Advances in Civil Engineering
Volume 2020 (2020), Article ID 2198310, 16 pages
https://doi.org/10.1155/2020/2198310
Research Article
Seismic Response Analysis of Pier considering Durability Damage Repair
Yan Liang,1 Liangliang Li,1 Ruimin Mao,2 and Xiaoye Shi1
1School of Civil Engineering, Zhengzhou University, Zhengzhou 450001,  China
2Bridge Design Institute, Henan Provincial Transportation Planning Survey and Design Institute, Zhengzhou 450001,  China
Correspondence should be addressed to Yan Liang; liangyan@zzu.edu.cn
Received 11 January 2020; Revised 9 June 2020; Accepted 4 July 2020; Published 22 July 2020
Academic Editor: Yann Malecot
Copyright © 2020 Yan Liang et al.  This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Abstract. 
At present, most of the research studies on the seismic performance of the durability degraded reinforced concrete structure only consider the influence of a single factor. This paper comprehensively considers the factors such as concrete carbonization, steel corrosion, and bond slip performance degradation caused by other durability factors and durability damage repair and studies the influence of the above factors on the seismic performance of bridge structures. Based on the finite element model considering the bond slip and the material parameters of time-varying durability damage, the seismic performance analysis model of the pier is established considering material durability damage repair in different service periods. Then, the effect of material durability damage repair on the seismic performance of the pier is examined. The results show that the displacement of the pier top increases, the curvature of the pier bottom decreases, and the moment-curvature curve pinching phenomenon is further evident when considering the bond slip. When considering the durability damage repair of materials, the curvature considerably decreases (the maximum value is approximately 16.04%) with the extension of the service time of the bridge, and the pier damage is substantially reduced.

1. Introduction
In recent years, the durability of existing bridges has become a research hotspot. With the extension of the service time of concrete bridges, concrete is carbonated by the influence of the surrounding air. The change in the chemical composition of the pore solution weakens the passivation and protection of steel bars. Subsequently, steel bars are corroded by the influence of the surrounding chloride ions. Corrosion of steel bars in concrete reduces the diameter, strength, and elasticity modulus of steel bars, cracks, or even exfoliates concrete cover. It weakens the bond between steel bars and concrete [1–3].
Most of the offshore bridges are under the conditions of the marine environment and warm climate. The high chloride ion concentration in air leads to serious corrosion of steel bars and the reduction of bond stress between steel bars and concrete. Consequently, such phenomenon reduces the bearing capacity and durability of bridges and seriously affects the safety and seismic performance of bridge structures in the entire life cycle. Therefore, the damage evolution law of concrete bridges in an offshore environment must be investigated, and the seismic response of concrete bridges under earthquake must be analysed.
At present, scholars at home and abroad have done a lot of research on carbonation of concrete (influencing factors of carbonization and the prediction models of carbonization depth [4–6]) and prediction model of steel corrosion rate [7–13]. Theoretical analysis [14] and experimental research [15–17] have been performed on the seismic performance of reinforced concrete structures after durability damage. However, research on the seismic performance [18] of durable degraded reinforced concrete structures [19] mostly considers the single factor of steel corrosion or concrete carbonization. It disregards the coupling effects of concrete carbonization, steel corrosion, degradation of bond slip, and durable damage repair on seismic performance. Therefore, based on the OpenSees platform, a finite element analysis model considering the factors of concrete carbonation, reinforcement corrosion, bond slip degradation, and material durability damage repair is established during the service life of the bridge. The influence of the above factors on the seismic performance of the structure or components under the offshore atmospheric environment is studied.
2. Brief Introduction to the Project
In this study, the Y2 pier of a 6 × 60 m offshore large-span continuous beam bridge is used as the research object. The pier adopts C50 concrete; HRB335 as longitudinal reinforcement, with 32 mm diameter; and R235 as stirrup with 16 mm diameter. The pier is 36.4 m high, the cross section is hexagonal, the axial compression ratio is 0.197, and the thickness of the concrete cover is 9 cm. The geological condition of the bridge site is good. The bottom of the pier is a 1.5 m thick expanded foundation, and the top is consolidated with the beam body. The surrounding rock is weak weathered rock. The base material is C25 concrete. The site conditions of the bridge are as follows: 7-degree seismic fortification intensity of the first group and the second-class site. The stress state of concrete has a certain effect on its strength [20]. Considering the influence of stirrups on the concrete in the core area, the pier concrete section is divided into constraint and protective concretes on the basis of Mander’s model. Figure 1 is a detailed view of the bridge.
  
