ABSTRACT: Rectangular reinforced concrete culverts are widely used in urban drainage systems. However, after a long time of service, reinforced concrete culverts experience significant deterioration inevitably due to the corrosive sewage environment. Combined with the field investigation data, calculation and analysis of a typical section of Shanghai Nangan Line were proposed according to the local code and the finite element model. The results show that the service life during which the structure meets the specification requirements is about 25 years and the ultimate service life is about 54 years. According to the structural form of the rectangular reinforced concrete drainage culvert and its corrosion characteristics in sewage environment, a computing model of rectangular drainage culvert with arc roof is established in this paper. Four optimization models with arc roof with different curvature and thickness of concrete cover of rectangular drainage culverts are presented. The structural bearing capacity and ultimate service life of the four optimization models are analyzed. The results show that changing the roof into an arc roof with proper curvature and increasing the thickness of concrete cover can effectively improve the bearing capacity and prolong the ultimate service life of the drainage culvert. The optimization method and analysis results of rectangular drainage culverts in this work can provide useful reference for optimization design and maintenance of this kind of drainage culverts with defects.Structural Optimization and Life Prediction of Corroded Rectangular Reinforced Concrete Drainage Culverts
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1	INTRODUCTION 
Urban underground drainage network is an important part of municipal infrastructure. With the accumulation of time, the erosion of sewage and the pipeline has not been repaired for a long time, resulting in a large number of aging and damage[1]. Combined with the field investigation data, calculation and analysis of a typical section of Shanghai Nangan Line were proposed according to the local code and finite element model. The results show that the service life during which the structure meets the specification requirements.is about 25 years and the limit service life is about 54 years which is far less than expected[2]. It is of great significance to optimize the structural form of rectangular drainage culverts in corrosive sewage environment to improve the bearing capacity and service life.
Many studies have been conducted on durability analysis and life prediction of reinforced concrete structures in sewage environment. Paker [3] made a lot of studies on the corrosion mechanism of concrete in sewage environment and concluded that the service environment of drainage culverts contains a variety of physical, chemical, and biological corrosion sources. It is reported that the corrosion rate of drainage culverts is affected by many factors, including the concentration of H2S, temperature, humidity, and the PH of the service environment[4]. For specific engineering structures and materials in sewage environment, analysis and research have also been carried out[1, 5]. While these studies provided useful insight on the mechanism of the deterioration of RC drainage culverts, the prediction of the actual service life of drainage culverts is closely related to the engineering practice and the service environment, it is difficult to apply these studies to practical engineering projects.
For underground tunnels, the structural stress can be optimized through the optimization of section shapes[6, 7], so as to improve the bearing capacity and prolong the service life. For the reinforced concrete drainage culverts whose actual service life cannot reach the expected, it can also be optimized in the design or repair stage through similar methods. The existing research on section shape selection of underground drainage structures mainly focus on the flow capacity and the corrosion is not involved[8].
In this paper, the finite element model of rectangular drainage culverts with arc roof with different curvature is established. The advantages of rectangular section, the corrosion characteristics of rectangular drainage culvert and mechanical rationality of arch structures are taken into consideration. Combined with the deterioration model, the bearing capacity and ultimate service life of the optimization models are evaluated. The results show that the bearing capacity and service life can be effectively improved by changing the roof into an arc roof with proper curvature and increasing the thickness of inner concrete cover.
optimization models
Corrosion characteristics and service status
According to the field investigation of Shanghai Nangan Line, it is found that the ceiling is seriously eroded, the structure under the water is almost intact. A drainage culvert corrosion model was established by reducing the concrete thickness of the roof and the cross-sectional area of reinforcement, and its service life was predicted. Calculation and analysis of a typical section were proposed according to the local code and the finite element model. The results show that when the corrosion depth is 36 mm, the factor of safety (FOS) of the culvert decreases to 1.0, and the corresponding service life is 25 years. When the corrosion depth is 170mm, the corrosion thickness-ceiling deflection curve calculated based on FEM reaches the inflection point of failure, and the corresponding ultimate service life is about 54 years[2].
The analysis results indicate that the service status of the rectangular reinforced concrete drainage culvert is far from the expected, and also indicate that the rectangular section has poor resistance to the corrosion of sewage environment. However, rectangular section is still the preferred section for similar shallow underground structures because of its reliable construction technology, simple construction method, full utilization of internal clearance and convenient arrangement of surrounding urban underground facilities. The structural optimization of the drainage culvert in this paper is still based on rectangular section.
Optimization models
Given that the corrosion of the concrete drainage culvert is mainly concentrated on the roof, it is the most effective to optimize and reinforce the roof when the rectangular section is still used. Arch structures are widely used in buildings, underground structures, bridges and hydraulic constructions. Compared with beams, they are more economical in materials, lighter in weight, and can be used in long-span structures. By changing the flat roof into an arc roof, the beam becomes an arch structure which can improve the bearing capacity so as to prolong the service life of the drainage culvert. 
In this paper, the center angle corresponding to the arc roof is taken as a parameter. The secant length of the arc roof, that is the width of the outer contour of the drainage culvert, is fixed. The radius of the arc roof with different central angles is different, so the curvature of the arc 1/R can also be used as the parameter. For the drainage culverts prototype with flat roof, the curvature is 0. The service life of the drainage culverts is determined by whether the deteriorating structure can bear the original load. The thickness of the concrete cover inside the roof can be increased by using the extra space after the roof is arched. This method increases the residual thickness of the roof under the same service time, thus extending the ultimate service life.
Based on the size and reinforcement of the drainage culvert prototype, four optimization models are presented in this paper through the above two optimization methods: Y-30° (the central angle of the arc roof is 30º), Y-60° (the central angle of the arc roof is 60°), Y-30°-80 (the central angle of the arc roof is 30° and the thickness of the concrete cover increases by 80mm), and Y-60°-60 (the central angle of the arc roof is 60° and the thickness of the concrete cover increases by 60mm). Through these four optimization models, the bearing performance, ultimate service life and failure probability of rectangular drainage culverts with arc roof with different curvature and different concrete cover thickness are studied. Figure 1 shows the specific dimensions of optimization models using Y-30° and Y-30°-80 as examples.
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Figure 1. Illustration of Y-30° and Y-30°-80.
Numerical simulation
In this section, the bearing performance of the four optimization models under different corrosion degree are simulated through the finite element model built in ABAQUS [9].
Finite element model
The tri-linear elastic-plastic model[10] of reinforcement and the concrete damaged plasticity (CDP) model embedded in the ABAQUS are employed in simulation. The basic parameters are summarized in Table 1 and Table 2. The uniaxial compressive stress-strain relationship of concrete is determined based on MOHURD[11]. The ascending part of the tension curve is considered as ideal linear elastic, and the softening part is a fracture-energy-based exponential curve[12]. The single damage variable D is determined through the Birtel fixed plastic strain ratio method[13].

