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ARTICLE INFO ABSTRACT
Keywords: Rectangular reinforced concrete (RC) culverts are widely used in drainage systems of many
Corrosion megacities, which may experience significant deterioration due to the corrosive sewage envi-

Drainage culverts
Reinforced concrete
Gamma process
Failure probability

ronment. How to assess the performance of existing RC culverts is crucial to the public safety.
Currently, very few studies have been reported on the assessment of the performance of deteri-
orating RC culverts which are in service. This paper reports the research work on the performance
assessment of a drainage culvert in Shanghai, China, which is one of the most populous megacities
in the world. Field investigations are first conducted to examine the deterioration of drainage
culverts in the real world. The deterioration of the culvert is modeled through a stochastic model,
which is calibrated based on field investigation data. The performance of the culvert is then
examined through the local design code, which seems to be overconservative for ultimate bearing
capacity assessment. To avoid the conservative assumptions in the design code method, a high-
resolution finite element model is built to assess the performance of the culvert. During the
assessment process, the uncertainty associated with the deterioration is also considered. Based on
the findings from the research, recommendations are made regarding the maintenance of the
drainage culverts. The research reported in this paper may also provide useful reference for
assessing the performance of deteriorating culverts in other regions of the world.

1. Introduction

Owing to the highly corrosive service environment, the deterioration of the reinforced concrete (RC) drainage culvert is fast and
severe, which may make to its actual service life far less than the design life [ 1-3]. In recent decades, accidents such as sewage overflow
and road collapse caused by the aging of drainage systems have been widely reported worldwide, such as the Coxwell pipeline crisis in
Toronto, Canada [4], and the downtown sewer collapse in Louisville, America [5]. The structural deterioration of drainage systems and
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their subsequent failures can entail critical consequences for society and industry [6,7]. To manage the risk posed by deteriorating RC
drainage culverts, assessment of the performance of deteriorating RC drainage culverts is very important.

Over the past few decades, many studies have been conducted on the corrosion mechanism of RC drainage culverts [8-10]. It has
been widely recognized that the service environment of drainage culverts contains a variety of physical, chemical, and biological
corrosion sources. Specifically, the physical corrosion typically includes the erosive wear caused by the sewage flow, the shrinkage and
swelling of concrete caused by the drying-wetting cycle. The biological corrosion is derived from sulfide bacteria, nitrifying bacteria,
fungi, and other microorganisms, which can rapidly reduce the PH on pipes’ inner surface and then neutralize and soften the concrete
[11]. The corrosive solute and acid escaping gas (such as H,S) react on the concrete surface and generate sulfuric acid, further eroding
the culverts [10]. The sewage can also provide a conductive solution for electrochemical corrosion and accelerate the rusting of steel
bars [12].

Several studies have also been conducted to assess the corrosion rate of drainage culverts. For example, EPAT [13] suggested a
semi-empirical model to predict the corrosion rate of concrete considering the effects of concentration of H,S and PH, but the specific
value of the corrosion factor k lacks in research. Herisson et al. [8] and Jiang at al. [9] reported that the corrosion rate of drainage
culverts is affected by many factors, including the concentration of HyS, temperature, humidity, and the PH of the service environment.
Wells and Melchers [14] found that the corrosion rate of drainage culverts was most closely related to HyS concentration and suggested
a corrosion rate prediction model. While these studies provided useful insight on the mechanism of the deterioration of RC drainage
culverts, the deterioration models developed were mainly based on tests conducted in the well-controlled laboratory environment.
Very few studies have been reported on how to assess the performance of RC drainage culverts in the real world.

