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All civil structures accumulate damage gradually during its useful life, particularly, 
highway bridges, being fatigue one of the main causes of its damage. In Mexico, 
according to the “Sistema de Puentes de México” (SIPUMEX), more than 60% of the 
7585 bridges have more than 30 years of service. Due to this, it has been necessary to 
develop a methodology that allows the analysis of structural damage in reinforced 
concrete bridges due to fatigue, and determine load capacity and estimate the useful life 
of these bridges, in order to optimize the conservation programs of such structures. In 
this methodology, load scenarios are reproduced through Monte Carlo simulation based 
on distributions of statistical configuration and the transit gross vehicle weight. The 
distribution of stresses on the bridge caused by these load scenarios are obtained from 
an analysis of finite elements of the structure, while the structural damage is evaluated 
through the evolution of crack growth in the most demanding region of the 
superstructure. A study case is treated with this methodology considering a common 
bridge type in the Mexican highways, with geometric attributes that represent in its 
majority this set of bridges. For the analysis, the loads distributions were obtained from 
a field study where the vehicles configurations and gross weights were measured and 
analyzed statistically. 
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ABSTRACT: All civil structures accumulate damage gradually during its useful life, 
particularly, highway bridges, being fatigue one of the main causes of its damage. In 
Mexico, according to the “Sistema de Puentes de México” (SIPUMEX), more than 60% 
of the 7585 bridges have more than 30 years of service. Due to this, it has been 
necessary to develop a methodology that allows the analysis of structural damage in 
reinforced concrete bridges due to fatigue, and determine load capacity and estimate the 
useful life of these bridges, in order to optimize the conservation programs of such 
structures. In this methodology, load scenarios are reproduced through Monte Carlo 
simulation based on distributions of statistical configuration and the transit gross vehicle 
weight. The distribution of stresses on the bridge caused by these load scenarios are 
obtained from an analysis of finite elements of the structure, while the structural damage 
is evaluated through the evolution of crack growth in the most demanding region of the 
superstructure. A study case is treated with this methodology considering a common 
bridge type in the Mexican highways, with geometric attributes that represent in its 
majority this set of bridges. For the analysis, the loads distributions were obtained from 
a field study where the vehicles configurations and gross weights were measured and 
analyzed statistically. 

1 INTRODUCTION 

 
Structural damage in bridges is a complex process as it varies mainly on the applied 
loads, environmental conditions, design, construction, and behavior of the structural 
system and materials, to mention the most important factors, Lounis (2002). In general, 
those factors that may cause damage can be classified in many ways, but in concrete 
structures, which are the most common type of bridges in Mexico, it can be classified 
in: mechanical, physical, chemical and electrochemical, Buyukozturk (1998). The 
mechanical effects end in accumulated damage that is revealed by cracking and 
fractures of the concrete; the physical include cracking due to contraction of the 
concrete and sudden temperature gradients; the chemical effects include pollution from 
chlorides, alkali-silica reaction and the attack of sulfates and acids; and finally, the 
electrochemical effects include corrosion of the reinforcing steel, whose protective layer 
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is neutralized from carbonation and the attack of chlorides, Torres (2001). It has been 
recognized that corrosive environments and cyclic loading conditions are major causes 
of deterioration in reinforced concrete structures; where corrosion is mainly manifested 
as damage in the reinforcing steel bars, and fatigue is revealed as concrete cracking, 
Bastidas (2009). Fatigue cracking begins in areas where the stress intensity factor is 
high and it can continue growing and also be the onset of new cracks, Etube (2001). 
Specifically, a fatigue crack may start in any place where a void or flaw within the 
concrete, where the stress and strain are high enough to cause a continuous alternate 
slipping, followed by a period of propagation, also from alternate slipping, until the 
crack reaches a critical size, Hernández (2002). 
 
