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Abstract

Coastal bridges constitute critical components for the transportation in offshore areas,
and thus their serviceability and safety against hazard such as earthquakes need to
be ensured in a life-cycle perspective. However, coastal bridges are confronted with
significant corrosion that results in degradation effects mainly on concrete piers. This
can make the resistance property of bridge diverse from the initially designed state.
Hence, it is vital to predict the residual performance of coastal bridges throughout its
life-cycle period. Prior studies described the corrosion evolvement using mostly
deterministic methods, whereas the uncertainty was neglected in terms of both the
corrosion environment and concrete performance. In this study, the corrosion
developed of bridge pier was investigated probabilistically. A convolutional formula
was proposed to account for the correlation between the initial corrosion time and the
remained time to the expected lifetime. The proposed approach was validated using a
prototype bridge in China, where the corrosion environment was captured by historical
chloride data, the uncertainty in other parameters was reflected using random
variables. The results showed that the proposed method can well apply to predicting
the corrosion state in the bridge life-cycle period, where the initial corrosion time
approaches closely to skewed distribution. The selected bridge exhibited notable
corrosion likelihood at the end of lifetime. It was found that the probability of corrosion
absence is approximately 30% while the maximum loss mass ratio reaches around 45%
for the lifespan of 100 yrs. The proposed method can be further used to determine the
degraded performance for bridge analysis under other impacts such as earthquakes
and waves.
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1. INTRODUCTION

Coastal bridges were built to connect the districts separated by bays, leading to
their great importance in the transportation of community and resources. Whereas,
these structures were threatened by a number of unfavorable effects, among
which earthquakes can bring about direct load impact while the corrosion action
can give rise to the declined capacity. Chloride-ion is the main cause of corrosion
in oceanic environment. The combined effects of both events pose significant
threats to coastal bridges, and the risk develops as the service time expands [1].
Hence, it is vital to predict the corrosion state so as to supply guidance for repairing
and retrofitting.

The corrosion process consists of two phases including the initiation of
corrosion and the development of corrosion effects [2]. For the reinforcement-
concrete (RC) bridge, the corrosion initiation depends on the chloride-ion that
penetrates concrete cover and erodes the strengthened reinforcement [3]. Many
studies have been conducted to predict this parameter given environmental
conditions.

Tuutti [4] suggested to describe the process of ion penetration using the second
Fick’s law. Kassir [5] studied the influence of chloride-induced corrosion on the
reinforced-concrete bridge decks, in which a closed-form formula was proposed to
predict the corrosion initiation time using the ion accumulation data from
measurements. Their results showed that the constant concentration can cause
underestimation towards the imitation time. Lin [6] proposed a dynamic corrosion
rate model based on Bulter-Volmer kinetics, with a rust expansion model also
developed based on Faraday's law. A comparison between their model and
experimental results validated the accuracy and reliability of the mathematical
method. Khan [7] conducted a review research upon the estimation method of the
initial corrosion time. Reviewing prior researches shows that, the initiation time is
affected by multiple factors that are all highly uncertain within the life-cycle period
of bridges. Therefore, using the probabilistic method to describe such process is
more suitable comparing to the deterministic method.

Precedent studies have implied that corrosion can affect the bridge
performance mainly by undermining the rebar resistance [8], while some have also
addressed their influence on the concrete material and the bonding effects
between concrete and rebar [9]. In this study, the corrosion effect was reflected
with emphasis on the rebar component. Enright [10] studied the degraded
resistance of reinforced concrete bridge beam subjected to chloride-induced
corrosion. The flexure strength loss in a concrete bridge was addressed in their
study, with various factors considered to compare the effects on the remain
effective steel area and beam performance. Ghosh [11] investigated the time-
varying fragility of a bridge under the joint effects of earthquake and corrosion-
induced degradation. The formulation was developed to consider the time-
dependent feature, with the distinct degradation rate in various bridge components
also considered to reflect the realistic situations. Dizaj [12] inspected the
vulnerability of corroded RC frames within their service life. The pitting corrosion
effects were highlighted in their research, showing that the variability of pitting
corrosion has insignificant influences on the global failure of bridge. Liu [13]
conducted an experimental research to examine the remained materials after
major corrosion effects, showing that phases of steel rust in the atmospheric zone
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were lepidocrocite and goethite, while lepidocrocite and maghemite dominate in
the tidal zone. Tian [14] conducted research to analyze the steel corrosion using
historical data obtained from natural environments. Their research focused on the
corrosion rate, microstructure at the steel-concrete interface, rust composition and
properties. And the analysis indicated that the natural corrosion rate of steel tends
to decrease over time in long terms. It is then evident that the eroded materials can
undermine the rebar performance in terms of both the section area and strength
property.

