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Abstract

:

Damage accumulation due to multiple seismic impacts over time has a significant effect on the residual service life of the bridge. A reliability-based framework was developed to make decisions in bridge maintenance activities. The feature of the framework enables quantifying the time-dependent probability of failure of bridges due to the impact of multiple earthquakes and progressive deterioration. To estimate the reliability of the bridge systems, the probability of failure of the bridge was used. Two case studies were utilised to demonstrate how the method can be applied to the real world. Results show that the accumulated damage caused by multiple earthquakes and progressive deterioration significantly impact the remaining useful life of the bridge. Furthermore, the soil conditions predominantly influence the progressive deterioration and reduce the service life of the bridge. Overall, the proposed framework enables the sustainable decision-making process for bridge maintenance activities. The results reveal the necessity of including the combined impact in the bridge maintenance system and that there is a more than 40% increase in the probability of failure, due to the combined effect of progressive deterioration and earthquake impacts, compared to the impact only due to seismic loads for the considered case study bridge.
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1. Introduction


Earthquakes cause significant damage to infrastructure, human lives, the economy, and the environment. Multiple earthquakes can have compounding impacts, as they can exacerbate the effects of previous earthquakes and lead to cumulative damage. If bridges have already been weakened by previous earthquakes, subsequent earthquakes can cause further damage and lead to collapse, resulting in loss of life and economic losses. Post-earthquake damages illustrate the failures of structures due to damage accumulation [1,2]. Abdelnaby and Elnashai [3] explored the effects of repeated earthquakes on the failure of the Folingo Tower, which survived the main shock on 26th September but failed due to aftershocks on 14th October. Similarly, Bradley and Cubrinovski [4] compared the failure of structures in New Zealand due to earthquakes in September 2010 and February 2011, respectively. Their study found that the damage to most of the structures caused by the earthquake in September 2010 contributed to their partial or full collapse during the earthquake in February 2011. This indicates that multiple low seismic impacts during the service life of bridges can lead to severe damage.



During the service life, bridges could experience multiple earthquake impacts and the damages due to these multiple earthquakes accumulate with time. Severe structural damage or structural collapse due to the accumulation of damage under multiple seismic actions is possible. Some available past earthquake histories highlighted that repeated earthquakes create damage accumulation [5], which induced structural damage and the collapse of infrastructure [3,4]. The reduction in stiffness due to multiple earthquakes is a significant factor [6] and some researchers have examined the accumulated damage to structures by treating multiple seismic events as repeated cyclic loading [7,8,9,10,11]. Furthermore, studies by Amadio et al. [12] and Di Sarno [1] investigated the behaviour of structures under multiple earthquakes by assuming a structure as a single-degree-of-freedom system to identify the factors, such as structural period, type of earthquake pulse, and level of available ductility, which may influence the damage accumulation. The aging of bridges due to corrosion is one of the major problems, and there have been many studies conducted in order to develop models [13] to predict the impact of corrosion fatigue [14,15,16,17,18]. A recent study showed the importance of damage accumulation in bridges considering the corrosion of bridge structures and the framework for quantifying the damage due to multiple earthquakes [2,19,20]. However, the effect of the uncertainties of the return periods and magnitudes of earthquakes, in terms of the damage accumulation of bridge structures, on decision-making regarding maintenance is not fully understood. Furthermore, many studies were conducted to predict ground motion depending on the soil condition [21,22,23,24,25,26,27]. Although damage accumulation models are available in the reported literature [18,28,29], the prediction of the life cycle performance of bridges and the vulnerability of bridges subject to repetitive earthquakes is limited.



The life cycle performance of bridges is an important element in sustainable engineering practice [30,31]. Modelling the damage accumulation mechanism in the life cycle cost analysis is challenging and few analytical models were proposed to account for the damage accumulation in structures due to extreme events [32,33,34]. The time-dependent performance of bridges under multiple earthquake impacts can be presented with a stochastic model to incorporate the uncertainties associated with the parameters [33]. Generally, seismic structural vulnerability is affected by cumulative damage due to repeated seismic events [33,35]. Earthquake occurrence rate and the extent of damage are the two parameters that are used to describe earthquake characteristics probabilistically.



In this study, a reliability-based model was developed to predict the vulnerability of bridges under multiple earthquake impacts in a long-term period, considering earthquake impacts are instantaneous impacts compared to the service life of bridges. The proposed reliability-based analysis framework is established with finite element analysis (FEA) and statistical analysis, which account for the critical parameters (i.e., earthquakes occurrence interval and magnitude and soil conditions) that influence the damage accumulation. The proposed framework can predict the damage accumulation due to multiple moderate earthquake impacts during the service life of a bridge, and this model can be used to calculate the remaining structural performance of the bridge at any time. Generally, the damage caused due to minor and moderate earthquake impacts is not visible compared to severe earthquake damages. Therefore, this framework is mainly useful in the decision-making process of bridge maintenance activities, where decisions are made for repair work.