Road bridges, due to load conditions, are structures prone to fatigue damage. In Mexico, 
over 60% of these structures have more than 30 years of service, and the considered 
design codes were much less demanding to the actual load conditions. In this case, not 
only the design vehicle is different; but also, from recent field studies, it has been found 
that more than a 20% of the heavy vehicles are over weighted. Despite this condition 
and from visual inspections, many bridges have no substantial fatigue damage, but there 
is a reasonable concern on the actual bridge load capacity and residual life. 

2 MEXICO’S CURRENT SITUATION 

 

In 1992, the Mexican ministry of communications and transport (Secretaría de 
Comunicaciones y Transportes, or SCT), introduced the first bridge administration 
system, identified as the Sistema de Puentes de México or SIPUMEX. This system has a 
full inventory of all bridges in the Mexican federal highway network, and includes 
characteristics such as geometrical attributes, composition, location and structural and 
physical conditions. According to the latest release of the SIPUMEX program (March, 
2010), from 7585 bridges, 61.75% bridges were built between 1931 and 1980, that is, 
this percentage of bridges has over 30 years of service (figure 1a). On the other hand, it 
has been found that in the past 25 years, the traffic has increased with an annual rate of 

5% (figure 1b). 

         

                           (a) Age of bridges                                            (b) Annual Average 
Daily Traffic 
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Fig. 1. Data according to SIPUMEX and recent field studies in Mexican federal 
highways  

 

In addition, SIPUMEX considers a visual inspection every two years to obtain 
information on the structural condition of the full bridge inventory of the Mexican 
federal highway network; in this case, the bridge state is defined through an rating index 
that evaluates the different components of the bridges (substructure, piles, 

superstructure, etc.) and the general 
bridge condition, with an appropriate weighing of each component. The general scale 
for bridge rating goes from 0 to 5, where 0 denotes excellent conditions and 5 a critical 
condition. Figure 2 shows some results obtained from the SIPUMEX data base; the first 
(Fig. 2a), analyzes the number of bridges according to their age and structural index; the 
second (Fig. 2b), evaluates the average bridge rating giving to their age. Clearly, it can 
be noted that the first 30 years there is a gradual constant deterioration from an average 
value of 0.8 to 1.8; and then, the average condition is between 1.5 and 2.0, mainly due 
to the general maintenance strategy of the SCT. 

 

Fig. 2. a) Number of bridges according to their structural Condition and age; b) Average 
structural rate to bridge   

 
As to the bridge type, according to SIPUMEX, the 57.39% of the bridges have a 
superstructure made of reinforced concrete cast in situ; followed by 12.06% of pre-
stressed prefabricated concrete bridges. At the same time, with regard to the reinforced 
concrete type, 41% are one span bridges, and 67% have a total length in between 5 to 15 
m, and a section width in 5 to 10 m. 

3 METHODOLOGY 

The proposed procedure requires a finite elements model of a particular bridge to be 
analyzed and that is calibrated to the initial condition. From this model, the stress 
distribution within the superstructure is evaluated for different loading scenarios or 
conditions, defined according to the traffic on a particular bridge. For a representative 
simulation of the loading conditions, the actual traffic and Monte Carlo simulation are 
used to define the different scenarios considering the number of vehicles on the bridge 
and the statistical distributions of vehicle types (trucks, single trailer, and double), 
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vehicle gross weights (empty, loaded and overloaded), and relative position to the 
bridge. From every loading condition, the stress is calculated at pre-defined regions and, 
for each, a stress statistical distribution is obtained. Figure 3 shows a general flowchart 
for the Monte Carlo simulation method to calculate the statistical stress distribution 
from the statistical distributions of traffic, vehicles (type and weight) and position on the 
bridge. 

Since fatigue damage is a phenomena that depends on time and the micro-structural 
conditions of a material, two main sets of information were necessary; the first, a 
statistical distribution of defects, voids or micro-cracks where stress intensity factors 
could be increased over the fatigue threshold and propagate cracks due to fatigue; and 
second, a fatigue or deterioration model, where cracks are propagated according to the 
different loading simulated conditions.  