Figure 1: The bridge details: (a) bridge schematic; (b) the simplified model of bridge pier; (c) pier cross section.


3. The Finite Element Analysis Model
3.1. Definition of the Model
A concrete01 constitutive model is adopted for the concrete material of the pier. Concrete01 is based on the uniaxial compressive stress-strain relationship of Kent–Scott–Park concrete with linear unloading/reloading stiffness, which ignores the tensile strength of concrete.
Steel02 constitutive model is used for longitudinal reinforcement. Steel02 material model is a uniaxial isotropic Giuffre–Menegotto–Pinto model [21], which can efficiently simulate the nonlinear behaviour of reinforcement under seismic load, including the degradation of strength and stiffness. The skeleton curve is a two-line model. The Bond_SP01 constitutive model in OpenSees material library is used for the bonded slip material.
In OpenSees software simulation, the pier body is divided into 37 nonlinear beam-column elements, each of which has three integral control points. The lengths of units 1 to 36 and 37 are 1 and 0.44 m, respectively. The expanded foundation at the pier bottom is consolidated directly without considering the interaction between pile and soil. The zero-length section element is used to simulate the corner and displacement deformations caused by bond slip at the pier bottom. The consolidation between the top and beam is simplified as a zero-length element. Node i represents the pier top, and node j represents the contact point between the pier and beam and is consolidated. As the pier section is not shaped like a regular rectangle or fan, the concrete should be divided in a quadrilateral. Figure 1 presents the bridge details and specific sectional fibre division of the bridge pier.
3.2. Ground Motion Inputting
When the time-history analysis method is used to analyse the seismic response of the bridge structure, the reasonable selection of seismic wave is the premise of the seismic analysis. To ensure the reliability of calculation results, an appropriate seismic wave must be selected in combination with site conditions of the bridge.
Seismic parameters are the bases of seismic design. Different bridges have various requirements for seismic safety evaluation, which are mainly determined by bridge type and safety, risk, and social impact. Based on the zoning map of ground motion parameters and site conditions (seismic fortification intensity of 7 degrees, group I, and class II site) of bridge piers in China, ten seismic waves with a magnitude of about 7 are selected from the existing strong earthquake records [22] for incremental dynamic analysis. The selected types should be the same as the site conditions of the research bridge, and their characteristic periods should be close or the same [23–25].
Peak ground acceleration (PGA) [26–30] is used as the index of ground motion intensity. As the selected PGA of seismic wave is different from the required PGA, the amplitude of the selected PGA should be adjusted using the following equation:where a′(t) and a(t) are time-history curves of the acceleration of seismic wave after and before amplitude modulation, respectively, and A′ and A are peak accelerations of seismic wave after and before amplitude modulation, respectively.
Based on the bridge site conditions, the PGA of the seven-degree fortification design ground motion is 0.1 g (0.15 g), corresponding to the PGA of ground motion whose exceeding probability is 10% in 50 years. To simulate the earthquake that the pier may encounter, the selected seismic wave should be adjusted in the calculation model such that the vertical and horizontal peak accelerations can satisfy the requirements of E2 seismic action of 0.3 and 0.6 g, respectively. Table 1 shows the adjustment of horizontal and vertical ground motions.
Table 1: Horizontal and vertical time-history analysis of seismic wave adjustment.
	