Shanghai, which has a population of 24 million, is the most populous city in China, and is also one of the largest cities in the world.
The drainage network in Shanghai’s central urban district consists of several arterial drainage culverts built in succession since the
1970s. By 2015, the total drainage pipelines in Shanghai were about 13319 km, among which the total length of extra-large reinforced
concrete drainage culverts (with inner diameter greater than 1.5 m) is about 900 km. The focus of this study is the Shanghai Nangan
Line, which is an important branch line of the extra-large reinforced concrete drainage line, and it was complete in 1984. Currently, the
Nangan line provides sewage transportation service for about 1.3 million residents, with a daily volume of sewage of about
300,000-400,00 m°. After operation for more than three decades, the ceiling of the drainage culvert was found to be seriously eroded
and even several sewage leakage was observed in several sections [15]. There is an increasing concern regarding the real performance
of the RC drainage culverts along this line with focus on the following questions. Firstly, what is the corrosion rate of the RC drainage
culvert along the Nangan line? Secondly, does its structural performance still meets the design specifications? Thirdly, if the answer to
the second question is no, what is its residual life of the drainage culvert? While the deterioration of drainage culverts has been widely
noticed worldwide, very few studies have been reported in the literature regarding the performance of deteriorating drainage culverts
in the real world.

The objective of this case study is to report the research work conducted in Shanghai to answer the above questions, which was
initiated in 2014. This paper is organized as follows. First, the field investigation results regarding the Nangan line are introduced.
Then, a stochastic deterioration model is established to predict the corrosion of the drainage culvert. Thereafter, the performance of the
drainage culvert is assessed through the local design code, where the structural forces are calculated based on the moment distribution
method and the structural resistance is calculated through the limited stated method. Finally, the performance of the drainage culvert
is assessed through the finite element method (FEM) model, where longitudinal bars on the compression side can be considered. The
effect of uncertainties on the assessment of performance of the deteriorating drainage culverts is also discussed. The research findings
reported in this paper may provide useful references for how to assess the performance of deteriorating RC drainage culverts in the real
word in other parts of the world.

Fig. 1. Excavation site of the Shanghai Nangan Line.
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2. Field investigation

The Shanghai Nangan Line studied in this paper is a box-shaped sewer pipe with a width of 3200-3700 mm, a height of 2500 m, and
a thickness of 250 mm. To understand the actual deterioration status of the culverts, a series of field investigations were conducted in
2014. As an example, Fig. 1 shows the excavation site of an inspected section. During the field inspection, the distribution and the
residual cross-sectional area of steel bars, the residual thickness of the concrete and the compressive strength of concrete were carefully
examined. For the roof of the drainage culverts, it is found that quite some longitudinal bars disappeared, and the thickness of the
corroded concrete was generally between 40 and 90 mm. In addition, the concrete strength is grade C30 according to the test results of
the drilling core samples, which means that the change of material properties of concrete was not obvious. Through the field inves-
tigation, it is found that while the ceiling is seriously eroded, the structure under the water is almost intact. The possible reason is that
H,S in sewage escapes upward and accumulates at the top, which eventually turns into sulfuric acid. However, thanks to the long-term
hypoxia under the water, the dissolved oxygen is not enough to support the oxidation of sulfide ions. The chemical reaction of weak
acid to strong acid cannot occur although sulfide bacteria exists. Similar phenomenon was also observed in U. K. about the corrosion of
standard gravity flow pipelines in the above sewage environment under the non-full operating condition [16]. To simplify the analysis
process and facilitate engineering application, the concrete loss and reinforcement loss under different service conditions were mainly
considered in the calculation in this paper, while the change of the material properties with time is ignored.

As an example, Fig. 2 shows the CCTV pictures of the roofs taken from the inner side of the culverts, and Table 1 summarized the

(b)

(©

Fig. 2. CCTV pictures of the Shanghai Drainage Line: (a) Roof; (b) Haunch; (c) Sidewall.
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Table 1

Measured value of concrete corrosion thickness.
Section number 1 2 3 4 5 6
Service time (year) 32 32 32 34 34 35
Corrosion thickness of concrete (mm) 60 30 80 90 60 70

maximum thickness of the corroded concrete measured at the roof of the culverts at six typical cross sections. Based on the above
observations, Fig. 3 shows the corrosion condition of a typical cross section of the drainage culvert in the Nangan line, which will be
used to develop the computational model to analyze the performance of the drainage culverts.

