical value to keep the structure safe. 

 

 

 

Fig. 3 Probability of failure under different critical thresholds of fatigue crack length 
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4. Optimum inspection and maintenance strategy 
 

4.1 Fatigue crack inspection 
 

There are various non-destructive evaluation (NDE) techniques available for fatigue crack 

inspections, which can provide the useful information such as the location and length of fatigue 

cracks. These typical NDE techniques for fatigue crack detection include visual inspection, 

ultrasonic detection, liquid permeating detection, etc. (Kwon and Frangopol 2011). During 

inspections, significant uncertainties may exist in the capacity and accuracy of these NDE 

techniques due to the limitations of the facilities, operators’ experience and operational 

environments. Therefore the fatigue cracks with certain size may not be detected and the size of 

detected cracks may not be correctly measured by a specific NDE technique. The capacity of NDE 

techniques could be quantitatively represented here by the probability of detection (PoD) curves, 

which provides the relationship between the actual crack size and the probability of detection. In 

this study, a popular PoD model, proposed by Berens and Hovey (Berens and Hovey 1981), is 

adopted to represent the PoD curve as a function of crack length  𝑖, namely  

        𝑜 =
exp(𝛼+𝛽ln(𝑎𝑖))

1+exp(𝛼+𝛽ln(𝑎𝑖))
                         (12) 

where  𝑜  is the probability of detection for fatigue crack; α and β are constant parameters 

related to different NDE techniques. The parameters for different detection techniques are listed in 

Table 1 (Forsyth and Fahr 1998).  

The relationship between the PoD and the fatigue crack length is shown in Fig. 4. It can be seen 

that when the crack length is less than 0.5 mm, the PoD is close to zero, which indicates these 

NDE techniques almost cannot detect such a small crack. After the crack length increases to 0.8 

mm, the PoD for the ultrasonic detection technique increases dramatically, reaching approximately 

90% when the crack length is 1.5 mm. Comparing with the ultrasonic detection technique, the 

liquid permeating detection technique has a smaller value of PoD for the same crack length, which 

shows the liquid permeating detection technique may not be as good as the ultrasonic detection 

technique in terms of the PoD. It is assumed here that the fatigue cracks can be detectable when 

the PoD exceeds 0.5. 

 

 

Fig. 4 Relationship between the probability of detection (PoD) and the fatigue crack length 
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Table 1 Constants α and β associated with different NDE techniques 

Ultrasonic detection Liquid permeating detection 

α β α β 

-0.87 7.1 -4.17 5.14 

 

 

4.2 Influence of inspection and maintenance on service life 
 

After inspections, the maintenance actions may be required to restore the capacity of the bridge 

structural members. The selection of maintenance types depends on the actual information 

provided by the timely inspection. In order to optimise the inspection and maintenance strategies, 

the influence of inspection and maintenance on the estimation of the remaining service life of steel 

bridge members should be investigated. Typical bridge maintenance can be classified as preventive 

maintenance (PM), which is performed before the members of the bridge structures are out of 

service, and corrective maintenance (CM), which is undertaken by replacing the damaged 

structural members to maintain the serviceability of the structural system. For the fatigue cracks in 

the welding members of steel bridges, many repair methods are available, including peening, gas 

tungsten arc re-melting, re-welding and bolted splices (Fisher 1984, Miki 2007, Kwon and 

Frangopol 2011).  

In this study, the effectiveness of different types of maintenance is assumed as the reduction of 

fatigue crack length, namely 

        𝑚𝑎𝑖𝑛𝑡 = 𝑘 𝑖𝑛𝑠                          (13) 

where  𝑖𝑛𝑠 and  𝑚𝑎𝑖𝑛𝑡 are the initial fatigue crack length and the fatigue crack length after 

maintenance, respectively; 𝑘 is the maintenance coefficient representing the effectiveness of 

maintenance, ranging from 0 to 1. A larger value of 𝑘 indicates the maintenance is less effective 

in repair. It is assumed here that repairs may not be possible to recover the fatigue crack length to 

zero, and the fatigue crack propagation rate remains the same after the maintenance. The influence 

of inspection and maintenance on the remaining service life of steel bridge members is illustrated 

in Fig. 5. When no maintenance is undertaken and the fatigue crack length becomes the 

predetermined threshold, the member is considered to reach its service lifetime 𝑡𝑙𝑖𝑓𝑒
 . In the case 

with maintenance at time 𝑡𝑖𝑛𝑠, the maintenance takes place to reduce the fatigue crack length from 

the initial  𝑖𝑛𝑠 to  𝑚𝑎𝑖𝑛𝑡. After the maintenance, the fatigue crack continues increasing until 

reaching the predetermined threshold with the member’s service lifetime 𝑡𝑙𝑖𝑓𝑒
1 . 

