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Abstract 8 

This paper proposes an approach to calculate demand hazard curves considering the effect of both corrosion 9 

and seismic loadings over time. The corrosion is defined as the reduction of the cross-sectional area in the 10 

reinforced bars of concrete, induced by chloride ions. Three corrosion phases are considered: starting time of 11 

corrosion, cracking, and evolution time. Seismic loads are characterized as a stochastic Poisson process.  12 

Uncertainties related to the randomness of geometric properties, mechanical properties, and seismic loadings 13 

are considered. The approach is illustrated in a continuous bridge designed to comply with a drift of 0.002. The 14 

structure is located in Acapulco, Guerrero, Mexico. Fragility curves and demand hazard curves are obtained at 15 

0, 45, 57, 75, 100, and 125 years, based on the global drift. The effect of both corrosion and seismic loadings 16 

over time increase the annual rate of demand up to 308% between 0 years (without damage) and 125 years after 17 

the bridge construction. 18 

Keywords: corrosion effect, cumulative damage, fragility curves, demand hazard curves, bridges. 19 
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1   Introduction 22 

Corrosion in reinforced concrete structures is an influential phenomenon, particularly in structures located 23 

near coastal areas. Such phenomenon is frequently present in structures exposed to weathering, which creates 24 

a tough environmental condition when sea breeze acts. The particles of chloride ions that come from the sea hit 25 

the surface of the bridge, until the amount of such particles is enough to permeate through the concrete, 26 

eventually reaching the reinforcement steel, starting both the corrosion process and the structural deterioration. 27 

Corrosion has an economic and social impact: in The United States, it represents losses which are around 28 

4.9% of the Gross Domestic Product (GDP) of that country, according to studies by the US National Bureau of 29 

Standards (NBS) (Schwerdtfeger et al. 1972). In Mexico, there are no precise statistics, but if a similar 30 

percentage is considered, the impact of corrosion in Mexico results in US$ 38 billion, according to data of the 31 

National Institute of Statistics and Geography (INEGI 2018) for 2018. Approaches to estimate the vulnerability 32 

of structures that would allow making repair and maintenance decisions with the aim to reduce the cost that 33 

produces the effect of corrosion are necessary.      34 

Several authors have studied the effect of corrosion: Andrade et al. (1993) used micrometers to register 35 

visible corrosion cracking in structural elements; Mangat and Molloy (1994) demonstrated that the diffusion 36 

coefficient can be associated with both the time interval of the concrete exposure to chloride and the Fick’s 37 

second law that reproduces the corrosion diffusion into structural components; Cabrera (1996) determined that 38 

corrosion can move through parallel cracking into reinforcement steel; Thoft-Christensen (2000) proposes a 39 

stochastic model for structural reliability assessment based on the cracking width caused by corrosion; Thoft-40 

Christensen (2002) gives a methodology for the evaluation of structural reliability in reinforced concrete 41 

structures showing different phases of corrosion; Thoft-Christensen (2003) presents a stochastic model to 42 

estimate the diffusion coefficient; Bertolini (2008) shows that the steel bars of reinforced concrete are protected 43 



3 
 

by an alkaline solution that is inside of a hydrated cement paste; Jaffer and Hansson (2009) studies the 44 

distribution of corrosion formed in cracked reinforced concrete; lastly, Papakonstantinou and Shinozuka (2013) 45 

propose an approach to simulate corrosion over time in concrete structures. 46 

Two codes are mainly used for the design of bridges in Mexico: the code of the Mexican Institute of 47 

Transportation (IMT 2004) and the code of the American Association of State Highways (AASHTO 2012). 48 

When the IMT code is used, the last stages of structural design are done using other codes, because such code 49 

is incomplete. Therefore, uncertainties related to the characterization of loads and mechanical properties are 50 

generated. Mexico has experienced important economic losses, especially with the earthquakes occurred in 51 

1985 and 2017: such events generated a loss of 9.2 billion dollars.  52 

Considering that bridge structures can present structural damage after seismic loading, some authors 53 

propose methodologies to estimate safety levels in bridges expressed in terms of fragility curves: Choi and Jeon 54 

(2003) evaluates the fragility of bridges and retrofit measures to increase the seismic resistance of the bridge 55 

structures; Kim and Feng (2003) estimates fragility curves considering different intensity measures;  fragility 56 

curves are calculated in different kinds of bridges and zones in the United States (Choi et al. 2004; Pan et al. 57 

2007); analytical fragility analysis is proposed for different components of the bridge structure (Padgett and 58 