Australia is located in a low to moderate earthquake region and the damage accumulation caused by these earthquakes on bridges might not be visible compared to the damage caused by strong earthquakes. Although Australia is not located in a high seismic region, repetitive low-intensity earthquakes can accumulate damage and can cause detrimental damage to structures with time [36]. Furthermore, these minor damage in bridges would not be possible to identify during inspections. Two case study bridges located in Australia with different soil conditions were selected to validate the proposed framework to ensure its effectiveness. The life cycle structural performance of bridges under multiple earthquakes is predicted and presented in this paper.




2. The Proposed Framework


The developed reliability-based framework comprises a few key elements. The calculation of damage accumulation due to progressive deterioration, damage due to earthquake impact, and the development of the numerical framework are the main elements. The details of each of these elements are described below.



2.1. Damage Accumulation in Bridges


The life cycle performance of structures is described during their lifetime and the performance is influenced by several parameters such as load effects, material degradation, and damage occurrences [31]. When a structure is exposed for operation, the damage accumulation starts due to progressive deterioration caused mainly due to aging, environmental conditions, and damage due to shock impacts, such as earthquakes, truck impacts, etc. In this study, the damage caused by continuous degradation and sudden impacts are considered and a simple presentation of the performance is shown in Figure 1 [33]. The structural performance of the bridge gradually reduces with time due to progressive deterioration and is instantly reduced due to earthquake impacts. During the service life of a bridge, maintenance activities are carried out at different stages. Once the structural performance falls below the performance threshold, either repairs or the replacement of the bridge is expected. As shown in Figure 1, U1 and U2 are the performance levels of the bridge after repair and replacement. The performance of the bridge can be slightly lower than the original performance after a major repair or it can be the same performance as a new bridge when a replacement has occurred. However, the interventions (repairs or replacements) undertaken during the service life of the bridge is out of the scope of the study and only the degradation caused by aging and seismic impacts is considered here. The details of progressive deterioration, seismic impact, and the combination of both these degradation mechanisms are described separately in the following sections.




2.2. Cumulative Damage Due to Progressive Deterioration


Progressive deterioration is a slow continuous process, which depends on time. The degradation that occurs due to wear, fatigue, corrosion, etc., can be modelled using a continuous degrading phenomenon [33].



When progressive deterioration is expressed probabilistically, the uncertainties associated with the process need to be considered and the representation of these uncertainties using a jump process is a good approximation [33]. In this proposed model, the continuous process of progressive deterioration is simulated using a jump process with variable jump sizes in definite time intervals. The loss of structural performance   (   D   P     t   )   at a given time (  t  ) can be written as


    D   P     t   =   ∑  j = 0   m      Y   j      



(1)




where   m   is the number of impacts used to simulate the progressive deterioration within time   t   and     Y   j     is the loss of structural performance due to progressive deterioration.



Then, the structural performance at time t can be written as


  U   t   =   U   0   −   D   P   ( t )  



(2)








2.3. Cumulative Earthquake Damage


Considering the accumulation of damage in a bridge due to multiple earthquake impacts, the following numerical framework is proposed, as shown in Figure 2. In engineering systems, the probabilistic representation of seismic structural performance degradation using the gamma process or exponential distributions is considered an appropriate method to characterise this effect [37,38]. The proposed framework considers that each impact is associated with the amount of damage represented by a random variable (    X   i    ). In developing the proposed framework, the following assumptions were made:




	
Damage accumulates with multiple seismic impacts over time.



	
Damage caused (Xi) by the impact is independent and identically distributed. At the time of each impact, structural performance is reduced through the damage associated with the impact.



	
The time interval between consecutive earthquakes (i.e., occurrence interval, Δti) is independent and identically distributed.









2.4. Combined Progressive Deterioration and Earthquake Damage


The initial structural performance of the structure is assumed to be U0, and the total damage caused by earthquake impacts and progressive deterioration at time t are given as   D ( t )  . Therefore, the structural performance of the structure by time t before the failure can be written as


  U   t   =   U   0   − D ( t )  



(3)






  D   t   =   D   e q     t   +   D   P   ( t )  



(4)




where     D   e q     t     is the damage caused by earthquake impacts and     D   P   ( t )   is the damage caused by progressive deterioration at time   t  .



In this framework, the damage caused by progressive deterioration and earthquake impacts are considered independent events. Since the damage of a particular shock impact is dependent on the damage caused by the previous impacts, this study uses damage probability distributions in the framework. The change of capacity reduction is accounted in the proposed framework and more details on damage distributions can be found in Section 2.5. Therefore, it was assumed that progressive deterioration and seismic impacts should be considered independent variables in the probabilistic framework. Other available models in the literature have shown the applicability of this concept [37].