Considering the probability of detection for crack inspection, the service life after inspection 

and maintenance 𝑡𝑙𝑖𝑓𝑒,𝑚𝑎𝑖𝑛𝑡 can be estimated from 

       𝑡𝑙𝑖𝑓𝑒,𝑚𝑎𝑖𝑛𝑡 = (1 −  𝑜 ) ∙ 𝑡𝑙𝑖𝑓𝑒
 +  𝑜 ∙ 𝑡𝑙𝑖𝑓𝑒

1               (14) 

where 𝑡𝑙𝑖𝑓𝑒
  is the service lifetime without any inspection and maintenance, and 𝑡𝑙𝑖𝑓𝑒

1  is the 

service lifetime after inspection and maintenance. 
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Fig. 5 Influence of inspection and maintenance on the service life of steel bridge member 

 

 

4.3 Life-cycle cost analysis of Inspection and Maintenance 
 

In this study, the life-cycle cost for the management of steel bridges in service includes the 

inspection cost 𝐶𝑖𝑛𝑠, the maintenance cost 𝐶𝑚𝑎𝑖𝑛𝑡 and the failure risk cost 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒. Here, the 

ultrasonic detection technique is considered to inspect the fatigue crack length and its inspection 

cost is assumed to be the constant 𝐶𝑖𝑛𝑠. The maintenance cost is usually affected largely by the 

effectiveness of the specific maintenance methods, e.g., more effective maintenance method may 

require more resources. Since the maintenance is normally performed after the inspection, the 

influence of inspection uncertainties on the maintenance cost should be considered. The 

maintenance cost 𝐶𝑚𝑎𝑖𝑛𝑡 is calculated from (Kim and Frangopol 2013) 

       𝐶𝑚𝑎𝑖𝑛𝑡 =  𝑜 ∙ 𝐶𝑀 ∙ (1 − 0.7𝑘)𝑟𝑚𝑎𝑖𝑛𝑡                 (15) 

where 𝐶𝑀 is a constant; and 𝑟𝑚𝑎𝑖𝑛𝑡 is a positive integer and the probability of detection PoD is 

defined in Eq. (12).  

The failure risk cost is generally related to the service time of the bridge, given as 

       𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑡) =
𝑡𝑙𝑖𝑓𝑒
0

𝑡𝑙𝑖𝑓𝑒
1 +𝑡𝑙𝑖𝑓𝑒

0 ∙ 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒
                     (16) 

where 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒
  is the loss when the bridge fails at the beginning of operation and 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑡) is 

the loss when the bridge fails at time t. 

By taking the probability of failure into account, the total failure risk cost of the bridges 

𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒 is given as 

𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒 =  𝑓(𝑡𝑖)[ 𝑜 ∙ 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑡𝑖) + (1 −  𝑜 ) ∙ 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑡𝑗)]        (17) 

where 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑡𝑖)  and   𝑓(𝑡𝑖) are the failure risk cost and failure probability at time 𝑡𝑖 , 

respectively. 
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Consequently the total life-cycle cost for the management of the steel bridges in service can be 

given as 

       𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑖𝑛𝑠 + 𝐶𝑚𝑎𝑖𝑛𝑡 + 𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒                 (18) 

 
4.4 Optimised inspection and maintenance strategy  
 

During the life cycle of steel bridges affected by fatigue cracking, a series of inspection and 

maintenance may be needed, which requires the planned inspection and maintenance strategy to be 

scheduled and optimised. Different inspection and maintenance strategies may require different 

amounts of resources, and then improve the condition of the bridge to different levels. In this study, 

only single and double interventions for inspection and maintenance during the service life are 

considered.  