3. Deterioration model

As mentioned previously, although many laboratory studies have been conducted on the deterioration of RC drainage culverts, it is
not straightforward to apply such models in the real world as the input parameters for such models in the real world are hard to
determine. To consider the uncertainty of the real-world corrosion process, the Gamma process, which is a stochastic model widely
used for modeling the degradation process of structures [17-19] is adopted in this paper to analyze the deterioration of the RC drainage
culvert.

In the Gamma process model, let the random process x(t) denote the corroded thickness of the concrete at time t. Assuming that at
time t (year) the corroded thickness follows the Gamma distribution with a shape parameter of a(t) > 0 and a scale parameter of § > 0,
its probability density function (PDF) can be written as follows:

5
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where I'(a) = [, 2* 'e*dz(a > 0) is the Gamma function. Based on the property of a Gamma distribution, it can be shown that the

mean and the variance of corroded thickness of the concrete at time t can be written as follows.

Elx(r)] = % @
Var[x()] = % @)

For typical structural degradation, the shape parameter can be often modeled with a time-dependent power function as follows
[20]:

at)y=c-1 @

where c and b are corrosion constants, which can be calibrated by measured values. For sulfide attacks, Ellingwood and Mori [21]
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Fig. 3. Simplified illustration of the corrosion condition [15].
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recommended b = 2 . In this paper, b = 2 is adopted.

After the value of b is determined, there are two remaining parameters in the Gamma process model, i.e., c and . Suppose there are
n observations regarding the corroded thickness of the drainage culverts. Let §; denotes observed corroded thickness at time t; . Suppose
when the values of ¢ and f are knows, the observed corroded thickness at different times are statistically independent. The likelihood
function of ¢ and g, i.e., the chance to observe 6;(i = 1,2, ---,n) , can then be written as follows.

1(5176% "'75'1

n }m,” ,
¢.h) = Hifw : g e (5)
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Based on the maximum likelihood principle, the optimal values of ¢ and f can be obtained by maximizing Eq. (5), or equivalently,
the logarithm of Eq. (5), which yields ¢ = 0.01 and § = 0.17.

Based on the above calibrated model, Fig. 4 displays the PDF of corrosion thickness of the roof as the service time changes. It can be
seen from the figure that the width of the PDF increases with service time, which indicates that the uncertainty of corrosion thickness of
the drainage culvert increases. Based on Eq. (2), Fig. 5 shows the relationship between the mean of the corrosion thickness of concrete
in the roof and service time. Fig. 5 indicates that the corrosion thickness is almost zero in the first few years of service, and the corrosion
rate increases with time. When the service time is 32 years, the mean value of the corrosion thickness is 60 mm.

In the above analysis, the deterioration model of the concrete is established. To analyze the performance of the drainage culvert, the
deterioration model of the steel bars should also be established. In this study, the corrosion of steel bars refers to the corrosion of the
longitudinal bars on the tension side, and the corrosion of the longitudinal bars on the compression side is ignored because of less
contact with the corrosion source. It is assumed that the longitudinal bars are intact before the corrosion depth reaches 30 mm, i.e.,
thickness of the concrete over, and the longitudinal bars disappears when the corrosion depth reaches 42 mm, i.e., the sum of the
concrete cover thickness and the diameter of the steel bar. When the corrosion thickness is between 30 mm and 42 mm, the cross-
sectional area of the steel bars decreases linearly with the corrosion thickness of the concrete. In addition, the change of the
strength of the steel bars is not considered. In reality, the deterioration of the steel bars is affected by various complex factors such as
the combined interaction between passivation of layers, chemical action, the non-ideal Fick diffusion and t [22,23]. The corrosion of
steel bars could be more complex than the assumptions as described above. However, very few studies have been made on the
deterioration of steel bars in the drainage culverts. In addition, as will be seen from the analysis described in later of this paper and the
structural failure of the drainage culvert occurs after the steel bars are fully corroded. To simplify the analysis of the drainage culvert,
the simplified assumptions regarding the deterioration of the steel bars are adopted.