DesRoches 2008). Wang et al. (2012) estimates fragility curves considering multidimensional performance 59 

limit state parameters in concrete bridges;  a multivariate fragility analysis is made considering the uncertainties 60 

in the seismic loadings (Wang et al. 2018); the effect of the cumulative damage by seismic loadings is taken 61 

into account in the fragility analysis (Cui et al. 2019; Panchireddi and Ghosh 2019; Tolentino et al. 2020). 62 

Fragility curves have been used in different approaches as the basis for obtaining exceedance damage rates or 63 

probabilistic demand hazard curves:  Mackie and Stojadinović (2001) evaluates the seismic demand analysis in 64 

typical bridges located in California; Gavabar and Alembagheri (2018) proposes a methodology to estimate 65 
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seismic demand hazard curves in gravity dams; probabilistic demand hazard curves are estimated in concrete 66 

buildings (Liu et al. 2016), in steel buildings with different types of connections (Maleki et al. 2019), in steel 67 

buildings with buckling-restrained braces (Mahdavipour 2016; Afsar Dizaj et al. 2018), and in steel buildings 68 

with butterfly-shaped fuses (Zaker Esteghamati and Farzampour, 2020). 69 

An approach for evaluating demand hazard curves considering both the cumulative damage under seismic 70 

sequences and the effect of corrosion over time has never been done.  In this study, fragility curves over time 71 

are estimated for different time thresholds, considering both the effect of corrosion and seismic sequences at 72 

different instants of time. After fragility estimation, seismic demand hazard curves are calculated. The approach 73 

is exemplified in a reinforcement concrete bridge designed to comply with a drift of 0.002. 74 

2   Probabilistic approach 75 

2.1 Probabilistic demand assessment over time 76 

The demand hazard curve, 𝜐𝐷(𝑑), can be obtained as follows (Cornell et al. 2002): 77 

𝜐𝐷(𝑑) = ∫ |𝑑𝑣(𝑦)𝑑𝑦 | 𝑃(𝐷 ≥ 𝑑𝑡ℎ)𝑑𝑦∞0                                                        (1) 78 

 79 

where 𝑑𝑣(𝑦) 𝑑𝑦⁄  represents the derivative of the seismic annual rate of failure, and 𝑃(𝐷 ≥ 𝑑𝑡ℎ) is the 80 

probability that the demand 𝐷 exceeds a pre-established damage threshold 𝑑. If uncertainties in the structural 81 

demand are considered, the mean annual demand rate can be estimated as follows:  82 

𝜐𝐷(𝑑) = ∫ ∫ |𝑑𝑣(𝑦)𝑑𝑦 | 𝑃(𝐷 ≥ 𝑑𝑡ℎ|𝑦, 𝑑)𝑓𝑑(𝑑)𝑑𝑦𝑑𝑑∞0∞0                                          (2) 83 

 84 
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where 𝑃(𝐷 ≥ 𝑑𝑡ℎ|𝑦, 𝑑) is the probability that a certain damage threshold is exceeded for a given intensity 𝑦. 85 

Considering both the variation in the structural demand and its probability density function given by corrosion 86 

at instant 𝑡, the exceedance rate of the demand at an instant 𝑡 is as follows:  87 

𝜐𝐷(𝑑, 𝑡) = ∫ ∫ ∫ |𝑑𝑣(𝑦)𝑑𝑦 | 𝑃(𝐷𝑐𝑜𝑟𝑟(𝑡) ≥ 𝑑|𝑦, 𝑡)𝑓𝐷𝑐𝑜𝑟𝑟(𝑑|𝑡)𝑑𝑦𝑑𝑑𝑑𝑡∞0∞0𝑡0                             (3) 88 

 89 

where 𝑃(𝐷𝑐𝑜𝑟𝑟(𝑡) ≥ 𝑑𝑡ℎ|𝑦, 𝑡) is the probability that the structural demand due to corrosion results greater than 90 

a pre-established value of 𝑑𝑡ℎ for an intensity 𝑦 at instant 𝑡, and 𝑓𝐷𝑐𝑜𝑟𝑟(𝑑|𝑡) is the probability density function 91 

of the seismic demand due to a state of corrosion at instant, 𝑡; it is shown that 𝜐𝐷(𝑑, 𝑡) is equal to 𝜐𝐷(𝑑) when 92 