Table 1. Mechanical properties of steel bars
	Type
(HRB)
	γ (kN/m3)
	Es (GPa)
	ν
	
	
	
	
	fy (MPa)
	

	335
	78
	200
	0.3
	
	1%
	4%
	
	300
	0.8



Table 2. Mechanical properties of concrete
	Grade
	γ (kN/m3)
	Ec (MPa)
	ν
	
	Kc
	fbc
	Ѱ (°)
	ϵ
	μ
	
	ft (MPa)
	Gf (N/m)

	C30
	24
	30000
	0.2
	
	0.67
	1.16
	30
	0.1
	0.001
	
	2.01
	100



Reinforcement and concrete are modeled separately, and the bond-slip is neglected. 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[14].
Deterioration model
To consider the uncertainty of the real-world corrosion process, the Gamma process[15], which is a stochastic model widely used for modeling the degradation process of structures is adopted in this paper to analyze the deterioration of the RC drainage culvert[2]. In the Gamma process model, let the random process  denote the corroded thickness of the concrete at time t. The shape parameter and scale parameter are determined through maximum likelihood estimation method and relevant literatures[16, 17]. Figure 2 shows the relationship between the mean of the corrosion thickness of concrete in the roof and service time obtained from the deterioration model.
Figure 2 indicates that the corrosion thickness is almost zero in the first few years of service, and the corrosion rate increases with time. The roof needs to withstand 290mm of concrete thickness loss for a service life of 70 years in sewage environment.
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Figure 2. Relationship between corrosion thickness and service time.
Evaluation of bearing capacity
Taking the mid-span deﬂection of the roof under the standard load as the reference index, the five models in different corrosion states are simulated. Figure 3 shows the relationship between the mid-span deﬂection and the corrosion thickness. The curves of the optimization models and the prototype show similar development processes. The mid-span deflection is almost the same as the initial value before the corrosion depth reaches a certain value. As the corrosion develops, the deﬂection increases slowly. When the corrosion thickness is greater than the bearing limit, 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.
When the curve enters into the inflection point where the deflection increases rapidly, the structure reaches the bearing limit. For the drainage culvert prototype with flat roof, the structure reaches the limit state when the corrosion thickness is 170mm. Optimization model Y-30°reaches the limit state when the corrosion thickness is 210mm. For Y-60°, the deflection is increasing slowly when the corrosion thickness is 230mm, but the inflection point has not appeared. Since the initial thickness of the roof is 250mm and the outer concrete cover is 20mm, the residual roof thickness of 20mm is seen as the corrosion limit considering the requirements of practical engineering application. Although the curve of Y-60°does not enter into the inflection point when the corrosion thickness is 230mm, the structure also reaches its limit state because the corrosion depth could not be further increased. Y-30°-80 and Y-60°-60 reach the limit state when the corrosion thickness is 290mm.
It can be seen from the first three curves, the corrosion degree that the roof can withstand increase obviously by changing the roof into an arc roof. It indicates that increasing the curvature of the roof can improve the bearing capacity of the drainage culvert, and the greater the curvature of the arc roof, the better the effect of improvement. When the central angle of the arc roof is 60°, increasing the degree of the central angle cannot improve the bearing capacity anymore. This is because the structure reaches its corrosion limit before it reaches its bearing limit due to the limited thickness of the roof. The roof curvature corresponding to the central angle of 60° can be regarded as the optimal curvature. It can be seen from the curves of the four optimization models, actively thickening the concrete cover inside the roof increases the residual thickness of the roof when the corrosion thickness is same, and also increases the corrosion limit, so as to enhance the corrosion resistance of the structure.
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Figure 3. Relationship between mid-span deflection and corrosion thickness.
Prediction of ultimate service life
Using the mean corrosion thickness as the input, the computed deflection can be regarded as the mean deflection of the roof based on the first order second moment method. Figure 4 shows the relationship between the mean deﬂection of the roof and the service time of the drainage culvert prototype and four optimization models. The development trend of the curves in Figure 4 is consistent with that in Figure 3.