The coastal bridges in seismic-prone areas, such as the west coast of USA,
and Japan, are also exposed to the high seismic risk. Historical post-hazard survey
has shown that bridges piers were significantly damaged or even collapsed during
strong ground motions [15][16]. And this can be further escalated by the joint
actions of both hazards due to the declined capacity.

The literature review shows that the corrosion influence was characterized from
deterministically to probabilistically by accounting for the uncertainty in the chloride-
ion environment. However, existing research often adopted a simulation method to
obtain the corrosion uncertainty after certain service time, in which the initiation
time and the corrosion state were sampled according to the corrosion environment.
Such method requires to run the sampling operation for each corrosion period,
leading to poor efficiency for a life-cycle investigation. To this end, the probabilistic
estimation of corrosion was highlighted in this study. An analytical method was
presented to anticipate the corrosion degree at arbitrary time, so as to improve the
efficiency for other analysis. A case study was performed to validate the proposed
method, where the historical data was employed to capture the chloride
uncertainty. The analysis results showed good applicability of the proposed
method in predicting the corrosion as per the service time. It was found that there
exists both upper and lower bounds for the corrosion state, and they were prone to
rise with increasing rate as the service time becomes longer.

The primary contents of this study were structured as follows: 1) the analytical
model for corrosion prediction was developed in Section 2, where the initiation time
and corrosion influence were illustrated; 2) a case study was demonstrated in the
third section, where the prototype bridge and the site-specific data were employed.
Besides, a reliability analysis was conducted to obtain the failure probability of the
bridge subjected to the design acceleration; 3) the conclusion remarks were drawn
in the final section.

2. PROBABILISTIC LIFE-CYCLE CORROSION ESTIMATION

2.1. Initiation corrosion time and corrosion effects

Estimating the initiation corrosion time is crucial because it determines the time
left for the corrosion development. The initiation time is affected by multiple factors
including the ion concentration, cover depth, critical concentration for the corrosion
onset, and concrete properties. On this basis, the erosion process starts when the
ion concentration at the cover depth reaches the critical value, as shown in Fig. 1.
And the initiation time can be estimated by the following equation when the
primitive chloride concentration is negligible [17],
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in which d_ is cover depth, D, is the diffusion rate of ion penetration, and ¢, is

the curing time of concrete material. k,, k,, k, are factors employed to reflect

concrete properties, which corresponds to the influences of environment,
temperature and the curing condition. C; and C,. are the ion concentration near

the bridge pier and the critical value, respectively. Besides, n is the age factor that
reflects the declined corrosion rate with time.

Reviewing existing research showed that the chloride-induced corrosion
primarily results in the loss of section area and strength for steel reinforcements.
The influence on concrete is also associated with the strength decline in the rebar
as it further leads to the lowered confinement to concrete [18]. In this study, the
rebar corrosion was highlighted because of its dominant influences on the flexure
behavior of bridge piers [10].
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Figure 1. Diagram of corrosion initiation and progression
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Many researches have implied the correlation between corrosion rates and the
current density due to the corrosion process. And the time-varying diameter of
rebar can be expressed in the following form [11]:

d,t<T

s0° init

d,()=1d,,—=2[ A(t)dt,T,, <t<T, 2)
0,7> T,
Note that d_, is initial rebar diameter, ¢ is the time since the corrosion onset, and

T, refers to the time when the rebar is completely eroded. In addition, /”t(t) is the
corrosion rate affected by the current density, which takes the form as follows:
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in which ‘o9 is the current density at the initial stage, w/¢ is cement-water
ratio, while other parameters are defined in alignment with Eq. (1). Accordingly, the

mass reduction ratio (Qwrr ) can be calculated using the below formula:

0., (t)=1-(d,(1)/d,,) )

Prior research suggested that corrosion can also give rise to the reduced
strength of steel rebar, and the reduction was correlated to the mass loss via the
equation as follows:

f=(1=2,0.,.) /1o (5)

in which £, is the yielding strength at the initial stage, while «, is the decrease

rate of rebar strength. And it is taken as 4.9x10 in the current research.