As given in Figure 3, assuming that the structure is exposed to progressive deterioration and sudden earthquake impacts, the deterioration by time t can be calculated as


  D   t   =   ∑  j = 1   m      Y   j     +   ∑  i = 1   n      X   i      



(5)




where n is the number of impacts by time   t  ,     X   i     is the loss of structural performance due to earthquake impacts, and     Y   j     is the loss of structural performance due to progressive deterioration. Combining Equations (3) and (4), the remaining structural performance at time t can be expressed as


  U   t   =   U   0   −     D   e q     t   +   D   P     t      



(6)






  U   t   =   U   0   −     ∑  j = 1   m      Y   j     +   ∑  i = 1   n      X   i        



(7)







The operating threshold value (  k  ) is an important feature in the proposed framework and depending on the structural performance level, the threshold level is changed. This threshold value represents the minimum acceptable operational level and indicates the requirement for the maintenance activities of the structure. Assuming k is the damage threshold, the remaining structural performance of a bridge can be defined as


  U   t   =   U   0   − k −     ∑  j = 1   m      Y   j     +   ∑  i = 1   n      X   i        



(8)







In this framework, the structure is considered to have failed when the remaining structural performance of the system is lower than the threshold limit (  k  ). If the remaining structural performance is distributed as   W ( x )   [33], then


  U   t   ~ W ( x )  



(9)







The probability of failure (i.e.,   U   t     < 0 as shown in Figure 3) due to seismic impact is calculated below [33].


  P   U   t   < 0   =   ∫  U ( t )   ∞    W   x   d x    



(10)




where   W   is the probability distribution function of U(t), which can be rewritten as Equation (11).


  P   U   t   < 0   = 1 −   ∫  0   U ( t )    W   x   d x    



(11)








2.5. Damage Distributions


Damage distributions for the bridge represent a critical parameter in the proposed framework. The presentation of damage using a correct parameter is essential to accurately describe the damage in a structure. Different damage indicators have been defined in the literature and there are two main damage-related classifications. They are deformation-related and energy-related damage indices [39]. Depending on the maximum displacement demand or drift demand [40], damage indicators are defined in the first category and the second category is based on hysteresis energy dissipation [41]. Furthermore, the combination of deformation and energy dissipations [42] are also available in the literature. In this study, deformation-related damage was considered.



Simulation-based methods, regression-based methods, and the Markovian method are some of the most common methods used in damage prediction. Seismic hazard using probabilistic method and finite element analysis are used in simulation-based methods to predict the damage [43]. The regression-based method proposed by Ghosh [35] provides the probabilistic distribution of damage at the end of each earthquake impact. The probability distribution depends on the intensity of the nth earthquake and is given as [35]


    l n   D   n       I M   n   ,   D   n − 1     =   a   n   +   b   n     l n D   n − 1   +   c   n     l n D   n − 1   +   d   n     l n D   n − 1     l n I M   n   +   ε   n    



(12)




where     a   n   ,   b   n   ,   c   n   ,   d   n     are the regression coefficients,     D   n     is the damage at nth earthquake impact,     I M   n     is the intensity measure of the nth earthquake impact.



The Markovian method presents the damage considering transition probability matrix. Any of these methods can be used in estimating the accumulated damage in bridges caused by earthquake impacts   (   X   i   )  .



There are many mathematical models and algorithms available to predict progressive deterioration (aging) of bridges. The Markov chain process, artificial neural network (ANN) and Bayesian method are some of the most common methods available in the literature. The probability distribution of damage caused by progressive deterioration using any of these methods could be used in the proposed framework to estimate the loss of structural capacity due to ageing   (   Y   i   )  .





3. Case Study


The framework presented in Section 2 was implemented for multiple earthquake impacts for two bridges located in Australia. In Australia, many bridges were constructed before 1970, leading to unsatisfactory seismic requirements as per the current design standards. Therefore, the cumulative progressive deterioration of these bridges is significant. In addition, the visibility of damages to the bridges can be limited due to low to moderate seismic conditions and can therefore be overlooked during maintenance activities, which could lead to significant impacts in the long term. To verify the effectiveness of the proposed framework, a numerical simulation using the finite element model (FEM) was conducted in order to obtain the input parameters for the case study bridges. A mathematical simulation of the framework using MATLAB software was conducted for the case study bridges using the input parameters obtained. The interpretation of the input variables and the numerical simulations are presented in Section 3.1.



3.1. Numerical Representation


The schematic chart of the procedure proposed in the framework is shown in Figure 4. Input parameters, such as the probability distributions of earthquake occurrence interval and damage distributions are the main parameters that should be obtained before the application of the framework.



Statistical analysis was conducted using available earthquake data [44] to obtain the probability distribution of earthquake occurrence intervals in Australia. The probability distributions of damage caused by earthquake impacts were determined through a structural analysis of the bridges. The details of the probability distributions of earthquake occurrence and damages are discussed in detail in the following sections.