 

As a consequence, the second step of Monte Carlo simulation for deterioration or 
fatigue propagation, considered mainly two random inputs: the flaw size and the stress 
(obtained from the previous step of Monte Carlo simulation). These two pieces of 
information permitted to calculate the stress intensity factor and the fatigue propagation 
according to the Slowik fatigue model, Slowik (1996), given in equation 1 and that is 
based on Paris’ law and describes the increase of crack length equivalent a in the region 
in which KI < KIC. 

 

 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Outline of the first step of Monte Carlo simulation algorithm to obtain the 
statistical stresses distributions. 
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In equation 1, C is a parameter that gives a crack growth measure per load cycle, is the 
maximum factor of strain intensity ever reached by the structure in its load history, KIC 
is the fracture toughness, Km

I max is the maximum factor of strain intensity in a cycle, N 
is the number of load cycles, a is the crack length, ∆K is the range of strain intensity 
factors and m, n and p are constants. In our statistical case, Km

I max, and KI sup, are 
defined from the stress statistical distribution considering one and two standard 
deviations.  
 

Finally, the structural reliability index is calculated in this same second step of Monte 
Carlo simulation and failure condition is assumed when the stress exceeds the concrete 
yield stress or when the stress intensity factor is greater than the fracture toughness (KI > 
KIC). 

4 CASE OF STUDY 

 

According to the analysis of the geometrical attributes of the bridges from SIPUMEX, it 
was determined that the composition material of the superstructure of a bridge type 
would be of reinforced concrete, with only one span with a length of 13.5 m and a width 
of 11 m, considering the existence of two lanes. The superstructure of reinforced 
concrete was designed considering the HS-20 vehicle as the vehicle design, according to 
ASSHTO Bridge Design Specification.  

The model was developed with StaDyn, software version 4.4, Doyle (2004). 
Considering a reinforced concrete with a typical design compressive strength f’c = 28 
MPa, and an elasticity module E = 25,350 MPa.  

The input variables for the Monte Carlo simulation were obtained from a field study in a 
particular highway in Mexico located in the state of Veracruz, identified as La Tinaja-
Cosoleacaque. In this case, traffic flow and vehicle configurations were statistically 
identified and from previous studies done for more than 10 years throughout the 
country, Gutierrez (2008), the statistical weights for the different types of vehicles were 
obtained. In general, 3 different loading conditions were taken for each type of heavy 
vehicle: unloaded, loaded, and overloaded. In each case, statistical distributions were 
obtained from the field studies. In some cases, due to the vehicle’s characteristics, the 
unloaded condition was given to a fix value; in some others, uniform distributions 
within a certain range were the most representative. For the most heavy vehicle 
configuration -- tractor with double trailer --, one statistical distribution was used for the 
loaded condition (Fig. 1), but 2 different distributions described better the overloaded 
situation.  
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Fig. 4  Weibull distribution for the gross weight of a tractor-double trailer vehicle 

The outputs from the first step of Monte Carlo simulation were the stress statistical 
distributions in the central region of the beam, which was considered the most stressed 
part. An initial traffic condition considered 4958 vehicles per day; then, a traffic 
scenario over a 30 years period was calculated considering a 4% annual growth rate, 
which is representative for the given highway. In this case, the relative percentages of 
vehicles type and weight distributions were maintained the same during the period of 
analysis. 

To calculate the number of loading cycles due to traffic, a full bridge model was used to 
simulate the structural behavior when a heavy duty vehicle goes by the bridge. Figure 
6a, shows the flexural moment of one beam due to a tractor trailer, while figure 6b 
shows the beam moments due to a tractor-double trailer vehicle. From these results, it 
was established that first vehicle causes 2 different loading cycles, while the second 
causes 3 cycles. Table 1 shows the relation between traffic and loading cycles. 
 