4. Performance assessment based on design code

To assess the performance of the deteriorating RC drainage culvert, a typical cross section of the Shanghai Nangan Line is
considered, as shown in Fig. 6. As illustrated in this figure, there are three layers of soil involved in this section: fill soil, silty clay, and
mucky silty clay. In Shanghai, the drainage culvert is designed based on CECS [24], and Fig. 7 shows the force diagram specified in
CECS [24]. Based on the code, the performance of the drainage culverts should be checked under two design scenarios, i.e., the
scenario where the drainage culvert is empty while the groundwater level is high (Scenario I), and the scenario where the drainage
culvert is full and the groundwater level is low (Scenario II). The calculation equations and results of loads are displayed in Table 2, the
supplementary notes of the selection of calculation parameters and load combination in Table 2 are in Appendix A.

Based on the loads calculated in Table 2 and the force diagram in Fig. 7, the bending moment of the typical cross section under two
design scenarios is calculated through the moment distribution method specified in CECS [24]. As an example, Fig. 8(a) and (c) show
the bending moment diagrams of the drainage culvert under design scenario I when the corrosion depth is 0 and 36 mm, i.e., the tensile
reinforcement area is deduced to 50%, respectively.

Assuming that the tensile strength of the concrete and the steel bars on the compression side is zero, when the longitudinal bars on
the tension side works, the flexural capacity of the roof can be calculated as follows based on Chinese code for design of concrete
structures [25]:
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Fig. 4. Probability distribution of corrosion thickness.
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Fig. 5. Relationship between corrosion thickness and service time.
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Table 2
Load calculation equations and results
Load Formula Symbol High water level Low water level Unit
Gravity y.-b-h Gix 6.25 6.25 kPa
Water pressure inside Yw(Z = Ziop — h) Gy [0, 21] [0, 21]
Vertical earth pressure Ca ¥y Zuop b Fepyxc 25.92 25.92
Active earth pressure Ko lyg 2o + 7. (Z—Zy)) Fepnxc [5.33, 14] [7.2, 22.8]
Water pressure outside Yo (Z—2Zy) Qgunk [7,331 [0,0]
Variable load Take the most adverse value Qv /Qnm 10 10
Foundation reaction Ny/(b-1) Py, 48.42 69.42

Note: [a, b] means that the load at the top of the sidewall is a (kPa), and the load at the bottom is b (kPa), and the load changes linearly between a and
b.

28.53 KN'm [\ A 27.58 kKN'm[\. Pz
NN = 1 L[ TEP H
29.14 kN'm . 30.10 kN-m ]
28.63kN-m N 2754 kN-ml” N
(@ (b)
30.16 KN'm [\ ] 30.53KkN-m\_ _]
D NE NS L
25.34 kN"m 25.96 kKN-m

[LITTTII]
LITTTTTT]

28.67 kKN'm /%%]EJTNI\HR\'\
PaaililinnN

27.82 kN-ml” N 26.75kN'm |~ N

(c) d

Fig. 8. Bending moment diagrams: (a) Scenario I (corrosion thickness is 0 mm); (b) Scenario II (corrosion thickness is 0 mm); (c) Scenario I
(corrosion thickness is 36 mm); (d) Scenario II (corrosion thickness is 36 mm).

where the tensile strength of steel bars f; is 300 MPa, A, is the cross sectional area of the steel bars on the tension side, hy is the effective
height of the section and as is the distance between resultant point of steel bars and tensile edge of the section.
When the longitudinal bars on the tension side disappear, the flexural capacity is calculated as follows:

b-h?
My =y fu- e (7)
12
y= (0.7+7°> o ®)
fu =055 ©)

where y is the plastic influence coefficient of concrete under bending moment, y,, = 1.55 is the basic value of the plastic influence
coefficient of concrete under bending moment, £ is the design value of axial tensile strength of plain concrete, and h is 400 mm for this
cross section. The tensile strength of concrete f; is 1.43 MPa. The section thickness t is 250 mm and the calculation length b is 1 m.

When there is no corrosion, the maximum bending moment of the roof is located in the mid-span. As the corrosion develops, the



Y. Tang et al. Engineering Failure Analysis 131 (2022) 105845

position of the maximum bending moment transfers to the haunches. However, although the bending moment in the mid-span of the
roof after corrosion is less than the haunches, the corrosion only reduces the flexural capacity of the mid-span of the roof. Therefore,
the factor of safety (FOS) of both sections is calculated, and the smaller value is taken as the value of the FOS.