The following seven steps were imposed in the numerical procedure:



Step 1: Initialise parameters: damage accumulation,   D ( t = 0 )   = 0; initial structural performance,   U ( t = 0 )   =     U   0    ; remaining structural performance, maximum iterations N,   i   = 0, n = 0.


   U ( t ) =   U   0   − k   ,    t 0  = 0   



(13)







Step 2:


    t   i   =   t   i − 1   + Δ   t   i    



(14)







∆ti is randomly selected from the established occurrence interval distribution for earthquake impact.



∆ti is a fixed-time step for progressive deterioration.



Step 3: Randomly select the damage size (Xi) from the established damage distribution for the selected soil type.



Step 4: Randomly select the damage size for the progressive deterioration from the probability distribution.



Step 5: Calculate the latest structural performance U(t) at time ti as a result of the combined impact of earthquakes and progressive deterioration.



Step 6: Return to Step 2 until the particular point of interest (tn) is reached.



Step 7: Calculate the probability of failure (Pf) at time tn.



The parameters required for the numerical calculations are obtained as described in the following sections.




3.2. Seismic Ground Conditions in Australia


Seismic ground characteristics, also known as side effects, are a key component in earthquake design, and many seismic codes [27,45,46,47] have accepted the significance of this parameter and attempt to incorporate the influence by using different methods. As per the Australian standard, there are some recommendations for site classes and corresponding site factors and different response spectrums are provided for different soil classifications. As per AS1170.4 [47], there are mainly five soil types defined for Australian ground conditions, from strong rock (Ae) to very soft soil (Ee). The soil properties vary greatly from strong rock to very soft soil in terms of compressive strength, shear wave velocity, etc. In this study, only three soil properties were considered (Be, Ce, and De). The spatial distribution of the soil conditions [44] and the response spectrums for each of the soil classifications [47] are shown in Figure 5.



The stochastic simulation of ground motions is one of the methods used to simulate artificial accelerograms. The seismological model generally controls the frequency content of the simulated accelerograms, and different software or programs are used for the development of ground motion prediction expressions (GMPE). GENQKE is a program developed for the stochastic simulation of the seismological model and this program has contributed to research and consultancy practices in Australia for more than 20 years [48]. The accelerograms developed from GENQKE were used in this study and more information on the program can be found in [48,49]. A total of 36 accelerograms in each category were used in the analysis and some examples of accelerograms for rock, soil De, and soil Ce with a magnitude of 5.5 and a radius of 17 km are shown in Figure 6.



Improved response spectrums have been predicted from a stochastic attenuation model named the component attenuation model (CAM), developed by Lam, Wilson, Chandler, and Hutchinson [24]. CAM is capable of predicting the response spectra for Australia with expected peak ground velocity associated with different soil conditions. The response spectrum developed based on CAM was utilised in this study and different combinations as listed in Table 1 for earthquake magnitudes (M) and epicentral distances (R) were used for three soil types with 60 mm/s peak ground velocity. The ground motion time history results were generated artificially for the response spectrum obtained from CAM [24]. The response spectrums obtained for each time history accelerogram for each soil type with M = 7 and R = 90 km combination are shown in Figure 7.




3.3. Statistical Analysis of Geoscience Australia Data


The seismic vulnerability of structures is mainly influenced by the attributes of the earthquake and their sequence. To account for the impact of these parameters, stochastic models are used, and probabilistic seismic hazard analysis (PSHA) is one of the standard methods to predict such hazards. Considering Australia as the study region, a comprehensive statistical analysis was performed to obtain the occurrence intervals of earthquakes using the available data.



The analysis of time intervals between successive earthquakes is a significant element in implementing the proposed framework, and different approaches are available to predict the probability distribution [50]. To examine the probability distributions of earthquake occurrence in Australia, a total of 24,747 earthquakes that occurred from 1900 to 2016 [44] were statistically analysed. The data consist of different earthquake magnitudes ranging from 0 ML to 6 ML and earthquake depths from 0 km to 35 km. The geological distribution of all the considered earthquakes is shown in Figure 5. The occurrence interval between two consecutive earthquakes in Australia can be expressed as an exponential distribution with a mean value of 2.6 years, as shown in Figure 8.


  f ( Δ t : λ ) =      0.39   e   − 0.39 ( Δ t )       0         Δ t ≥ 0     Δ t < 0     



(15)








3.4. Finite Element Modelling (FEM)


To apply the proposed methodology, two case study bridges were selected. Bridge 1 is a typical reinforced concrete bridge located in Queensland, built in the 1970s and Bridge 2 is a prestressed concrete bridge located in Victoria. Bridge 1 is 82.15 m long and 8.6 m wide, and there are a total of 12 pre-stressed girders to support the bridge. These twelve pre-stressed reinforced concrete girders (27.38 m long each) comprise over three spans. Two abutments and two headstocks support these girders. The details of the bridge are shown in Figure 9. Nominal concrete compressive strength of 40 MPa was used for this bridge.