𝑡 = 1. 93 

2.2  Corrosion process in reinforced concrete 94 

The corrosion in reinforced concrete systems appears given by the alkalinity generated by the 95 

accumulation of the passive layer in steel. In case of structures near marine environments, chloride ions 96 

penetrate the pores of concrete, until they reach the reinforcement steel. Therefore, the passive layer is removed, 97 

causing the beginning of corrosion. 98 

2.2.1  Corrosion induced by chloride penetration 99 

The effect of the corrosion in concrete structures by chloride penetration is not easy to characterize; it 100 

is commonly assumed that chloride ions follow the Fick's Law (Fick 1855). If the diffusion coefficient is 101 

considered as independent and the concentration of chlorides on the concrete surface is regarded as critical, the 102 

following expression can be generated: 103 

𝜕𝐶(𝑥,𝑡)𝜕𝑡 = 𝐷𝑐 𝜕2𝐶(𝑥,𝑡)𝜕𝑥2                                                                    (4) 104 
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where 𝐶(𝑥, 𝑡) represents the concentration of chloride ions as a percentage of the concrete weight at a certain 105 

distance 𝑥 of the concrete surface at instant 𝑡; 𝐷𝑐  is the diffusion coefficient. If the critical concentration of 106 

chlorides 𝐶𝑐𝑟 on the structural element is reached, the time that chloride ions take to reach the steel 107 

reinforcement can be determined by the following expression: 108 

𝑇𝑐𝑜𝑟𝑟 = 𝑑24𝐷𝑐 [𝑒𝑟𝑓−1 (𝐶𝑐𝑟−𝐶0𝐶𝑖−𝐶0 )]−2
                                                       (5) 109 

 110 

where 𝑇𝑐𝑜𝑟𝑟  is the starting time of corrosion, 𝐶𝑐𝑟 is the critical ions concentration, 𝐶𝑖 is chloride concentration 111 

at the starting time of corrosion, and 𝐶0 is the chloride concentration in the exposed zone of concrete.  Such 112 

concentrations are all expressed in terms of a percentage of the concrete weight.  𝑒𝑟𝑓 is the error function, and 113 

𝑑 is the coating. The diffusion coefficient 𝐷𝑐 , is estimated as follows: 114 

𝐷𝑐 = 11.146 − 31.025 (𝑤𝑐 ) − 1.941𝜙 + 38.212 (𝑤𝑐 )2 + 4.48 (𝑤𝑐 ) 𝜙 + 0.024𝜙2              (6) 115 

where 𝑤/𝑐 represents the relationship between the water and cement, and  𝜙 is the temperature. 116 

2.2.1  Corrosion over time 117 

The diameter reduction of steel reinforcement is estimated as follows (Thoft-Christensen 2002): 118 

𝑑(𝑡) = 𝑑0 − 𝑐𝑐𝑜𝑟𝑟𝑖𝑐𝑜𝑟𝑟(𝑡 − 𝑇𝑐𝑜𝑟𝑟)                  𝑡 ≥ 𝑇𝑐𝑜𝑟𝑟                                    (7) 119 

 120 

where 𝑑(𝑡) is the reduced diameter at instant 𝑡, 𝑑0 is the diameter that results from the design, 𝑖𝑐𝑜𝑟𝑟 is the 121 

corrosion mean annual rate, and 𝐶𝑐𝑜𝑟𝑟  is the coefficient of corrosion. 122 
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2.2.1  Corrosion over time 123 

The instant of concrete cracking can be estimated as follows (Liu and Weyers 1998; Thoft-Christensen 124 

2000):  125 

Δ𝑡𝑐𝑟𝑎𝑐𝑘 = 𝑊𝑐𝑟𝑖𝑡22𝑘𝑟𝑢𝑠𝑡                                                    (8) 126 

 127 

where 𝑊𝑐𝑟𝑖𝑡  is the necessary amount of rust to induce cracking; 𝑘𝑟𝑢𝑠𝑡 is a proportional factor of 𝑖𝑐𝑜𝑟𝑟 . 𝑊𝑐𝑟𝑖𝑡  and 128 

𝑘𝑟𝑢𝑠𝑡 can be calculated as follows:  129 

𝑊𝑐𝑟𝑖𝑡 = 𝑊𝑠𝑡𝑒𝑒𝑙(𝑊𝑒𝑥𝑝𝑎𝑛 + 𝑊𝑝𝑜𝑟𝑜𝑢𝑠)                                                       (9) 130 

 131 

𝑘𝑟𝑢𝑠𝑡 = 7.039𝐸 − 05 𝜋𝑑0𝑖𝑐𝑜𝑟𝑟𝛼                                                            (10) 132 

 133 

where 𝑊𝑒𝑥𝑝𝑎𝑛 is the required amount of corrosion to replace the area as a consequence of concrete expansion; 134 