	Seismic wave	Magnitude	PGA (g)	Adjustment coefficient of PGA (0.3 g)	Adjustment coefficient of PGA (0.6 g)
	

	Loma Prieta, America, 1989	6.93	0.076	3.95	7.89
	Northridge 01, America, 1994	6.69	0.35	0.86	1.71
	Cape Mendocino, America, 1992	7.01	0.19	1.58	3.16
	Landers, America, 1992	7.28	0.04	7.50	15.00
	Hector Mine, America, 1999	7.13	0.05	6.00	12.00
	Coalinga 01, America, 1983	6.36	0.12	2.50	5.00
	Taiwan SMART1 (45), Taiwan, China, 1986	7.3	0.16	1.88	3.75
	Chi-Chi, Taiwan, China, 1999	7.62	0.06	5.00	10.00
	Duzce, Turkey, 1999	7.14	0.01	30.00	60.00
	Kocaeli, Turkey, 1999	7.51	0.31	0.97	1.94
	



4. Research on Mechanical Properties of Materials
4.1. Study on the Properties of Carbonized Concrete
Given that the bridge structure requires high ductility of the pier, the arrangement of stirrups can effectively restrain core concrete and improve the strength and ductility of concrete in the core area. The restraint effect of stirrups should be simulated during finite element modelling. The coefficient of constrained effect is considered on the basis of Mander’s constitutive model [31] of constrained concrete. The restraint effect of stirrups on the core concrete is equivalent to the effective uniform lateral pressure. The stress-strain constitutive relationship curve of the core concrete is modified, which can effectively evaluate the ultimate bearing capacity and ductility of bridge structures.
The stochastic process model of concrete carbonation depth is as follows [32]:where X(t) is the depth of concrete carbonization, t is the time of carbonization, K is the coefficient of carbonization,  is the coefficient of influence of CO2 concentration, and  is the influence coefficient of position. The angle part is 1.4, and the nonangle part is 1.0.  is the coefficient of influence of curing and pouring, and 1.13 is the coefficient of influence of pouring surface.  is the coefficient of influence of working stress, 1.0 is the coefficient of influence by compression, and 1.2 is the coefficient of influence by tension. T is the concrete temperature, RH is the relative humidity of the environment,  is the replacement coefficient of fly ash,  is the cubic compressive strength of concrete, and F is the weight ratio of fly ash.
Based on the bridge design, construction, and site selection in this paper,  = 1.2,  = 1.0,  = 1.2, = 1.0, T = 16.5°C, RH = 77%, and F = 0. From this, we can get the carbonization coefficient of C50 concrete, k = 0.541 mm/.
Existing research results [33] indicate that the concrete carbonization rate often uses the carbonization depth as a parameter. However, the same carbonization depth in the structure or component of different cross-sectional areas has a great influence on the structural properties. The environment with different surfaces of the same structure after carbonization is not the same. The use of carbonization depth as parameter ignores the cross-sectional size effect and environmental impact of the actual component. To consider the size effect of component sections and reasonably reflect the evolution law of mechanical properties of concrete after carbonization, the relative carbonization area [34] of the concrete section is selected as the parameter to study the performance of carbonized concrete.
The carbonation rate of concrete can be calculated using the following equation:where S̅ is the relative carbonization area, Ac is the carbonization area, and A is the total area of the structure or component section.
According to the above formula, when the service life is 0, 30, 50, 70, 100, and 120 years, the carbonation depth of the pier is 0, 2.96, 3.83, 4.53, 5.41, and 5.93 mm, respectively, and the carbonation rate of the corresponding cover concrete is 0, 0.39%, 0.50%, 0.59%, 0.71%, and 0.78%, respectively. Table 2 shows the elastic modulus and shear modulus of C50 in different service periods.
Table 2: Elastic modulus and shear modulus of C50 in different service periods.
	