Figure 4 visually shows the extension effect of the optimization models on the service life of the drainage culvert. It can be seen from the first three curves that the ultimate service life of the drainage culverts is extended by 11-13% after the curvature of the roof increases. For the prototype, the average deflection of the roof is about 15mm when the service time is 54 years, and it begins to increase sharply. The ultimate service life of the prototype is 54 years and the corresponding corrosion thickness is 170mm. Similarly, optimization models Y-30°and Y-60° have the ultimate service lives of 60 and 63 years, corresponding corrosion thicknesses are 210mm and 230mm. Corresponding to the above, increasing the curvature of the roof can prolong the ultimate service life of the drainage culvert, and the greater the curvature of the arc roof, the better the extension effect. When the central angle of the arc roof is 60°, the structure reaches its corrosion limit before it reaches its bearing limit due to the limited thickness of the roof. It is impossible to prolong the ultimate life of the drainage culvert by further increasing the curvature of the roof. It can be seen from the curves of the four optimization models, actively thickening the concrete cover inside the roof can effectively prolong the ultimate service life of the drainage culvert. When the concrete cover of Y-30° and Y-60° is thickened by 80mm and 60mm respectively, the ultimate service life of Y-30°-80 and Y-60°-60 can be extended to about 70 years, and the corresponding corrosion thickness is about 290mm.
Combined with the uncertainty of the corrosion process, Figure 5 shows the relationship between failure probability and service time of drainage culvert prototype and four optimization models. The failure probability is the probability that the corrosion thickness is greater than the corresponding corrosion thickness when the structure reaches the limit state. If we regard the failure probability of 1% as the allowable value, it can be calculated that the failure time of the five models exceeds the allowance is 42 years, 48 years ,51 years 59years and 59 years. Compared with the drainage culvert prototype, the curves of Y-30° and Y-60° move 6-9 years later, and Y-30°-80 and Y-60°-60 with additional thickening of concrete cover inside the roof move 17 years later. With the increase of service time, the failure probability of the drainage culvert increases gradually. When the failure probability is close to 100%, the structure is almost certain to be destroyed. The drainage culvert prototype and four optimization modes Y-30°, Y-60°, Y-30°-80 and Y-60°-60 are bound to fail after 65, 71, 74, 81 and 82 years of service respectively.
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Figure 4. Relationship between the mean deﬂection of the roof and service time.
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Figure 5. Relationship between failure probability and service time.
Conclusions
In this paper, four optimization models of drainage culverts are proposed according to a typical section of Shanghai Nangan Line. In the optimization models, the advantages of rectangular section, the corrosion characteristics of rectangular drainage culvert and mechanical rationality of arch structures are taken into consideration. Combined with the deterioration model of the reinforced concrete drainage culverts, the bearing capacity and ultimate service life of the optimization models are evaluated. The conclusions obtained are as follows:
(1) Increasing the curvature of the roof can improve the bearing capacity of the drainage culvert, and the greater the curvature of the arc roof, the better the effect of improvement. The roof curvature corresponding to the central angle of 60° can be regarded as the optimal curvature due to the limited thickness of the roof. Actively thickening the concrete cover inside the roof can increase the corrosion resistance of the structure.
(2) [bookmark: _GoBack]The four optimization models can prolong the service life of the drainage culvert obviously. The ultimate service life of the drainage culverts is extended from 54 years to 60-63 years after the curvature of the roof increases. Actively thickening the concrete cover inside the roof can also effectively prolong the ultimate service life. When the concrete cover of Y-30° and Y-60° is thickened by 80mm and 60mm respectively, the ultimate service life can be extended to about 70 years.
(3) Combined with the uncertainty of the corrosion process, take the failure probability of 1% as the allowable value, the failure time of the drainage culvert prototype and four optimization modes Y-30°, Y-60°, Y-30°-80 and Y-60°-60 exceeds the allowance is 42 years, 48 years ,51 years 59years and 59 years respectively.
(4) The bearing capacity and ultimate service life of the rectangular drainage culverts with defect can be maximized by changing the roof to arc roof with proper curvature and thickening the concrete cover inside the roof. In the design and repair of rectangular reinforced concrete drainage culverts, these two optimization methods can be considered comprehensively.
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