Fig. 9 shows the relationship between the FOS of the roof against bending and the corrosion thickness. As can be seen from this
figure, the FOS first increases slightly during the initial period of corrosion. At this stage, the bending moment of the roof decreases
with stiffness due to corrosion, while the calculated flexural capacity at the mid-span of the roof is not changed because the tensile
strength of concrete is not considered in the Eq. (5) and Eq. (6). As the corroded thickness further increases, the most critical section
changes to the haunches, which leads to a trend of decreasing FOS with the increase of the corrosion thickness. After the corrosion
thickness reaches the steel bars, the most critical section returns to the mid-span and in such a case the FOS of the culvert decreases
rapidly with the corrosion thickness. The FOS of the culvert decreases from 2.25 to 1.0 when the reinforcement area decreases from its
initial value to half (with the corrosion thickness of 36 mm).

Taking the mean corrosion thickness as calculated by Eq. (2) as the input, the FOS of the drainage culvert at different service time
can then be calculated. Based on the first order second moment method [26], the FOS of the drainage culvert calculated in such a way
can be regarded as the mean of the FOS of the drainage culvert considering the uncertain corrosion thickness. Fig. 10 shows the
relationship between the mean FOS of the drainage culvert and the service time. As can be seen from this figure, when the service time
is 25 years, the FOS of the drainage culvert drops to 1.0, indicating the service life is 25 years based on the FOS of the drainage culvert.

In the above analysis, the mean FOS of the culvert is analyzed. In reality, at a given service time the corrosion thickness is uncertain
and hence the FOS of the culvert is also uncertain. In such a case, the performance of the culvert may be measured thought the failure
probability, which can be defined as the probability that the FOS of the culverts is less than 1.0. As mentioned above, the FOS of the
culvert is 1.0 when the corrosion thickness is 36 mm. As such, the failure probability of the culvert at time t can be calculated as the
probability that the corrosion thickness is greater than 36 mm at such a time. Fig. 10 also shows the variation of the failure probability
with time. As shown in this figure, in the first 13 years of service, the failure probability of the structure is less than 1 %. After 13 years
of service, the failure probability of the drainage culvert will start to increase rapidly. When the service time is 35 years, the failure
probability of the culvert is nearly 100%, indicating it is almost sure that the drainage culvert will failure at the age of 35 years old.

Based on the above analyses, it seems that the service life of the drainage culvert is no more than 35 years. Such a conclusion,
however, seems to contradict with the reality that while sewage leakages has been occasionally observed in Shanghai, widespread
failure of the drainage culverts has not yet been observed up to now, which has a service time of 37 years in the year of 2021. Such a
contradiction may be caused by the simplified assumptions involved in the evaluating the FOS of culvert. As mentioned previously, in
Eq. (6) and Eq. (7), the longitudinal bars on the compression side is not considered. This conservative assumption may have significant
impact on the FOS of the drainage culvert. To assess the performance of the culvert more realistically, the performance of the culvert
will be analyzed based on FEM, as described in the following section.

5. Performance assessment of the drainage culvert based on FEM

To overcome the limitations of the design code method, the performance of the drainage culvert will be analyzed through a finite
element model built in ABAQUS [27] in this study, which can simulate the ultimate bearing capacity of the degenerated RC drainage
culvert considering the tensile strength of the longitudinal bars on both sides of the roof as well as the tensile strength and post-peak
softening behavior of concrete.

5.1. Finite element model

5.1.1. Constitutive relationship for materials

Reinforcement. The tri-linear elastic-plastic model [28] considering the hardening behavior of reinforcement is applied in simu-
lation. The yield stress f, , the elastic modulus E; and Poisson’s ratio v are taken in the light of the code [25], and the flow amplitude &;
is approximately 1% in consonance with the data of the strain gauges in the full-scale tests [29]. The parameters of the tri-linear elastic-

FOS

0 10 20 30
Corrosion Thickness (mm)

Fig. 9. Relationship between mean FOS and corrosion thickness.
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Fig. 10. Relationship of FOS and failure probability with time.

plastic model are summarized in Table 3.