	Service life (years)	0	30	50	70	100	120
	

	Elasticity modulus (×104 MPa)	3.450	3.457	3.458	3.460	3.462	3.463
	Shear modulus (×104 MPa)	1.437	1.440	1.441	1.442	1.443	1.443
	



4.2. Study on the Properties of Corroded Steel Bars
In offshore environments, reinforced concrete structures are susceptible to corrosion damage because of high chloride content. The corrosion damage process can be divided into three stages [35]: diffusion, propagation, and degradation. The ductility and yield strength of reinforcement will degenerate with the decrease in reinforcement area, and the internal expansion of the structure caused by corrosion will result in the cracking of concrete materials, leading to the spalling of concrete cover. In the past, when evaluating the seismic performance of degraded bridge structures, cracks caused by steel corrosion are often repaired in practical projects. Hence, the corrosion rate of the important index in steel corrosion analysis becomes relatively different from the actual situation. Before studying the corrosion of steel bars in concrete bridge structures in the offshore environment, it is necessary to consider the repair problem when the crack width of the cover concrete reaches a critical value.
Fick’s second diffusion law [36] is often used to fit the process of steel bar corrosion affected by air composition in an offshore environment. Wu et al. [37] stated that the related parameters will change with variations in time and the air environment, such as the initial time of steel corrosion (tinit), the chloride ion concentration on the concrete surface (Cs), and the critical chloride ion concentration on steel corrosion (Ccr). To some extent, these parameters can be regarded as random variables obeying normal distribution.
According to the calculation models of Vu and Stewart [38] and Du et al. [39], we can get the change law of steel bar diameter, steel bar yield strength, and steel bar corrosion rate with time: steel bar diameter and steel bar yield strength gradually decrease with time, and the steel bar corrosion rate gradually increases. As the stirrup protection layer is thinner, the mechanical properties of the reinforcement are more degraded. The characteristic values of steel bars in different service periods are shown in Table 3.
Table 3: The characteristic values of steel bars corresponding to different service periods.
	

	Service life (years)	0	30	50	70	100	120
	

	Yield strength of stirrup (MPa)	235	184.32	166.75	153.50	139.04	132.12
	Diameter of stirrup (mm)	16	11.97	10.21	8.65	6.53	5.22
	Corrosion rate of stirrup (%)	0	14.87	40.01	56.35	73.54	81.82
	Yield strength of longitudinal bar (MPa)	335	326.86	323.59	320.83	317.32	315.28
	Diameter of longitudinal bar (mm)	32	28.58	27.08	25.75	23.95	22.84
	Corrosion rate of longitudinal bar (%)	0	0	13.38	22.99	34.03	40.17
	



This paper refers to the “Standard for Durability Assessment of Concrete Structures” (CECS 220-2007) [40] to estimate the variation law of steel corrosion under a chloride ion erosion environment. Without considering the change in chloride ion diffusion coefficient with time, the time of steel bar corrosion can be estimated using the following equations:where ti′ is the initial corrosion time of reinforcing steel without considering the chloride ion diffusion coefficient, ti is the initial corrosion time of reinforcing steel under offshore environment, t1 is the accumulated time of chloride ion reaching a stable value on the concrete surface, c is the thickness of the concrete cover, and K is the chloride ion corrosion coefficient, and according to Table 4, t1(a) is 12.5. The initial corrosion time of longitudinal reinforcement is 21.77 years and that of stirrups is 15.53 years.
Table 4: Environmental grade and parameters of chloride erosion.
	