𝑊𝑠𝑡𝑒𝑒𝑙  is the necessary amount of rust to generate cracking; 𝑊𝑝𝑜𝑟𝑜𝑢𝑠 is the volume of rust needed to fill a pore. 135 

𝑊𝑒𝑥𝑝𝑎𝑛  and 𝑊𝑠𝑡𝑒𝑒𝑙  are calculated as follows:   136 

𝑊𝑠𝑡𝑒𝑒𝑙 = 𝜌𝑠𝑡𝑒𝑒𝑙𝜌𝑠𝑡𝑒𝑒𝑙−𝛼𝜌𝑟𝑢𝑠𝑡                                                                (11) 137 

 138 

𝑊𝑒𝑥𝑝𝑎𝑛 = 𝜋𝜌𝑟𝑢𝑠𝑡𝑡𝑐𝑟𝑖𝑡(𝑑0 + 2𝑡𝑝𝑜𝑟𝑒)                                                    (12)  139 

 140 
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where 𝜌𝑠𝑡𝑒𝑒𝑙  is the steel density; 𝜌𝑟𝑢𝑠𝑡 represent the rust density; 𝛼 = 0.57 (Liu and Weyers 1998); 𝑡𝑐𝑟𝑖𝑡 141 

represent the thickness at the moment when the fracture beginning and it is estimated as (Liu and Weyers 1998): 142 

𝑡𝑐𝑟𝑖𝑡 = 𝑑𝑓𝑡𝐸𝑐 (𝑏 𝑎2+𝑏2𝑏2−𝑎2 + 𝜈𝑐)                                                         (13) 143 

 144 

where 𝐸𝑐 is the elasticity modulus, 𝑓𝑡 is the concrete tensile strength, and 𝜈𝑐 is the Poisson ratio. Parameters 𝑎 145 

and 𝑏 are estimated as follows (Thoft-Christensen 2002): 146 

𝑎 = 𝑑0+2𝑡𝑝𝑜𝑟𝑒2                                                                      (14) 147 

 148 

𝑏 = 𝑑 + (𝑑0+2𝑡𝑝𝑜𝑟𝑒2 )                                                                       (15)   149 

 150 

where 𝑎 is the width of the steel rod, 𝑏 is the distance between the centroid of the steel rod and the coating, and 151 

𝑡𝑝𝑜𝑟𝑒 is the thickness that is similar to a value of porosity equal to 1. Once the cross-sectional area begins to 152 

degrade, a rust layer is generated around the reinforcing steel. When such rust reaches a critical amount, it 153 

generates additional stresses in the concrete that cause it to crack. Thoft-Christensen (2002) proposes an 154 

expression to determine the amount of rust 𝑊𝑝𝑜𝑟𝑜𝑢𝑠 as follows: 155 

𝑊𝑝𝑜𝑟𝑜𝑢𝑠 = 𝑡𝑝𝑜𝑟𝑒 𝜋𝜌𝑟𝑢𝑠𝑡𝑑0                                                           (16) 156 
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2.3  Intensities and waiting times 157 

Intensities and waiting times are simulated using the seismic hazard curve SHC, which is considered 158 

as a known variable associated with the fundamental period T. A critical damping equal to 5% is assumed. The 159 

simulation of intensities is based on the cumulate distribution function (CDF) of the SHC, as follows: 160 

𝐹(𝑦) = 1 − SHC𝑓𝑖𝑡 𝑣0                                                                   (17) 161 

 162 

where SHC𝑓𝑖𝑡 = ( 𝑦𝑦0)−𝑟 ( 𝑦𝑚𝑎𝑥−𝑦𝑦𝑚𝑎𝑥−𝑦0)𝜀
is the expression that fitted the SHC, and 𝑦0 is the seismic intensity 163 

necessary to produce structural damage in the structure. In this particular case, 𝑦0 = 1 m/s2 , which is 164 

associated with an exceedance rate equal to 𝑣0 = 0.07737.  𝑦𝑚á𝑥  represents the maximum value of seismic 165 

intensity in the SHC, 𝑟 and 𝜀 are adjustment constants, and  𝑦 represents all possible seismic intensities in the 166 

SHC. 167 

The arrival of earthquakes can be characterized as a stochastic Poisson process. Therefore, the arrival 168 

time between earthquakes can be characterized by an exponential distribution function (Melchers and Beck 169 

2017). Making some arrangements, the waiting time between seismic occurrences 𝑇𝑖  is: 170 

𝑇𝑖 = − |𝑙𝑛(𝑢)𝑣0 |                                                                               (18) 171 

