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To evaluate the impact of rehabilitation on the cables’ upper anchorage elements of a 
cable stayed bridge, a reliability and prognosis analysis was done using Monte Carlo 
simulation. In this case, live loads considered probabilistic distributions of wind 
velocity, traffic, and vehicles’ types and loads; while structural resistance considered 
probabilistic distributions of the material’s microstructural defects (pores, micro-cracks, 
and inclusions), mechanical properties (yield and ultimate stresses), and fracture 
mechanical properties (fatigue and fracture toughness). A thirty years prognosis was 
calculated considering 3 different traffic growth scenarios (2%, 4%, and 6%) and based 
on the fracture mechanics crack propagation models, a deterioration model was used to 
calculate the useful life for the different traffic conditions. 

From this analysis it was found that, in the worst case scenario, the rehabilitation 
increased the useful life of the bridge in a 50%, and correspondingly, it was also 
estimated the effect of overweight in the bridge’s useful life. In general, it was also 
found that the Monte Carlo simulation is a powerful tool for prognosis and structural 
reliability of highway bridges, where the deterioration models are key elements that 
depend on the bridge type. 
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ABSTRACT: To evaluate the impact of rehabilitation on the cables’ upper anchorage 
elements of a cable stayed bridge, a reliability and prognosis analysis was done using 
Monte Carlo simulation. In this case, live loads considered probabilistic distributions of 
wind velocity, traffic, and vehicles’ types and loads; while structural resistance 
considered probabilistic distributions of the material’s microstructural defects (pores, 
micro-cracks, and inclusions), mechanical properties (yield and ultimate stresses), and 
fracture mechanical properties (fatigue and fracture toughness). A thirty years prognosis 
was calculated considering 3 different traffic growth scenarios (2%, 4%, and 6%) and 
based on the fracture mechanics crack propagation models, a deterioration model was 
used to calculate the useful life for the different traffic conditions. 

From this analysis it was found that, in the worst case scenario, the rehabilitation 
increased the useful life of the bridge in a 50%, and correspondingly, it was also 
estimated the effect of overweight in the bridge’s useful life. In general, it was also 
found that the Monte Carlo simulation is a powerful tool for prognosis and structural 
reliability of highway bridges, where the deterioration models are key elements that 
depend on the bridge type. 

 

 

1 INTRODUCTION 

Reliability is the ability of a bridge to perform structurally adequate for its useful life 
and under the operational conditions for what it was designed. In this case, bridge 
reliability is the probability of failure, which is a combination of the individual 
reliabilities of the structural components of the bridge. Due to complexity, two 
components are used in the calculation of reliability of bridges: resistance and capacity. 
If resistance (demand) is greater than capacity (supply), the bridge will fail (figure 1). 
Probability of failure depends on some reasonable assumptions and on the inspection 
data, Kudsi and Fu (2002), and Balankin et. al. (2003). 
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Figure 1. General description of the probabilistic model. 

 

Reliability of a bridge, R, is defined as:  

fPR −=1  (1) 

Where Pf is the probability of failure. For discrete events,  

∑ ==<=<= )()/()( bBPbBBAPBAPPf     (2) 

Where A is the capacity (supply), B is the resistance or demand, and b is the resistance 
at a given instance. 

Most parameters involved are random variables with a particular distribution (normal, 
uniform, exponential, etc.). To calculate reliability, the characteristics (mean and 
variance for normal distribution) are estimated. For complex structures, both, capacity 
and resistance may be function of several variables, but for simplicity, consider a simple 
case of a normal distribution where the two first moments are considered. In this case 
suppose that the capacity A is the total load effect on the bridge and depends on D, the 
dead load, L, the live load, and I, the impact load, which are all random variables. Then: 

ILDA ++=   (3) 

Failure will occur if the load A exceeds the bridge resistance R; then, the probability of 
failure is given by the probability of having a value of R less than A, or: 

)( ARPPf <=  (4) 

It is assumed that the mean (m) is the difference between the resistance and the 
capacity, that is: 

ARm −=                                                               (5) 

The variance σm is the difference between the variance of the resistance and capacity, 
that is: 

222 )()()( ARm σσσσσσσσσσσσ −=       (6) 
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The failure probability is in the region where m<0, mathematically for discrete events, 
is when Pf=Σ P[m=mi], for values where mi<0. The safety index (β) is defined as the 
ratio of the mean and the variance: 

m

m
σσσσ

ββββ =                                                                    (7) 

While the failure probability is the sum of probabilities over a range where the safety 
index is negative, it is possible to express the failure probability in terms of a function 
of this index, Deshmukh and Sanford Bernhardt, (2000), that is: 