Concrete. On the strength of the work of Lubliner et al. [30], Lee and Fenves [31], a concrete damaged plasticity (CDP) model was
set up to consider damage and plasticity simultaneously, which has been embedded in the commercial FEM program ABAQUS and was
employed to simulate concrete in this research. In the CDP model, besides the basic parameters such as density, elastic modulus and
Poisson’s ratio, the plastic parameters of the material and the constitutive curve need to be defined. The density y, elastic modulus, E.
and Poisson’s ratio v are taken in accordance with MOHURD [25]. The plastic parameters: ratio biaxial to uniaxial compressive
strength fi,, dilation angley, parameter of the flow potential G second stress invariant ratio K. , eccentricity €, and viscosity parameter
u are taken in accordance with DSSC [27] and relevant literatures [30-32]. The basic elastic and plastic parameters are summarized in
Table 4. The uniaxial compressive stress—strain relationship is determined based on MOHURD [25], and the stress-strain relationship
is calculated as follows:

pC -n
——x <
n—1+x"
c=(1-d,)-E. -€, with d. = P (10)
l———5—x>1
a(x—1)" +x
Jer

= 11

Pe Eeter an
E e,

— cCer 12
" Ecec.r 7ﬁxr ( )
x=- (13)

gC.l'

where d. is the uniaxial compression damage parameter, f., is the representative value of uniaxial compressive strength of concrete,
the parameter of the descending section of the constitutive curve a. = 0.74 , and the peak compressive strain corresponding to the
uniaxial compressive strength ¢., = 0.00147 .

The ascending part of the tension curve is considered as ideal linear elastic, and the softening part is a fracture-energy-based
exponential curve [33]:

3
G;TV) =1+ <c] V»Vv) } '”I’(_Cz WK> _WK (14 ¢7) - exp(=c2) a4
5.14G;
- 15
w ; (15)

where w is the crack opening, w. is the critical crack opening, the fracture energy G has a value of 100 J/m?and ¢; = 3, ¢; = 6.93 [33].
In addition to the above parameters, in the CDP model, a single damage variable D is used to reflect the degradation of unloading

Table 3
Mechanical properties of steel bars
Type (HRB) Elastic parameter Plastic parameter Strength parameter
7 (kN/m>) E; (GPa) v & £y f, (MPa) Ty
335 78 200 0.3 1% 4% 300 0.8
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Table 4
Mechanical properties of concrete
Grade Elastic parameter Plastic parameter Strength parameter
y (kN/m?) E (MPa) v K. foe Q) e “ f: (MPa) G¢ (N/m)
C30 24 30,000 0.2 0.67 1.16 30 0.1 0.001 2.01 100

stiffness caused by irreversible microcracks. The D is determined through the Birtel fixed plastic strain ratio method [32].

The results of the full-scale experiments indicate that the contact between reinforcement and concrete has little effect on the
bearing capacity and ultimate deformation of the structure [29]. Hence, reinforcement and concrete are modeled separately, and the
bond-slip is neglected. The reinforcement was modeled as the embedded region in concrete using constraints in the interaction module
and making the concrete the host.

5.1.2. Load and boundary conditions

The load-structure model is used in this paper. The bottom and two sides of the drainage culvert are constrained by soil springs that
can only withstand compressive stress, and the ends of the springs away from the culvert are fixed. The stiffness of the soil springs is
determined by the m-method [34], where the proportionality coefficient m is taken as 5 MN/m* in the simulation based on the
properties of the soil, and the corresponding foundation coefficient K, = 50000 kN/m?>. Line loads on the top and two sides of the
structure are applied as shown in Fig. 7, the specific values are obtained from Table 2.