2.2. Proposal of lifetime corrosion model

To improve the efficiency of corrosion analysis throughout the life-cycle period
of bridges, an approximate lifetime corrosion model was proposed in the current
work. To begin with, the uncertainty in the initiation time can be characterized by a

random distribution ’ T (t) by fitting the data from Monte Carlo modeling in
accordance to Eq. (1). Besides, the corrosion degree can be also determined for
the residual time depending on the designed lifetime or the inspected operation
time. Consequently, the erosion progress can be characterised by the following
equation in according to the whole probability theory:

Py (CR=cr,)=>" Py [CR=cr|T =TT, =1,|-P(T =T))

(6)
where P(T = Z) represents the likelihood that the corrosion starts at 7;, and

P, is the probability of corrosion state CR = cr;, conditional on a design lifetime of

T, . Such equation can be further modified into the following form when the
initiation time is continuous as:

Ser (cr) = J‘OTL Jer (CV|TR ) fr (t)dl‘

T, +o0 (7)
Fop(cr)= .[o Frp (cr| T, )fT (¢)dt+ JTL 17 (1)dt

in which Jer is the probability density function of corrosion state given the

. . . T.=T —t
residual corrosion time & L
Iz

(t) derived from regression analysis. In addition,

, and Jr signifies the probability density of the

initiation time and is equal to
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the last term of integral from TL to infinite is used to reflect the absence of
corrosion within the bridge lifespan. The above equation accounts for overall

possible initiation time throughout the life time I, in the upper integral limit, as
illustrated in Fig. 2.

4

' Capacity

W

\

Tinit,l Tinit,Z Tinit,3 Tinit,4 Tinit,S T T|me
Figure 2. Relationship of initiation and residual time in lifetime model.

On this basis, the probability function of corrosion state can be deducted by
only calculating the corrosion development in the specified residual time by
separating the design life time into multiple intervals. And the corrosion at other
residual time can be approximately obtained by correlating the density function
with time-dependent factors as follows:

Jer (CF|TR):fCR (C’”’TR (t);al(TL _t)’az(TL _t)""’an(TL _t))

Fo, (cr|TR)=FCR (cr|TR (Z);Ot1 (TL —l‘),a2 (TL —t),m,an (T, —t)) ®)

o (T, -t)~a,(T, -

where 1( t) are the corrosion density function within the

residual corrosion time (TL _t). Furthermore, the uncertain corrosion distribution
at arbitrary time of the bridge lifetime can be computed using the integral formula in
Eq. (7).

3. CASE STUDY

3.1. Information of prototype bridge

To validate the effectiveness of the proposed method above, a case study was
carried out to demonstrate the corrosion analysis. Besides, a reliability analysis
was also conducted to inspect the time-varying security of degraded bridges. A
prototype bridge in China coastal area was chosen for this purpose, whose
designed lifespan is 100 yrs. Fig. 3 shows the geometry setups of the selected
bridge, which consists of two spans with equal length at 30 m. The girder employs
a box-shape section, with length and height equal to 12 m and 2.6 m, respectively.
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More detailed configuration of the girder component can be found in this figure.
The bridge pier is designed as single column with circular section, where the
diameter is set to 1.6 m. The reinforcement configuration inside the pier section
(40025), and the pier height is set identically at 10.5 m for each span. The bridge
girder is supported by the bent-cap (2.5 m height and 1.9 m width) casted on the
pier top. The girder component was connected to the bent using high-strength
bearings alongside adequate constrainers to ensure the force delivered between
super- and sub-structures. As a result, the shear and flexure failure modes at the
pier bottom dominate in contrast to the possible joint flexure failure for a rigid-frame
bridge. All the bridge components are constructed using C35 concrete and
HRB400 rebar, where the compressive and yielding strengths are 35 MPa and 400
MPa, respectively. Further, the cover depth of bridge piers is expanded to 80 mm
to resist against the high-diffusion environment.
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Figure 3. Configuration of prototype bridge (unit = cn—v):