The optimisation of inspection and maintenance is to find the optimised inspection time 𝑡𝑖𝑛𝑠𝑝,𝑖 

and maintenance strategy which is represented by the maintenance coefficient 𝑘𝑖 . The objectives 

of the optimisation problem are to maximise the service life after inspection and maintenance 

𝑡𝑙𝑖𝑓𝑒,𝑚𝑎𝑖𝑛𝑡  and to minimise the total cost of inspection and maintenance 𝐶𝑡𝑜𝑡𝑎𝑙 . Here, the 

inspection time interval is set at least one year and the maintenance coefficient 𝑘𝑖 is set between 

0.1 and 0.9 due to the actual inspection condition and repair methods. The optimisation problem 

can be expressed as 

       𝑂𝑏𝑗𝑒𝑡𝑖𝑣𝑒𝑠:max(𝑡𝑙𝑖𝑓𝑒,𝑚𝑎𝑖𝑛𝑡)   𝑛  min(𝐶𝑡𝑜𝑡𝑎𝑙)               (19a) 

 𝑒𝑠𝑖𝑔𝑛 𝑉 𝑟𝑖 𝑏𝑙𝑒𝑠: 𝑇𝑖𝑛𝑠𝑝 = {𝑡𝑖𝑛𝑠𝑝,1,⋯ , 𝑡𝑖𝑛𝑠𝑝,𝑛};  𝑘 = *𝑘1,⋯ , 𝑘𝑛+       (19b) 

       𝑠𝑢𝑏𝑗𝑒 𝑡 𝑡𝑜  𝑡𝑖𝑛𝑠𝑝,𝑖 − 𝑡𝑖𝑛𝑠𝑝,𝑖−1 ≥ 1;   0.1 ≤ 𝑘𝑖 ≤ 0.9            (19c) 

The optimisation toolbox based on genetic algorithm (GA) provided in MATLAB version 

R2012a (MathWorks 2012) is adopted to solve the optimisation problem for maximising the 

service life and minimising the maintenance cost. The details of the genetic algorithm used 

including parameter selections can be found in the manual for the optimisation toolbox in 

MATLAB. 

 

 

5. Illustrative example 
 

To demonstrate the effectiveness of the proposed optimum inspection and maintenance strategy 

method, a typical U-type stiffening rib in the orthotropic steel deck of long-span suspension 

bridges, such as the Jiangyin Yangtze River Highway Bridge (Zeng et al. 2013), is adopted in this 

study. The bridge has a typical orthotropic steel deck which has been frequently used in long-span 

bridges in China in the past two decades (Tang 2011). Under the action of cyclic vehicle wheel 

loads, the fatigue sensitive cracks may exist in the welded U-type stiffening ribs and/or the deck 

plate of the bridge, as shown in Fig. 6. 

Parameters related to the fatigue crack growth are listed in Table 2 (Zeng et al. 2013), where 

the geometry function is assumed as unity. By using the parameters listed in Table 2, the fatigue 
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crack growth curves for the stiffening rib, determined by the Paris-Erdogen equation and simulated 

by Gamma process, are shown in Fig. 7, respectively. Obviously, the fatigue crack growth of the 

stiffening rib has the same trend as that shown in Fig. 2. 

 

 
Table 2 Fatigue parameters for a steel bridge stiffening rib 

Parameter 
a0 

(mm) 

acr 

(mm) 
m 

C 

[10
-13

•(N•mm
-3/2

)
-m

] 

Δδ 

(MPa) 
Y(a) 

N 

(10
7
 /year) 

Value 0.1 15 2.54 3.6 30 1.0 1.1 

 

 

 

 

Fig. 6 Illustrative sketch of potential fatigue cracks in the orthotropic steel bridge deck 

 

 

 

 

Fig. 7 Fatigue crack propagation curves of a steel bridge stiffening rib 
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The ultrasonic detection technique is adopted for fatigue crack inspection in this illustrative 

example. It is assumed that the critical threshold value of the fatigue crack length  𝑐𝑟 is 15 mm. 

Also, the inspection cost Cins=20,000 CNY, the maintenance cost CM=100,000 CNY, rmaint=10 

and the initial failure risk cost Cfailure
 =500,000 CNY are used in this illustrative example. The 

inspection time interval is set at least one year and the maintenance coefficient 𝑘𝑖 is set between 

0.1 and 0.9. 

The optimum inspection and maintenance strategies for the fatigue crack in stiffing rib of the 

steel bridge are shown in Figs. 7(a) and 7(b), where the number of inspection is set to be 1 and 2 

respectively. Every point in Figs. 7(a) and 7(b) represents a specific inspection and maintenance 

strategy, where both the service life after maintenance and the total cost of the inspection and 

maintenance are given. The values for the service life and total cost corresponding to the points A1, 

A2 and B1, B2 in Figs. 7(a) and 7(b) are summarised in Table 3. As expected, the required cost for 

the inspection and maintenance increases as the expected service life is extended. 