)(βPf Φ=   (8) 

To obtain the bridge structural condition from detailed inspections, two main 
approaches are considered. For most of the bridges, the probabilistic approach, and for 
special large bridges, a deterministic FE calibrated model. The probabilistic model, 
tailored for most common type of bridges, includes two kinds of variables: the 
deterministic and the probabilistic. Within the deterministic data are the type, size, age 
and identified damage of the bridge. For the probabilistic data, the material properties, 
aging, fatigue, external loads and the not identified damage are considered. A 
particularity of the probabilistic model is that it can be improved as more inspections 
and data are recorded into the system. Within the probabilistic model, to calculate the 
reliability of a bridge and considering statistical data for several variables, a Monte 
Carlo simulation process is suggested, Balankin et. al. (2003). Main outputs of this 
model are the structural capacity (based on the probability of failure) and the residual 
life (based on the probability of failure on time prognostic). 

2 THE RIO PAPALOAPAN BRIDGE CASE 

The Río Papaloapan cable stayed bridge is considered one of the most important bridges 
in Mexico, and it is located in a highway that connects the northern and central regions 
of Mexico, with the southeast of the country, where the most important oil fields are 
located.  

2.1 Failure of the upper anchorage element 

In the year of 2000, this bridge reported the failure of one upper anchorage element 
(figure 2), that caused permanent deck deformation and it was initiated because of a 
deficient cast manufacturing process of the constitutive steel, that resulted in a high 
content of pores and inclusions, with low ductility and low fracture toughness, López et 
al. (2009 & 2011). 
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Figure 2. The upper anchorage element, before installation and after failure. 

2.2 Nondestructive inspection 

To prevent future failures, in the year of 2003, a nondestructive inspection on the 112 
upper anchorage elements was carried out. The main objective was to compare the 
ultrasonic response in the steel anchorage element that was partially embedded in 
concrete, to identify those elements with high content of internal defects or with a large 
grain size microstructure. Figure 3a shows how the inspections were carried out on the 
bridge, and figures 3b and 3c compare the ultrasonic responses of a small grain size 
material, against one with large grain size. 

     
       (a) Inspection                      (b) ASTM 7-8 grain size                     (c) ASTM 1-2 
grain size 

 Figure 3. Ultrasonic inspection and comparison of the back wall reflections of the two 
different grain sizes. 

 

A particular feature of the anchorage elements is that three different sizes were designed 
according to the maximum load. The largest is the type 1, the medium size is the type 2, 
and the smallest is type 3. Table 1 shows the results from the nondestructive inspection, 
where it was found that most elements classified as structural deficient, were type 2, 
Carrión et. al. (2003). 

 

Table 1. Summary of the field UT results in the Río Papaloapan Bridge 

Structural deficiency 
Number of 
anchorage 
elements 

Type of 
element 

Large Grain Size (ASTM 8 2 
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2) 

High Pore Content 2 1 and 3 

Probable large Grain Size 6 2 

 

2.3 Rehabilitation 

The main objective for the rehabilitation of the anchorage elements was to change those 
previously identified as structural deficient and to validate the ultrasonic inspection 
results. The bridge rehabilitation was concluded in 2008 and the structural analysis in 
2009, Carrión et. al. 2009. A summary of the results are presented by López et. al. (2009 
and 2009), where it was found that ultrasonic inspections for grain size evaluation on 
the embedded elements, were quite reliable within an accuracy of 95%, that is, 19 
elements out of 20 were accurately identified. The element that was initially classified 
as large grain size and resulted with a fine grain size with a large number of pores, was 
incorrectly classified because of the pore content, where ultrasonic energy dissipation 
presents almost the same behavior; at any rate, this anchorage element would be 
classified as structurally deficient. 

Figure 4 shows one of the cracks that were found in 3 different deficient elements. In 
elements identified as 5 and 7, cracks were sufficiently large to consider that a potential 
failure could occur within a 3 years period, Carrión et. al. (2010). 
 

   
Element Id. No. 5 Element Id. No. 7 Element Id. No. 11 

Figure 4. Cracks detected with liquid penetrant testing during rehabilitation. 
 

The rehabilitation process included 16 deficient elements, plus 4 extra “good condition” 
elements to be structurally and mechanically characterized and to give sufficient 
statistical data to generate a model for structural prognosis of the 92 anchorage elements 
still in service. 