3.2. Corrosion analysis

The chloride-ion environment is required to perform corrosion analysis
according to Eq. (1). To this regard, the concentration in sea water was collected
from the Chinese Ocean Science Data (COSC) platform, and the observation data
from 1986 to 2016 (30 yrs) was adopted for our analysis. Fig.4 indicates the
monthly variation of the ion concentration. It can be found that the concentration
value reaches the maximum in November, and continue to remain high in adjacent
months including December and January. In contrast, the ion concentration turns
lower at the middle of the year, from June to August.
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Figure 4. Monthly ion concentration in sea water near selected bridge (1996): (a)
Jan. — Jun.; (b) Jul. — Nov.

Using the historical concentration data, the statistic analysis was demonstrated
to describe the uncertainty in chloride-ion condition. Fig. 5(a) presents the
histogram of ion concentration, along with the empirical cumulative probability
(ECDF). On this basis, the ion concentration was hypothesized to approach normal
distribution, and the distribution parameter can be attained using the regression
analysis, as indicated in Fig. 5(b). Moreover, the concentration of chloride-ion can

be calculated using a ratio relationship, see Eq. (9). Note that S %0 and C1 %o are
the concentration of overall ion and chloride only, respectively. This leads to the

normal distribution of chloride ion with # = 4.23 and 0 =2.22
S %, =1.80655 Cl %,
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Figure 5. Statistical analysis on ion concentration near selected bridge: (a)
histogram and ECDF; (b) normal distribution fitting.
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Prior research has shown that the cement-water ratio can substantially
influence the diffusion rate (D, ) [19]. On this basis, this parameter was calculated

for the high-strength concrete (=50 MPa), see Eq. (10).
D,=2.519—2 _0.681—£4——0.04816

C+B) M. p)

m
( (10)
in which m,, is the water mass, m,., 8) is the overall mass of cement and grains,

while m,, is the mass of fly ash powder as additives. The concrete component
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consists of cement (202 kg), water (167 kg), fly ash powder (314 kg), grains (1709
kg) for unit stere. And this leads to the initial diffusion rate at 15.67 mm/ yr. In
addition, the factors (k,,k,,k.) in Eq. (1) were also designated with uncertainty

using normal distribution. The mean value was set to 0.79 and 2.70 for k£, and £, ,

while the curing factor takes 1.0 for a standard curing treatment. The coefficient of
variance (Cov) was specified at 1.48 for k, and &, , while 1.05 was assigned to the
curing factor.

Additionally, the threshold ion concentration for the corrosion process to begin is
determined in accordance to the Duracrete report, and the value at distinct position
along the pier height was presented in Table 1. The threshold value depends on

the cement-water ratio, leading to the distribution of N (0.89,0.15) using

interpolation. Note that only the tidal-splash zone was considered here because
the prototype bridge uses a high-rise pile cap. Based on this, the corrosion
analysis can be carried out in accordance to Section 2.

Table 1. Threshold chloride concentration at corrosion onset [19]

Corrosion Cement-water ratio Distribution of critical chloride
environment (w/c) concentration
Underwater 0.3 N(2.3,0.2)
04 N(2.1,0.2)
0.5 N(1.6,0.2)
Tidal-splash zone 0.3 N(0.90,0.15)
04 N(0.90,0.13)
0.5 N(0.50,0.10)

4. DISCUSSION ON RESULTS

Fig. 6 indicates the initiation corrosion time when the concentration at the
cover depth equals the threshold value. It can be seen that the highest probability
density occurs at around 12 yrs, while the median value of initiation time was
obtained at 23 yrs. In addition, the probability of corrosion occurrence within the
bridge lifespan was approximately 72%, compared to only 3% during the first 10
yrs. Building upon this basis, the regression analysis was performed by fitting the
data. To this regard, an logarithmic Gumbel distribution (Eq. (11)) was introduced
herein to align with the modeling results, and the comparison of modeling and
analytical ECDF curves were also compared in Fig. 6. It is clear that the regressed
distribution matches well with the sampling outcome, showing good applicability of
the proposed method.