Bridge 2 is a super Tee girder bridge supported on two rows of piers (four piers in each row) and the abutments. The total length of the bridge is approximately 40 m and each span of the girders is approximately 13 m. There are two types of piers in each row of piers, supporting pre-stressed concrete girders. Piers 1 and 3 support eight pre-stressed normal T girders and piers 2 and 4 support four super T girders, as shown in Figure 10. The nominal compressive strength of 40 MPa was considered for all the elements in the bridge.



Finite Element Model Development


Three-dimensional finite element models (FEMs) were developed for both Bridge 1 and Bridge 2 using finite element package Ansys 14.5 (ANSYS 2015) using “As built” construction drawings of the bridges to identify the displacements and reactions caused by multiple earthquakes. As suggested by previous studies [52], SOLID65 and LINK180 elements available in ANSYS were used to develop the concrete and reinforcement, respectively. The material properties of concrete and reinforcement were detailed in Table 2. A perfect bond was assumed for the bond between reinforcement and the concrete. The pier and girder were connected with a bearing with four M16 bolts. This connection was represented by spring elements with a stiffness of 79 kN/mm, which was obtained from the study [53] and the manufactured specification [54]. A convergence study was conducted to find the optimal mesh size. Based on the influence of mesh size on the lateral displacement and computational time, mesh sizes of 50 mm and 150 mm were selected for girders and piers, respectively.



Depending on the size of the cross-sections as described earlier, both coarse and fine meshes were used in the model considering the analysis time. Since the damage caused by earthquake impacts is considered ‘minor’ damage (crack width < 0.2) [2], the model was developed to conduct elastic analysis using response spectrum analysis. The bilinear isotropic hardening model with a nominal yield stress of 40 MPa for concrete and 500 MPa for steel was used in the analysis. Fixed support was assumed at the base of the piers and horizontal displacements were allowed at abutments using roller supports. The Ansys model elevations and sections are shown in Figure 11 and Figure 12. Response spectrum analysis was then conducted using the derived response spectrums using Component Attenuation Model (CAM) [24] for Australia for different soil conditions as per AS1170.4 [47]. The response spectrums for these soil conditions were derived based on different shear wave velocities for different soil types Ae to Ee with appropriate soil amplification factors [55], as shown in Figure 7. The response spectrums for each soil type were included in the software to calculate the corresponding displacements and other parameters for the relevant soil type.



Assuming that the bridges could be located anywhere around Australia, different soil types (rock, shallow soil, and soft soil) available in Australia were considered for the analysis. Response spectrum analyses were conducted for both bridges using the response spectrums, which were generated to be compatible with the response spectrums obtained from the component attenuation model (CAM) developed by Lam et al. [25] for the Australian response spectrum, as discussed earlier. Analysis was performed considering only the short span direction (unidirectional) of the bridge considering the most vulnerable direction under seismic actions. The finite element models were used to calculate the damage distributions in each bridge caused by each individual earthquake impact, considering different intensities mentioned in Table 1. As shown in Section 2.5, Equation (12), the probability distribution of damage depends on the accumulated damage and the intensity measure of the earthquakes [35]. Therefore, in this case study, the damage probability distributions for the possible intensities of earthquakes were obtained from the finite element analysis Equations (12) and (16). The current probability distribution of damage was obtained considering the damage accumulation caused by the different intensities of earthquakes and the previous damaged state of the bridge. Random variables with obtained damage distribution parameters were incorporated into the numerical MATLAB program to calculate the damage accumulation at the corresponding time. The displacements and other response parameters were obtained from the finite element analysis, as given in Section 3.4.





3.5. Damage Distributions Using FEM


The damage distribution of the bridge is a significant parameter in the proposed method. The FEM is developed using an available finite element package and damage distributions are obtained based on the model results. In the performance-based design, it is common to use ductility, drift ratio, or concrete strain in quantifying the damage level under a given seismic action. As explained in Section 2.5, different damage levels are proposed by many researchers [56,57,58]. In this study, the damage caused by seismic action was determined based simulation-based method considering the maximum horizontal deflection at the top of the bridge. A 2.5% drift for the important damage state described by Ghobarah [58] was used in this study as the ultimate limit state requirement for the displacement of the column of the bridge pier. The percentage of damage was calculated using Equation (15).


  P e r c e n t a g e   o f   d a m a g e =       Δ   D       Δ   C       · 100 %  



(16)




where ∆C is the maximum allowable horizontal deflection at the top of a bridge under ultimate limit state requirements (i.e., 2.5% drift, as per Ghobarah [58]) and ∆D is the top horizontal deflection obtained from FE analysis.



As explained earlier, the simulation-based method was adopted in this study to estimate the damage distribution of bridges caused by seismic impacts. Equation (16) was used to calculate the bridge damage from different earthquake impacts. The combination of different intensity earthquakes, as shown in Table 1, were used in the analysis, and the damage distributions for each soil type were obtained.