5.1.3. Mesh of the FEM model
Fig. 11 shows the mesh of the FEM model. In the FEM model, the global mesh size is 25 mm, and the meshing strategy is quad-
dominated. For the concrete, the elements are 4-node bilinear plane strain quadrilateral, reduced integration, hourglass control
(CPE4R), and 3-node linear plane strain triangle (CPE3). For the steel bar, the elements are 2-node linear 2-D truss (T2D2truss).
Since the centralized softening during the calculation results in that the cracking process relies on the meshing, the influence of
mesh size is taken into account in the definition of the stress-strain curve of concrete. Specifically, based on the stress-crack width
curve and mesh size, the strain calculated through the formula below can be converted into a stress-strain curve:

e =w/ly (16)

where w is the crack width, L, is the characteristic length of the element [35].

In the FEM model, the mesh should be uniform as much as possible, and its size is approximately taken as global mesh seed interval.
In this paper, the uniform global mesh size of 25 mm is used as the element characteristic length [, .

The model in the simulation were verified by the full scale tests [29]. Taking the mid-span deflection of the roof under the standard
load as the reference index, the drainage culvert in different corrosion states is simulated. The ultimate life is analyzed according to the
curve obtained.

5.2. Impact of corrosion on the service of drainage culverts

Fig. 12 shows the relationship between the mid-span deflection of the roof and the corrosion thickness. As can be seen from this
figure, before the corrosion thickness reaches 130 mm, the mid-span deflection is almost the same as the initial value, which is 2-3 mm.
As the corrosion develops, the deflection increases slowly to about 15 mm. When the corrosion thickness is greater than 170 mm, the
deflection increases rapidly, indicating that the structure can no longer bear the load. Eventually, three plastic hinges appear in the
mid-span and two ends of the roof, resulting in the failure of the structure. Fig. 13 shows the strain diagram when the structure is
destroyed.

Using the mean corrosion thickness as calculated by Eq. (2) as the input, the computed deflection can be regarded as the mean
deflection of the roof based on the first order second moment method [26]. Fig. 14 shows the relationship between the mean deflection
of the roof of the culvert and the service time. As can be seen from this figure, when the service time is about 54 years, the mean
deflection of the roof is about 15 mm and starts to increase dramatically. If we regard the mean corrosion thickness of 170 mm as the
allowable deflection, the service life is about 54 years. To consider the effect of uncertainty in the corrosion thickness, Fig. 14 also
shows how the failure probability of the culvert changes with time, where the failure probability is defined as the probability that the
corrosion thickness is greater than 170 mm. As can be seen from this figure, the failure probability of the structure is less than 1%
during the first 42 years of service, indicating that when the age of the drainage culvert is less than 42 years, the chance to observe
structural failure is very small. That is largely consistent with the current observation, that no structural failure of the drainage culvert
has been observed up to now. Fig. 14, however, also shows that, after 42 years of service, the failure probability of the drainage culvert
will start to increase rapidly. When the service time is 65 years, the failure probability of the culvert is nearly 100%, indicating it is
almost sure that the drainage culvert will failure at the age of 65 years old.

5.3. Performance assessment of the drainage culverts
Based on the Fig. 10 and Fig. 14, Fig. 15 shows the relationship between the mean FOS calculated based on the design code method
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Fig. 13. Strain diagram of the destroyed drainage culvert.

and service time as well as the relationship between the mean deflection at the mod-span of the roof calculated through the FEM model
and service time. Two critical points can be observed from the curves in Fig. 15, i.e., the point at which the mean FOS drops to 1.0 based
on the design code method, and the point beyond which the mean deflection of the drainage culvert increases rapidly based on the FEM
model. Based on the two points, the service time of the drainage culverts can be divided into three zones, i.e., the safety zone, the
critical zone, and the failure zone, as shown in Fig. 15 respectively. Drainage culverts in the safety zone still meet the capacity
requirement of the specification and can work normally. Drainage culverts in the critical zone won’t break down under normal service
load, although the capacity is not enough in accordance with the code. It can be used as a temporary structure under appropriate
monitoring and maintenance. Drainage culverts in the failure zone have been unable to bear the normal service load and will collapse
at any time, so they need to be repaired or replaced in time. As mentioned previously, the current age of the drainage culvert is about
37 years. Therefore, the drainage culvert of the Nangan line is at the critical zone and it needs to be carefully monitored.