Int—3.333
F.(t)=exp| —exp| —————=|],t>0 11
(1) Xp{ Xp( 1.232 ﬂ (1)

Inr—3.333 Int—3.333 1 1
ff“):e"p{‘e"*’[‘wﬂ'{‘exp(‘wﬂ'(‘@)'z“z’
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Figure 6. Modeling results of initiation corrosion time.

Additionally, the corrosion development during the residual life time was
analyzed using Egs. (2)-(5), leading to the distribution of mass reduction ratio in
Fig. 7(a). It can be found that the erosion-induced mass loss rises significantly as
the residual time increases. The median value increases from 8% (10 yrs) to 40.5%
(100 yrs). The mass reduction corresponding to the median initiation corrosion time
(23 yrs) is 32.8%, showing that nearly 1/3 steel material was eroded during the
following 77 yrs. The maximum value of the reduction ratio remains lower than 60%
across overall residual corrosion time. This implies the minimal likelihood for the
rebar to be completely eroded. On this basis, the fitting analysis was also applied
in accordance to Eq. (8). And the Gumbel distribution (Eq. (13)) was employed
here to fit the data in Fig. 7(a), with the results shown in Fig. 7(b).

(13)

in which £(¢) and S(¢) are both the parameters in Gumbel distribution, and they

are correlated to the time variable (t) to reflect the corrosion development with time.
The power function was utilized here for the fitting analysis. As can be seen in Fig.
7(b), the fitting curve shows good agreement with the parameter from the
regression analysis. Hence, the corrosion state at arbitrary time of the bridge
lifespan can be computed via Eq. (8).

Fig. 8 displays the distribution of mass reduction ratio at various service periods,
including 20, 50, 70 and 100 yrs. Accordingly, the diameter reduction ratio and the
strength reduction ratio were also included. It can be seen here that, the probability
density remains comparable within certain ranges for different period examined.
For example, the result at T = 50 yrs coincides with T = 25 when the mass ratio
(Qcorr) is lower than 0.1. Also, T = 75 yrs yields similar results as T = 50 yrs before
Qeor rises to 0.23. The probability density of diameter reduction exhibits
comparable results, see Fig. 8(b). By contrast, the maximum value of strength
reduction takes merely 0.2 owing to the multiplication factor in Eq. (5).
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The cumulative probability was shown in the (b) subplot. It can be found that the
corrosion probability increases as the considered time period becomes longer. The
initial values at Qcor = 0 increases from 0.3 to over 0.7 for the period equal to 20
and 100 yrs, respectively, as shown in Fig. 8(a). This shows the essential
influences of corrosion on the bridge with long lifespans. The initial value here is
larger than zero because of the last term in Eq. (7), which implies the initial
corrosion time exceeds the designed lifespan of bridges. Therefore, the above
proposed method can well predict the corrosion evolution without repeated
sampling demand.
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5. CONCLUSION

Coastal bridges are essential for the transportation in offshore areas. They are
highly threatened by multiple hazards accompanied with the degraded
performance due to corrosion effects, leading to the necessity to safeguard them in
their life-cycle periods. In this study, the chloride-induced corrosion around the
coastal bridge pier was investigated with emphasis on their time-varying property
within the design lifespan. The primary efforts and contribution of this study can be
concluded as follows,

(1) A lifetime corrosion model was proposed to estimate the corrosion state at

arbitrary service time within the lifespan.

(2) A case study was conducted to inspect the time-dependent corrosion for a
prototype bridge, with the historical ocean salinity data obtained for the
corrosion analysis.

(3) The corrosion probability takes 72% throughout the bridge lifespan,
whereas it was reduced to 3% within the first 10 years. The median time of
corrosion initiation takes 23 years, showing good resistance of the
inspected bridge to corrosion effects.

(4) The fitting analysis shows good applicability to both the initial corrosion time
and the consequent mass loss ratio, and the life-time corrosion model also
has good effectiveness by regressing the time-dependent parameters.

(5) The probability density of corrosion at different service periods matches in
certain ranges, while the cumulative probability increases significantly as the
examined time prolongs.
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