                               
 
                           a) Tractor trailer                                                 b) Tractor-double 
trailer 
Fig. 6 Bending moments on the beam due to heavy vehicles passing over the bridge 
 
Table 1. Relation between traffic to loading cycles with a 4% annual traffic growth rate  

Years 
Vehicle 
quantity 

Vehicle  
average 

Number of 
cycles per day 

Total amount 
of cycles 

0 4,948    
0-10  6,136 7,703 28’115,950 
10 7,324    

10-20  9,083 11,403 41’620,950 
20 10,842    

20-30  13,445 16,878 61’604,700 
30 16,048    
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Once the statistical stress distributions were calculated from the first step of Monte 
Carlo simulation, the second step calculated the crack propagation of flaws, micro 
cracks or defects in the concrete. In this case the input were the stress distributions and 
the defect distribution; the output were the statistical distribution of updated or 
propagated cracks, and the number of cracks that reached a critical size; the latter was 
the one used to rate the structural condition. 

Key issue for this analysis is the deterioration or fatigue crack propagation model; in 
this case the Slowik model was used and the initial condition was defined from a normal 
distribution of defects; the fatigue model parameters were: C = 0.000032, n = 13.5, and 
KIC=1.48 MN m-3/2. From random number generator, a defect size “a”  was given 
according to the corresponding distribution; then, using the stress distribution and 
taking the mean stress value and two standard deviations from the mean to take into 
account for the values of Km

I max, and KI sup, respectively. 

Figures 7 and 8 show the results obtained from the analysis; 7a compares the initial 
distribution with the 10 years defect distribution; the 7b compares the 10 year 
distribution with the 20 years; and finally, the 7c compares the 20 years with the 30 
years distribution. Figure 8 shows the number of defect as a function of time. As it can 
be seen, at the beginning the crack distribution has an obvious change due to crack 
growth; but as time goes, the difference is not important. On the other hand, the 
percentage of defects that grow above 5 cm grows as it is shown on fig. 8, and there is a 
2.25% of probability that an initial defect can reach a 5 cm length, defined as a critical 

size since it represents the concrete protection layer for the reinforcing steel bar. 
                       
                     (a)                                             (b)                                              (c) 
 
Figure 7. Evolution of non-critical defects in superstructure 
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Fig. 8 Probability of default occurrence >50 mm, as to the initial defects in the concrete   
                

5 CONCLUSIONS 

Monte Carlo simulation is a powerful tool to simulate structural deterioration of 
highway bridges under variable loading conditions that can be represented statistically.  

Once the statistical information of the loading conditions is available and a finite 
elements model is calibrated to a given bridge, the structural reliability can be calculated 
with an appropriate damage model to evaluate the bridge deterioration, assuming that 
the damage mechanism is appropriately represented.  

From the case study, it can be seen that fatigue damage is mainly due to overloaded 
vehicles and, for short span typical bridges, the traffic affects mainly the loading fatigue 
cycles. For larger bridges, the traffic increases the probability of multiple vehicles at the 
same time; though, the combination of two or more vehicles can contribute significantly 
to the loading condition.  

As to the fatigue model and the defect distributions, it is concluded that the distribution 
changes little with time due to the fact that large defects eventually evolve to larger 
cracks very rapidly, while small cracks grow slowly or none; resulting with almost the 
same statistical distribution with time and reaching an almost constant distribution, 
except from the initial, that is obtained exclusively from the microstructural condition of 
concrete. At the same time, in the study case, it is also seen that in a 30 years scenario 
the structural condition is deteriorated, with a 2.25% of cracks that reached a critical 
condition, assuming none maintenance on the bridge. 

Finally, the results from this study were obtained only considering the fatigue as the 
main degradation mechanism of the structure; nevertheless, a refined model is possible 
by including the corrosion phenomenon, or any other that must be considered for a 
particular case. 
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