 172 

where 𝑢 represents random numbers between 0 and 1 with uniform distribution.  173 
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3   Cumulative damage assessment 174 

Cumulative damage assessment is done based on the assumptions related with the type of structure, 175 

loadings, and the existence of a maintenance plan.  In this study, the structure is subjected to seismic loadings 176 

and corrosion; no maintenance actions are made after loadings. The damage that the structure can gradually 177 

accumulate is estimated considering the simulation of seismic intensities and waiting times, as well as the 178 

different times related with the corrosion process. The cumulative process of damage is described in Fig. 1. 179 

4   Illustrative example 180 

Demand hazard curves are estimated considering different instants between the range of 0 to 125 years. 181 

The approach is illustrated in a typical reinforced concrete bridge designed to comply with a drift threshold of 182 

0.002. The structure has a four-lane roadway, a total length of 175 m, and a height clearance of 8 m. For analysis 183 

and design purposes, the following conditions are taken into consideration:  concrete in cap beams and columns 184 

has a compressive strength 𝑓′𝑐 of 29.42 MPa; concrete in AASHTO-type beams has a compressive strength 𝑓′𝑐 185 

of 39.23 MPa; the supports in columns are fixed; there is an elastic spring with infinite stiffness in both 186 

directions between beams and cap beams;  the extreme spans of the bridge have seat-type abutments;  the period 187 

of vibration of the system is 0.40 s; the bridge is located in Acapulco, Mexico.  Fig. 2 shows the transverse view 188 

of the structure, Fig. 3 shows the longitudinal view, and Fig. 4 shows the geometry and the design of cap beams 189 

and columns. 190 

 191 

 192 

 193 

 194 

 195 

 196 
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Fig. 2 Transverse view 229 

 230 

 231 

Fig. 3 Longitudinal view  232 

 233 

 234 

Fig. 4 Geometry and design of: (a) Columns; (b) Cap beams 235 

 236 

 237 

(a) (b) 

35 35 35 
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4.1  Uncertainties in mechanical and geometric properties 238 

The uncertainties associated with mechanical and geometric characteristics are essential parameters to 239 

assess the structural fragility with the aim to estimate demand hazard curves. Thus, Table 1 shows the 240 

mechanical uncertainties and Table 2 shows the geometric uncertainties considered in this study. 241 

Table 1 Mechanical uncertainties. 242 

Element Variable 
Bias 

factor, 𝝀 

Coefficient of 

variation, 𝑽 
Reference 

Columns, Beam Caps 

and Slab 

f’c 
(MPa) 

1.27 0.160 (Nowak et al. 2011)  

AASHTO beams 
f’c 

(MPa) 
1.16 0.127 (Nowak et al. 2011) 

Steel diameter #≤1/2 fy (MPa) 1.097 0.081 
(Rodríguez and Botero 

1995) 

Steel diameter #>1/2 fy (MPa) 1.068 0.037 
(Rodríguez and Botero 

1995) 

Steel diameter #≤1/2 fu (MPa) 1.180 0.039 
(Rodríguez and Botero 

1995) 

Steel diameter #>1/2 fu (MPa) 1.155 0.022 
(Rodríguez and Botero 

1995) 

fy = yield stress of steel and fu= ultimate stress of steel 243 

 244 

Table 2 Geometrical uncertainties  245 

Element Bias factor, 𝝀 Coefficient of variation, 𝑽 Reference 

Beams caps base 1.01 0.04 (Nowak et al. 2011) 

Beams caps height 1.000 0.025 (Nowak et al. 2011) 

Column width 1.005 0.04 (Nowak et al. 2011) 

Slab thickness 0.00381 8.661 (Ellinwood et al. 1980)  

 246 

 247 

 248 
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4.2  Nonlinear structural response 249 

The nonlinear structural dynamic response is obtained when plastic hinges (areas of concentrated 250 

plasticity) appear. The following conditions are taken into consideration in the analysis: lateral stiffness is 251 

provided by cap beams and columns; the bridge deck only transmits dead loads; the failure mechanism is 252 

reached when plastic hinges appear either at the base of all columns or at the ends where columns and cap 253 

beams join. Ruaumoko 3D program (Carr 2003) is used for obtaining the nonlinear response. The moment-254 

curvature diagram for reinforced concrete is made using both confined concrete (Mander et al. 1988) and the 255 

stress-strain model for rebar provided by Rodríguez and Botero (1995). The moment-rotation relationship is 256 

estimated with the modified Takeda hysteresis model (see Fig. 5);  𝛼 and 𝛽 are related to the stiffness in loading 257 