The detailed inspection and maintenance strategy of A1 and A2 for a single intervention are 

shown in Fig. 9(a). For the case with strategy A1, when the bridge has been in operation for 38 

years (1981 weeks), corresponding to point P1, a major structural intervention is performed. After 

inspection is undertaken at point P1, the length of fatigue crack is determined, and repairs that can 

reduce the length of fatigue crack to 0.3 time of the initial one will be carried out. In this case, the 

final expected service life of the bridge member will be 53.7 years and the total cost for this 

strategy is 151575.9 CNY. Similarly, for the case with strategy A2, the intervention is taken place 

after 42.5 years’ service and the length of fatigue crack is assumed to be reduced to 0.13 time of 

the initial one. The expected service life of the bridge member is extended to 58.2 years, but the 

total cost for this strategy is increased to 175524.4 CNY. 

The results in Fig. 9(b) shows the inspection and maintenance strategies of B1 and B2 for 

double interventions during the service life. For the case with strategy B1, when the bridge has 

been in operation for 35.2 years, corresponding to point P3, the first major structural intervention 

is performed, and the length of fatigue crack is estimated by inspection. 

 

 

  
(a) single intervention (b) double intervention 

Fig. 8 Pareto optimum solution sets with single and double interventions for inspection and maintenance 
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(a) Strategy A1 and A2 (b) Strategy B1 and B2 

Fig. 9 Inspection and maintenance strategy with various interventions for the fatigue damaged steel bridge 

member 

 

 
Table 3 Pareto optimum sets with single and double interventions 

Pareto 

solution 

No. of 

inspection 

Expected 

service life 

(year) 

Cost of inspection 

and maintenance 

(CNY) 

Inspection time (year) Maintenance 

,1inspT
 ,2inspT

 
k1  

k2  

A1 1 53.7 151575.9 38.0 — 0.30 — 

A2 1 58.2 175524.4 42.5 — 0.13 — 

B1 2 61.3 174042.4 35.2 46.0 0.27 0.30 

B2 2 64.4 183649.2 35.6 59.3 0.25 0.21 

 

 

After the inspection, the first repair, reducing the length of fatigue crack to 0.27 times of the 

initial one, is undertaken. The second intervention takes place when the bridge is in operation for 

46.0 years, corresponding to point P3, and the second repair is conducted to reduce the length of 

fatigue crack to 0.30 times of the initial one. In this case, the final expected service life of the 

bridge member is 61.3 years, and the total cost for this strategy will be 174042.4.9 CNY. Similarly, 

for the case with strategy B2, the first and second interventions take place after 35.6 and 59.3 years’ 

service, respectively, and then the length of fatigue crack is assumed to be reduced to 0.25 and 

0.21 times of the initial ones, respectively. The expected service life of the bridge member extends 

to 64.4 years, while the total cost for this strategy is increased to 183649.2 CNY. 

 

 

6. Conclusions 
 

This study presents a method for estimating the remaining service life of the structural 

members of fatigue damaged steel bridges, where the Gamma process is employed to model the 
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propagation of the fatigue crack with uncertainties. The probability of failure, when the fatigue 

crack length reaches a predefined allowable limit, can be estimated on the basis of the stochastic 

deterioration modelling. An optimisation method based on the time-dependent reliability analysis, 

and the genetic algorithm is proposed to determine the cost-effective inspection and maintenance 

strategy. 

On the basis of the results from the numerical example involving the stiffening rib of a steel 

bridge, the following conclusions can be drawn: 1) the Gamma process can simulate the 

propagation of fatigue crack with uncertainties, thus the deterioration process is well represented 

by the stochastic modelling, and then the remaining service life can be correctly predicted. 2) The 

proposed optimum method based on the stochastic modelling and the genetic algorithm can give a 

better balance between the remaining service life and the total cost for structural maintenance. 3) 

The Pareto solutions can provide asset managers with a set of inspection and maintenance 

strategies, assisting them in scheduling inspection and maintenance with a scientific basis. 4) The 

proposed method will be more cost-effective for repairing the structural members experienced 

fatigue cracking with better bearing capacity recovery, when the interventions are conducted at the 

early stage of the fatigue crack propagation. In the further studies, the parameters used in 

stochastic simulations should be evaluated from the real measurements for bridge structures, and 

the increase of traffic volume over time for the bridge should be considered in the proposed 

method. 
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