3 STRUCTURAL PROGNOSIS OF THE ANCHORAGE ELEMENTS 

The main objective was to calculate the structural reliability of the Río Papaloapan 
Bridge by calculating the probability of failure of the upper anchorage elements. In this 
case, the probability of failure of each element was calculated using the live load and 
the resistance statistical distributions; the live loads included the wind loads that were 
calculated from the velocity statistical records obtained from a nearby weather station, 
and the traffic loads that consider the average vehicles per day, loads distributions for 
heavy trucks and truck type composition; the latter data obtained from field studies by 
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the Mexican Transport Institute and the highway operator, Gutierrez and Mendoza 
(2002), and Hernández, (2009). As for the mechanical resistance of the steel, the 
analysis was based on the fracture toughness (KIC), Young modulus (E), and yield stress 
(σy) statistical distributions obtained from the analysis on the 4 “good condition” 
anchorage elements removed from the bridge during rehabilitation. At the same time, 
from these same structural samples, the statistical distributions for the defects sizes and 
locations were obtained to complete the reliability analysis using a fracture mechanics 
model for the fatigue crack propagation, Anderson (2005). Figure 5 shows a chart flow 
of the Monte Carlo algorithm for the probability of failure of the anchorage elements. 

From the wind and traffic distributions, a specific live load condition was set and 
simulated with a finite elements (FE) calibrated model of the bridge. From all Monte 
Carlo simulations, the load distributions for all anchorage elements were obtained; then, 
for a given element and a load condition, the mechanical properties and the defects were 
set and simulated with a finite FE model of the anchorage element. The final results 
were analyzed to determine failure comparing the maximum stress with the yield stress, 
and the stress intensity factor with the fracture toughness. The prognosis analysis was 
done for a 30 years scenario taking 3 different traffic growth rates: 2% pessimistic 
scenario, 4% actual state, and 6% optimistic situation (figure 6). 

The prognosis analysis was initially done considering the initial condition of the 
anchorage elements, previous to the rehabilitation. In this case, the large cracks were not 
considered as these were estimated critical and failure was mostly probable within a 
short time.  
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Figure 5. Monte Carlo algorithm used to evaluate the structural reliability of anchorage 
elements. 
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Figure 6. Traffic flow projection for a 30 years term and 3 growth rates. 
 

4 RESULTS AND DISCUSSION 

Figure 7 shows a plot of the safety index as a function of time and the vehicle’s traffic 
growth rate. For this case, a limit for this index was set to 3.5, Salmon and Johnson 
(1996). As it can be noted, in this case, a life prediction of 9 years is found for the 
optimistic case, and if actual growth rate is maintained, the safety index is within 
acceptable conditions in a 15 years period. The pessimistic case has minimum impact in 
the 30 years scenario. 
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Figure 7. Prognosis of the safety index for the 30 years term and 3 traffic growth rates. 

 

To evaluate the impact of rehabilitation, the same prognosis analysis was done 
considering the mechanical properties of the anchorage elements placed in substitution 
of the structurally deficient. As it can be noted, the life prediction increased in almost 
50%, and there is a general improvement of the structural system; but yet, the safety 
index is not within an optimum range (figure 8a). 
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From the traffic studies, it was found that almost 50% were heavy duty trucks, and 
almost 20% of these were overloaded. As a consequence, it was important to evaluate 
the impact of overloading on the structural reliability and prognosis of the anchorage 
elements. For that condition, considering that no overloading was permitted and the 
maximum load was according to the actual regulation in Mexico (figure 8b), the safety 
index increased from 3.76 to 4.2, and in the 30 years scenario it would continue over the 
3.5 limit (figure 8b). 
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Figure 8. Prognosis for rehabilitated condition (a) and rehabilitated without overloading 
(b). 

 

5 CONCLUSIONS 

Monte Carlo simulation is a powerful tool for structural reliability analysis and 
prognosis, especially for structures with particular problems, such as that in the Río 
Papaloapan Bridge. Main outcome is that sufficient statistical data must be available, 
not only for the load demand (traffic, weight, wind velocity, etc.), but also for the 
mechanical properties of the constitutive materials of the structure, including defects, 
cracks, or any other physical characteristic that may affect the structural performance or 
integrity. 

A reliability analysis for Río Papaloapan Bridge was possible using Monte Carlo 
simulation, and it was found that the useful life was limited for the initial non 
rehabilitated condition, not considering that two anchorage elements were found highly 
critical with large cracks. At the same time, the effect of rehabilitation increased the 
useful life in almost 50%, which is not fully acceptable, but sufficient to plan alternative 
maintenance strategies, such as remote SHM. 

The analyses of the overloading effect on the bridge revealed that heavy duty trucks that 
exceed weight limits, have significant influence on the structural reliability and 
prognosis. To extend useful life of the bridge is necessary to promote actions to prevent 
over weighted vehicles.  
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