The probability distributions obtained from the finite element model results indicate that damage distributions at rock and soft sites possess lognormal distributions while shallow sites possess a normal distribution. The probability distributions for Bridge 1 and Bridge 2 are shown in Table 3 and Figure 13.



For the case study bridges, a 100-year service life was assumed with a constant rate of annual structural degradation due to ageing. The degradation due to traffic loading was assumed to be 0.05% annually, considering the reasonable validation of the experimental investigations carried out for bridges with the change in natural frequencies [59].



Following a single shock, the damage assessment of multiple seismic events is important. Damage from earthquake impacts is a combined effect of monotonic structural deformation or ductility and hysteresis energy dissipation. Applying a time-dependent earthquake occurrence rate λa(t), and assuming that the aftershocks usually deteriorate to an insignificant level [60,61], the probability distribution of aftershocks was computed using the time-varying hazard rate and the characteristics of the non-homogeneous Poisson’s process, as given below [35].


  P   n , t   =   [     ∫  0   t      λ   a   ( t ) ]     n     n !     e   −   ∫  0   t      λ   a     ( t )    



(17)




where   P   n , t     is the probability of the damage of the bridge at time t caused by the nth seismic event, and n and t are the number of seismic events and time, respectively.



The application of the method to real bridges will require input parameters such as the initial capacity of the bridge, the damage distribution caused by earthquake impacts, damage distribution of progressive deterioration, earthquake return period, etc., as given in Section 3.1, Section 3.2, Section 3.3 and Section 3.4. These parameters are used in the reliability framework developed in Section 2.1, Section 2.2, Section 2.3 and Section 2.4 to obtain the probability of failure of the bridge. The numerical model developed in MATLAB was used to predict the reliability of the bridge.





4. Results and Discussion


4.1. Case Study Results


To assess the life cycle performance of bridges in Australia under seismic impacts, a statistical data analysis was conducted. Australia is located in a low to medium seismic region, where not much significant earthquake impact is possible. Generally, the impacts caused by these types of earthquakes are not visible. However, there is a recent interest in addressing the risks of these small earthquakes by exploring the aspects of conventional earthquake engineering, since these earthquakes have recently caused severe damage [62]. These types of multiple earthquake-impact on bridges over a longer period of time have shown that the probability of failure is significantly increased [2,19]. In Australia, earthquake magnitudes that are greater than 2 ML occur with a mean interval of 2.56 years, following an exponential distribution.



The remaining service life of a bridge is significantly reduced as a result of the impact of multiple earthquakes. Bridges are managed using bridge management systems that use the stochastic processes of visual inspection data. As stated in Section 2.5 (numerical solution), the input parameters for the developed framework are obtained in the first step. The probability distributions for earthquake occurrence, damage distributions for progressive deterioration, and damage distributions for the two case study bridges under different soil conditions were obtained as input parameters for the proposed framework. Furthermore, random samples were generated for several impact occurrences with random time intervals during the service life of the bridge. Similarly, random samples were generated based on probability distributions obtained earlier and limit state requirements, as specified in AS 3600 [63] for concrete elements, in order to predict the probability of failure of bridges based on threshold limits. The developed MATLAB program based on the framework (Section 2.1, Section 2.2, Section 2.3, Section 2.4 and Section 2.5) and steps shown in the numerical solution (Section 3.1) was utilised to predict the probability distributions of the two bridges using randomly generated variables based on the input parameters.



The probability of failure of Bridge 1 due to multiple earthquake impacts and the average and the worst-possible probability of failure are shown in Figure 14. As per Figure 14, the average probability of failure of the bridge rapidly increases with time, and the 100-year service life is reduced to 80 years as a result of the impact of multiple earthquakes. Additionally, the framework indicates the existing condition of the bridge compared to the as-built condition, considering the multiple earthquake impacts over time.



A similar probability of failure of Bridge 2 was also observed. Combining the visual inspection data with the proposed framework will provide a better bridge rating system and a management system that could be developed in future.



In addition to the impact of multiple earthquakes, the impact of the type of soil was evident in the study. The result from the study shows that damage due to earthquake impacts accumulates with time, leading to a significant increase in the probability of failure. The probability of failure of bridges located in soft soils was higher than in bridges located in shallow and rock soils (Figure 15).



There is a remarkable difference in the bridge performance under different soil conditions. The probability of failure of a bridge located on rock and shallow and soft soils after 20 years post-construction was 6%, 39%, and 100%, respectively. This clearly shows the impact of earthquakes on bridges in soft soil conditions. Bridges on soft soil are more vulnerable to the degradation of structural capacity and there is a 32% reduction in service life in soft soils compared to rock sites due to multiple earthquake impacts. Based on the numerical simulations, the worst-case scenario caused by the impact of earthquakes in different soils indicates that there is a possibility of bridge failure in the initial stage of operation. The remaining useful life of a bridge located on rock soil reduces the service life from the designed 100-year life to 80 years, and this could be further reduced to 50 years in the worst case. Similarly, the probability of failure of the same bridge located on shallow soil and soft soils shows a significant reduction in service life compared to the bridge located on rock sites. The service life of the bridge located on shallow soil and soft soils is reduced to 34 and 25 years, respectively.