Fig. 16 shows the relationship between failure probability and service time calculated based on the FOS and FEM results. It can be
seen that compared with the curve based on FOS, the curve calculated through FEM model has moved back by 25-30 years on the
whole, which is in good agreement with the duration of the critical zone in Fig. 15. If we regard the failure probability of 1% as the
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allowable value, the service time of the drainage culverts can also be divided into three zones. Compared with Fig. 15, these three zones
shifted to the left for 12 years. In this figure, the drainage culvert of the Nangan line is still at the critical zone, but in five years, it will
enter the failure zone. Therefore, the service condition of deteriorating drainage culverts in highly corrosive service environment is
more severe considering the uncertainties.

6. Summary and conclusions
The research work reported in this paper and the conclusions obtained are as follows.

(1) The field investigation results regarding the Nangan line are introduced. For the roof of the drainage culverts, it is found that
quite some longitudinal bars disappeared, and the thickness of the corroded concrete was generally between 40 and 90 mm.
Through the field investigation, it is found that while the ceiling is seriously eroded, the structure under the water is almost
intact.

(2) A Gamma process model is used to model the deterioration of the drainage culvert, which is calibrated based on data obtained
from the field investigations. Based on the calibrated model, it is found that the corrosion thickness is almost zero in the first few
years of service, and the corrosion rate increases with time. When the service time is 32 years, the mean value of corrosion
thickness is 60 mm.

(3) When the design code method is used to assess the performance of the drainage culvert, it is found that the mean FOS of the
culvert decreases from 2.25 to 1.0 when the cross-sectional area of steel bars decreases from its initial value to half (with the
corrosion thickness of 36 mm), where the corresponding service time is 25 years. Taking the uncertainty into account, the
failure probability of the culvert is nearly 100% when the service time is 35 years. The results obtained based on the design code
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method are contradicts with the actual performance of the drainage culverts due to the conservative assumptions made in the
design code method. These assumptions are reasonable in design stage, but seems to be overconservative for ultimate bearing
capacity assessment.

(4) To overcome the limitations of the design code method, the performance of the drainage culvert was assessed based on FEM. It is
found that the deflection of the roof of the drainage culvert increases rapidly when the corrosion thickness is greater than 170
mm. If we regard the corrosion thickness of 170 mm as the allowable deflection, the service life is about 54 years. Take the
uncertainty into account, the failure probability of the structure is less than 1% during the first 42 years of service.

(5) The service time of the drainage culverts can be divided into three zones, i.e., the safety zone, the critical zone, and the failure
zone. Safety zone means the drainage culverts can work normally, critical zone means it can be used as a temporary structure
under appropriate monitoring and maintenance, and failure zone means it needs to be repaired or replaced in time in the failure
zone. The drainage culvert of the Nangan line is at the critical zone and it needs to be carefully monitored.
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Appendix 1. Supplementary notes of the selection of calculation parameters and load combination in Table 2

(1) Earth pressure. The soil parameters are weighted average of the soil layers, and the unit weight is 18.3 kN/m®. C, is the
amplification coefficient of vertical soil pressure on trenched pipes, and C4 = 1.2 in conformity with the specification.

(2) Groundwater pressure. The water pressure and soil pressure on the sidewall are calculated separately, and those on the roof are
summed together. The bottom water pressure is taken as a part of the foundation reaction and not calculated additionally.

(3) Foundation reaction. It is stated in the specification that when the net width of the rectangular pipe is no more than 3.0m, the
foundation reaction is uniformly distributed, as Py, in Fig. 7.

(4) Water pressure inside. The vertical water pressure inside the pipe is not taken as a load because the water pressure is directly
offset with the uniformly distributed foundation reaction.

(5) Variable loads on the roof. There are two kinds of ground addition loads acting on the drainage culvert in service: ground
surcharge Q,, and vehicle load Q,. The more adverse one is taken as the variable load, and here the value is 10 kPa.

(6) Combination of loads. The load basic combination is used in the calculation.
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