and unloading cycles, taking values between 0.5 - 0.6; the Ramberg-Osgood factor 𝑟 controls the stiffness loss 258 

after rebar yielding, and takes values between 1 ≤ 𝑟 ≤ ∞; 𝑘0 is the initial stiffness, and 𝑘𝑢 is the stiffness in 259 

the unloading cycle. 260 

 
Fig. 5 Modified Takeda Hysteresis Rule 261 

 262 

4.3  Seismic records 263 

Seismic loadings occur frequently in Mexico. One of the seismic areas from which subduction ground 264 

motions come is the coast of the states of Guerrero, Michoacán and Oaxaca. The devastating seismic loading 265 
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that hit Mexico City in 1985 originated in such area. Both the design process of new structures and the 266 

evaluation of ageing structures in Mexico consider such environmental loads, based on previous experience 267 

related to the occurrence of earthquakes and their consequences. Thus, a set of 100 seismic records obtained 268 

from the stations “Acapulco Centro Cultural” ACAC and “Acapulco Diana” ACAD are used in this study.  Both 269 

stations are near the bridge analyzed in this study case. Fig. 6 shows only four recorded ground motions in the 270 

area, and Fig. 7 shows the pseudo-acceleration spectrum of the 100 seismic records used. 271 

 272 

Fig. 6 Time history data of four recorded ground motions  273 
 274 

 
Fig. 7 Response spectra for 100 seismic records 275 
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4.4  Corrosion times 276 

The three different stages of corrosion to be evaluated are the starting time of corrosion 𝑇𝑐𝑜𝑟𝑟 , corrosion 277 

evolution expressed in terms of steel rod reduction at instant  𝑑(𝑡), and the instant when concrete cracking 278 

starts, Δ𝑡𝑐𝑟𝑎𝑐𝑘 .  In order to estimate 𝑇𝑐𝑜𝑟𝑟 , the following values are taken:  the mean annual temperature at the 279 

site 𝜙 is 27.8°C; the water – cement ratio 𝑤/𝑐 is 0.40; 𝐶0 is equal to 0.18% (Castanẽda et al. 1997); 𝐶𝑐𝑟 is 280 

0.15% (Del Valle et al. 2001); 𝐶𝑖 is equal to 0%, and 𝑑 is the cover thickness, which is equal to 0.05 m. The 281 

calculation of the reduced diameter over time 𝑑(𝑡) uses the following values: 𝑑0 = 0.0318, 𝑐𝑐𝑜𝑟𝑟  = 0.023, and 282 

𝑖𝑐𝑜𝑟𝑟  = 0.9. Δ𝑡𝑐𝑟𝑎𝑐𝑘  is estimated using 𝜌𝑟𝑢𝑠𝑡 = 3600 kg/m3, 𝜌𝑠𝑡𝑒𝑒𝑙  = 7850 kg/m3, 𝑓𝑡 = 0.2456 MPa, and 𝜈𝑐 = 283 

0.2. The starting time of corrosion resulted in 45 years after construction, and the instant of concrete cracking 284 

obtained is 57 years after construction. The reduction of the cross-sectional area of reinforcement steel is also 285 

estimated for the instants of 75, 100, and 125 years. 286 

4.5  Structural demand over time 287 

The structural demand over time is obtained in accordance with the cumulative damage assessment 288 

section.  In order to consider uncertainties related to geometric and mechanical properties, fifty bridge models 289 

with simulated properties (Sect. 4.1) are built. Uncertainties related to randomness of seismic loadings are 290 

considered by means of the construction of one hundred histories of seismic intensities and occurrences. The 291 

time instants of 0, 45, 57, 75, 100, and 125 years after the bridge construction are considered;  45 years is the 292 

starting time of corrosion;  57 years is the starting time of concrete cracking is; 75 years is the service limit 293 

state, according to the AASTHO code (AASTHO, 2012); 100 and 125 years correspond to other times of 294 

interest. Fig. 8, which shows the median of demand �̅�𝑐𝑜𝑟𝑟 |𝑦,𝑡 at different instants, considering the accumulation 295 

of damage by both seismic loadings and corrosion, also provides the following information: a) the value of 296 

�̅�𝑐𝑜𝑟𝑟 |𝑦,𝑡 goes up as the instant increases;  b) the increment of the median values between the instants of 45 297 
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years and 57 years presents important differences due to the appearance of concrete cracking;  c) the structural 298 

demand increases due to concrete cracking;  d) the median value of the demand for 0 years (without damage) 299 

at 0.05 Sa/g is equal to 0.0003; for the rest of the subsequent time instants, an initial accumulation of damage 300 

as a consequence of seismic sequences and corrosion occurs;  e) the median of the demand for instants 45, 57, 301 