Figure 16 shows the rapid increase in the probability of failure due to the combined effects of earthquake impact and aging. The useful life of the bridge is reduced from 72 years to 40 years when progressive deterioration occurred. Therefore, progressive deterioration was a significant parameter in the assessment of the life cycle performance of bridges.



The results shown in Figure 16 reveal that there is a significant effect from the combined impact due to progressive deterioration and seismic impact, revealing an exponential increase. The probability of failure due to multiple earthquakes is at least 40% higher in both average probabilities of failure graphs and worst-case scenarios for the life cycle of the bridge. Panchireddi, B., and Ghosh, J. [2], have also revealed that there is a 110% increase in median seismic loads after three earthquake shocks.




4.2. Numerical Framework Validation


Although the experimental validation of the proposed model is highly valuable, there are some challenges in obtaining the required data for the model. Challenges in conducting large-scale testing or non-destructive methods throughout the life cycle of the bridges and capturing specific seismic impacts through controlled experiments, there are no experiment data available in the literature to validate this framework. Therefore, authors used certain theoretical validations together with application of the framework for two case study bridges and a parametric study. All the theorical values used in the framework were supported by the available literature and similar studies conducted by other researchers were used to validate the obtained results. A study conducted by Panchireddi and Ghosh [19] encompassed the deterioration of bridges via corrosion and repeated earthquake impacts, and the framework was applied to a concrete box-girder bridge in California. Similar results have been obtained. Furthermore, Mortagi and Ghosh [64] studied the seismic vulnerability of ageing bridges in relation to climate change and observed similar results as the observations made in this study. It was found that the seismic performance of the bridges will be exacerbated with age due to climate change. Similar studies have been conducted by many researchers [33,65,66] and the results obtained from these studies have shown similar results.




4.3. Parametric Study


The initial capacity of a newly built bridge is different to the capacity of an existing bridge (i.e., relatively low U0). Monitoring the performance of the bridge over time depends on the capacity at the time of inspection. To identify the impact of the current capacity of the bridge on the performance, a sensitivity analysis was conducted. The average probabilities of failure of bridges with an initial capacity of 100%, 90%, and 80% were compared in different soil conditions, and the results are shown in Figure 17. The results show that the initial capacity affects the probability of failure of bridges.



In the sensitivity analysis, it is shown that a 10% reduction in the initial capacity of the bridge located on rock soils has resulted in reducing the service life by 10%. Similarly, the 20% reduction in initial capacity has reduced the service life by approximately 25%. Shallow and soft soil conditions have also shown similar patterns related to the reduction in the initial capacity of the bridge. Unlike the damage reduction caused by a single earthquake impact, the capacity reduction from multiple earthquakes has a significant impact on damage accumulation. It has been shown that there is a clear relationship between capacity reductions and the probability of failure due to the accumulation of damage. Therefore, a correct estimate of the capacity of bridges is vital in maintenance activities.





5. Conclusions


A reliability-based framework was proposed to make decisions based on the prediction of damage accumulation in bridges caused by the combined effect of multiple earthquake impacts and progressive deterioration. This framework can be used in the decision-making process in bridge maintenance activities.



The probability of the failure of bridges was described in terms of the performance of two case study bridges located in Australia in different soil conditions. The following conclusions were made based on the case study analysis:




	
The proposed framework is capable of predicting the time-dependent probability of bridge failure under earthquake impacts and progressive deterioration. It can provide useful information on the decision-making process in the maintenance regime for bridges.



	
The earthquakes greater than 2 ML that occurred in Australia possess an exponential distribution with a mean value of 2.6 years.



	
Soil conditions significantly influence the residual service life of a bridge affected by multiple earthquake impacts.



	
After multiple earthquake impacts, the average reduction in the service life of a bridge located on rock soil could be reduced to 80%, or up to 50% in the worst-case scenario. Similarly, service life could be reduced to 30% and 20%, respectively, of its designed operational years in shallow and soft soil conditions. Furthermore, there is at least a 40% increase in the probability of failure due to the effect of multiple earthquakes in aging bridges during the service life of the case study bridges.



	
At rock sites, the average probability of failure for a bridge due to the combined effects of deterioration and earthquakes is 44% greater than earthquake impacts alone.



	
The failure rate of bridges located in shallow and soft soils is much higher compared to bridges located at rock sites. The probability of bridge failure located in rock, shallow, and soft soils at 20 years after construction is 6%, 39%, and 100%, respectively.








The developed model is a simplified version of the reliability-based framework for multiple earthquake impacts and the progressive deterioration of bridges. This tool can be used by decision makers to identify whether repairs are required and what the necessary time frames for reparations are, depending on the probability of failure of the bridge. There are some limitations of this framework. The impacts of the foundations and soil–structure interactions were out of the scope of the study. However, the proposed framework could be extended as a further study to predict the impact of the foundations and soil–structure interactions. Furthermore, repairs and replacements that occurred during service life can change the structural capacity, and these parameters should be included in the evaluation of cumulative damage in bridges. While repairs that occurred during service life were not considered in the proposed framework, it could be refined accordingly. Finally, the proposed framework was examined based on bridges and earthquake impacts in an Australian context, but it could be applied generally for any bridge under any seismic conditions by adjusting the required parameters in the framework regarding bridge maintenance activities.
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Figure 1. Damage accumulation due to multiple earthquakes and representation of the structural performance after repair and replacement (source: reproduced from [33]). 
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Figure 2. Damage accumulation as a result of multiple earthquakes. 






Figure 2. Damage accumulation as a result of multiple earthquakes.



[image: Infrastructures 08 00106 g002]







[image: Infrastructures 08 00106 g003 550] 





Figure 3. Damage accumulation due to the combined impact of multiple earthquakes and progressive deterioration. 
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Figure 4. Proposed numerical procedure considering multiple earthquake impacts. 
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Figure 5. (a) Soil classification in Australia [44]. (b) Response spectrums for different soil conditions. (c) Geological distribution of earthquakes that occurred in Australia from 1900 to 2016 [44]. 
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Figure 6. Different accelerograms used for the analysis with a 5.5 magnitude and a 17 km radius (a) rock sites (b) soil De, and (c) soil Ce. 
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Figure 7. Velocity response spectrums for different soil conditions with M = 7 and R = 90 km and a combination for (a–c). 
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Figure 8. Probability distribution of earthquake occurrence interval obtained through statistical analysis. 
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Figure 9. Structural details of Bridge 1 [51]. 
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Figure 10. Structural details of Bridge 2. 
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Figure 11. Finite element model of Bridge 1. 
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Figure 12. Finite element model of Bridge 2. 
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Figure 13. Probability distributions of damage percentage for Bridge 1 and 2 in rock sites. 
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Figure 14. Probability of failure of Bridge 1 located on rock sites due to earthquake impacts. 
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Figure 15. Average and worst-case probability of failures of Bridge 1 under different soil conditions. 
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Figure 16. Probability of failure of bridges over time under the impacts of multiple earthquakes. 
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Figure 17. Time-dependent average probability of failure under different initial structural capacities of bridges (U0), representing various current bridge conditions in (a) rock, (b) shallow soil conditions, and (c) soft soil conditions. 
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Table 1. Different combinations of earthquake magnitudes, epicentral distances, and peak ground accelerations used in the study.
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Magnitude

	
Radius (km)

	
Max Acceleration (PGA) (m/s2)




	
Rock Soil (Ae)

	
Soil Class (Ce)

	
Soil Class (De)






	
5.5

	
17

	
1.546

	
2.763

	
1.088




	

	

	
1.438

	
2.001

	
0.770




	

	

	
1.561

	
2.619

	
0.653




	
6

	
28

	
1.127

	
2.217

	
0.965




	

	

	
1.069

	
1.890

	
1.024




	

	

	
1.059

	
2.548

	
1.064




	
6.5

	
40

	
0.797

	
2.008

	
0.935




	

	

	
0.749

	
1.852

	
0.839




	

	

	
0.782

	
2.644

	
0.880




	
7

	
90

	
0.674

	
1.854

	
0.926




	

	

	
0.688

	
1.650

	
0.825




	

	

	
0.665

	
1.955

	
0.897
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Table 2. Material properties used in the study.
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Material Model Number

	
Element Type

	
Material Properties






	
1

	
SOLID 65

	
Elastic Modulus

Poisson’s ratio

	
38.7 GPa

0.2




	
2

	
LINK180

	
Elastic Modulus

Poisson’s ratio

Yield stress (elastic limit)

	
200,000 MPa

0.3

500 MPa
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Table 3. Statistical information of calculated damage distributions for bridges.
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Bridge 1

	
Bridge 2




	

	
Rock

	
Shallow

	
Deep/Soft

	
Rock

	
Shallow

	
Deep/Soft






	
Distribution

	
Lognormal distribution

	
Lognormal distribution

	
Normal distribution

	
Lognormal distribution

	
Normal distribution

	
Normal distribution




	
Mean

	
2.3

	
5.5

	
7.62

	
1.63

	
7.9

	
8.38




	
Std. deviation

	
1

	
2.97

	
4.4

	
1.22

	
3.22

	
3.9




	
Std. Error

	
0.084

	
0.05

	
0.35

	
0.14

	
0.51

	
0.45
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