75, 100, and 125 years is equal to 0.0005, 0.0009, 0.0018, 0.0023, and 0.0038, respectively, which means that 302 

the demand due to both cumulative damage and corrosion for 0.05 Sa/g experiences approximate increments of 303 

170, 279, 556, 721 and 1183%, respectively as well. 304 

 
Fig. 8 Median of demand for different time instants 305 

 306 

4.6 Fragility curves over time 307 

Fragility curves express the probability that the demand exceeds a pre-stablished threshold. The 308 

fragility assessment, considering the accumulation of damage by seismic loads over time, can be calculated as 309 

follows (Tolentino et al. 2020): 310 

𝑃(𝐷𝑐𝑜𝑟𝑟(𝑡) ≥ 𝑑|𝑦, 𝑡) = 1 − Φ (ln(d)−ln(�̅�𝑐𝑜𝑟𝑟|𝑦,𝑡)𝜎ln 𝐷𝑐𝑜𝑟𝑟|𝑦,𝑡 )                                       (19) 311 

 312 
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where �̅�𝑐𝑜𝑟𝑟 |𝑦,𝑡 represents the median of the demand associated with a certain level of corrosion for an intensity 314 

𝑦 at a certain instant 𝑡; 𝜎ln 𝐷𝑐𝑜𝑟𝑟|𝑦,𝑡  is the standard deviation of the demand for an intensity 𝑦 at a certain instant 315 

𝑡, and 𝑑 represents a pre-established demand threshold. �̅�𝑐𝑜𝑟𝑟|𝑦,𝑡 and 𝜎ln 𝐷𝑐𝑜𝑟𝑟|𝑦,𝑡  can be estimated as follows:  316 

�̅�𝑐𝑜𝑟𝑟 |𝑦,𝑡 = exp (∑ 𝑙𝑛(𝐷𝑖𝑐𝑜𝑟𝑟|𝑦,𝑡)𝑛𝑖=1 𝑛 )                                                            (20) 317 

 318 

𝜎ln 𝐷𝑐𝑜𝑟𝑟|𝑦,𝑡 = (∑ (ln 𝐷𝑖𝑐𝑜𝑟𝑟|𝑦,𝑡−ln �̅�|𝑦,𝑡)2𝑛𝑖=1 𝑛−1 )12
                                                    (21) 319 

 320 

where 𝐷𝑖𝑐𝑜𝑟𝑟 |𝑦,𝜏 is the maximum demanded drift associated with a corrosion damage for an intensity 𝑦 at time 321 

𝑡, and 𝑛 is the number of cases. Figures 9a-c show the fragility curves over time, calculated with Eq. 19, 322 

considering four drift thresholds equal to 0.002, 0.004, 0.006 and 0.012. The value of 0.002 corresponds to the 323 

drift threshold design, 0.004 is associated with the service limit state (NTC, 2004), 0.006 is selected as an 324 

intermediate threshold, and 0.012 is related to the collapse limit state (NTC, 2004). The insights given by the 325 

different parts of Fig. 9 are described below. Fig. 9a shows that the probability of exceeding 0.002 is almost 326 

zero for values of Sa/g smaller than 0.10 for 0 and 45 years. On the other hand, the probability of reaching 0.002 327 

is near 1 for values greater than 0.55 Sa/g for all cases. An initial cumulative damage is also noted in the cases 328 

of 75, 100 and 125 years for 0.05 Sa/g. Fig. 9b shows that the drift threshold of 0.004 is exceeded for values 329 

greater than 0.70 Sa/g, and the probability is close to zero in the cases of 0, 45, and 57 years for intensities not 330 

greater than 0.15 Sa/g. Fig. 9c illustrates that the drift of 0.006 is exceeded for values greater than 0.7 Sa/g for 331 

the cases of 75, 100, and 125 years. The probability of exceeding 0.006 is close to zero for values smaller than 332 

0.25 Sa/g for 0, 45, and 57 years. For the case of 75 years, the probability is near zero for values of Sa/g less 333 

than 0.15. Fig. 9d shows that the maximum probability of exceeding the case of 0.012 results equal to 0.64, 334 

which means that there is a certain probability that the structure collapses at 0.75 Sa/g in all instants. 335 
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(d) 

 
Fig. 9 Fragility curves over time considering 0, 45, 57, 75, 100 and 125 years: (a) 0.002, (b) 0.004, (c) 0.006, (d) 0.012  337 

 338 

4.7 Demand hazard curves considering cumulative damage 339 

Demand hazard curves indicate the number of times that a certain drift threshold is exceeded per unit 340 

of time.  They also give information for decision-making processes when the limit state under consideration is 341 

reached.  Figure 10 illustrates the demand hazard curves (Eq. 3) for instants 0, 45, 57, 75, 100, and 125 years. 342 

Such curves are made considering the maximum drift at the deck. Fig. 10 also shows the following: i) the 343 

exceedance drift rate increases when the cumulative damage over time is considered; ii) for the case of design 344 

drift (0.002), exceedance rates of 0.015, 0.018, 0.022, 0.031, 0.039, and 0.049 result for the cases of 0, 45, 57, 345 

75, 100 and 125 years, respectively; iii) the demand exceedance rate grows as the cumulative damage increases 346 

over time; iv) there are important differences between 57 and 75 years due to the changes in the evolution of 347 

corrosion; v) at 57 years, cracking occurs, and the demand hazard curve in 75 years is obtained considering the 348 

cracking, the reduction of diameter in steel reinforcement, and seismic loadings, yielding a result with a 349 

difference of 140% for the case of 0.002; vi) the differences of exceedance demand rates for the cases of 100 350 

and 125 years are mainly due to the increment of the occurrences of seismic loadings. Such differences represent 351 

increments of 128 and 159% for 100 and 125 years with respect to 75 years, for d equal to 0.002. 352 
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 353 

Fig. 10 Demand hazard curves for thresholds of 0, 45, 57, 75, 100 and 125 years 354 
 355 

5.  Conclusions 356 

An approach to obtain demand hazard curves that considers both cumulative damage caused by 357 

corrosion and seismic sequences was proposed; cumulative damage over time was obtained considering any 358 

repair action at any instant; uncertainties related to mechanical properties, geometric properties, and seismic 359 

loadings were considered; structural damage over time was expressed in terms of global drift. The expression 360 

proposed to obtain demand hazard curves is generalized, and can be used in other types of structures with 361 

different loadings.  362 

The approach was illustrated in a continuous bridge designed to comply with a value of drift equal to 363 

0.002. Different instants of corrosion and simulation of seismic occurrences were considered to estimate the 364 

possible cumulative damage over time. In order to obtain demand hazard curves, different fragility curves were 365 

obtained, based on instants of 0, 45, 57, 75, 100, and 125 years, considering drift thresholds of 0.002, 0.004, 366 

0.006 and 0.012. Cumulative damage due to both seismic sequences and corrosion leads the structure to present 367 

high probabilities of exceeding all drift thresholds for the intensities under study. According to the 368 
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recommendations given by AASHTO code, the service life of bridges must be guaranteed up to 75 years. The 369 

probability that the drift value of 0.004 (service limit state) is exceeded at 75 years, in accordance with the IMT 370 

code, is low for values less than 0.2 Sa/g; such limit state is exceeded for values greater than 0.65 Sa/g.  371 

Therefore, reinforced concrete bridges could be designed considering a pre-established design drift threshold, 372 

because higher intensities are needed to exceed the service limit state. 373 

Demand hazard curves were determined for different instants, considering drift thresholds between 374 

0.001 and 0.012. For the design drift threshold of 0.002, demand exceedance rates equal to 0.0151, 0.0179, 375 

0.0220, 0.0308, 0.0394, and 0.0489 were obtained for instants 0, 45, 57, 75, 100, and 125 years, respectively. 376 

On the other hand, values of demand exceedance rates for the case of 0.004 result equal to 0.00476, 0.00555, 377 

0.00676, 0.00935, 0.01191, and 0.01467 for instants 0, 45, 57, 75, 100, and 125 years, respectively. Such values 378 

represent differences of 116.51%, 141.94%, 196.49%, 250.19%, and 308.16% between 0 to 125 years. If the 379 

structure were designed based on a pre-established demand exceedance rate, the final design of the structure 380 

would change, whether the effects of cumulative damage were taken into account or not. 381 

The proposed approach allows evaluating the conditions in which a structure is after it has been 382 

subjected to both seismic sequences and deterioration by corrosion. The information provided by such 383 

evaluation is helpful in the decision-making process during the design of new structures. If the drift that 384 

represents the exceedance of a given limit state is known, the demand hazard curves will indicate the reserves 385 

of structural strength that the structure has in a certain instant. Moreover, the approach presented also provides 386 

useful information on the structural performance over time, which can be taken as the basis for maintenance 387 

and inspection plans with the aim of preserving the structure with adequate reliability levels.  388 
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