	Environmental category	Environmental grade	Environmental condition	t1(a)
	

	Offshore atmospheric environment	IIIa	Within one kilometer from the coast	20∼30
	IIIb	Within one kilometer from the coast	15∼20
	IIIc	Within one kilometer from the coast	10∼15
	IIId	Within one kilometer from the coast	10
	



In the absence of effective measured data, the chloride ion concentration Ms on the surface of concrete in the offshore atmospheric environment can be estimated according to equation (6). It is assumed that the distance between the bridge structure to the coastline is 0.5 km:where Ms is the chloride ion concentration on the concrete surface, Ms′ is the chloride ion concentration on the concrete surface at 0.1 km away from the coast, as shown in Table 5, and k is the position correction factor for the distance from the coastline, as shown in Table 6.
Table 5: Chlorine ion concentration  at 0.1 km from the coast.
	

	 (MPa)	40	30	25	20
	 (kg/m3)	3.2	4.0	4.6	5.2
	



Table 6: Correction coefficient k of chloride ion concentration.
	

	Distance from the coast (km)	Near the coastline	0.1	0.25	0.5	1.0
	

	Correction factor	1.96	1.0	0.66	0.44	0.33
	



The variations in diameter, yield strength, elasticity modulus, and corrosion rate of steel bars can be obtained using the following equations:
When , :where tc is the time from steel bar corrosion to concrete cracking, δcr is the depth of steel bar corrosion when the concrete cracks, λcl is the average annual corrosion rate of steel bar before concrete cracking, d is the diameter of the steel bar, fcuk is the standard value of the concrete cube compressive strength, i is the corrosion current density of the steel bar, Msl is the chloride ion concentration on the surface of the steel bar, T is the atmospheric environment temperature, ρ is the concrete resistivity, mcl is the local environmental coefficient, Ms0 is the chloride ion content added during concrete preparation, Kρ is the coefficient when the water cement ratio is 0.3–0.4 or the concrete is C40–C50, K is 11.1,  is the average chloride ion concentration of the concrete cover, RH is the environmental relative humidity, λcll is the average annual corrosion rate of the steel bar after concrete cracking, fyc is the yield strength of corroded steel bars, fy is the yield strength of steel bars before corrosion, Ex is the elastic modulus of steel bars after corrosion, and Es is the elastic modulus of steel bars before corrosion.
The above two methods of calculating the corrosion rate both show that the initial corrosion time of stirrups is earlier than that of the longitudinal bars, and the corrosion rate of stirrups is much higher than that of the longitudinal bars after the cracking of the cover concrete. According to the calculation method proposed by Vu and Du, the corrosion rate of cover concrete after cracking is higher than that calculated in the CECS 220-2007. There is a certain deviation between the two methods. The degradation process of the concrete structure under the environment is very complicated, and the various environmental factors are relatively random. The “CECS 220-2007” is compiled by accumulating a large amount of engineering practice data and engineering practice experience, which is more suitable for the application. Due to the research on the durability of concrete structures in China’s offshore environment, this paper uses the calculation method of “CECS 220-2007” to study the durability of materials.
5. Seismic Response Analysis of the Bridge Pier
5.1. Seismic Response Analysis in Different Directions of Seismic Action
The pier model is established using OpenSees software [41]. The adjusted horizontal and vertical waves, which are divided into longitudinal, lateral, simultaneous longitudinal and lateral, simultaneous vertical and longitudinal, and simultaneous vertical and lateral actions, are input as ground motions. The displacement, moment, curvature, and axial force responses of the pier model are calculated. The influence of seismic wave in different directions on the seismic response of the pier is analysed.
Figure 2 shows the maximum displacement of the pier top corresponding to 10 waves in 5 different seismic action combinations. The graph indicates that, under longitudinal seismic action, the longitudinal peak displacement of the pier top is considerably larger than the transverse and vertical displacements. The maximum values of the longitudinal, transverse, and vertical displacements of the Landers wave pier top are 471.6, 0, and 25.1 mm, respectively. Under the effect of transverse earthquakes, the transverse peak displacement of the pier top is considerably larger than the longitudinal and vertical peak displacements. The maximum longitudinal, transverse, and vertical displacements of the pier top of the Landers wave are 0, 933.0, and 39.0 mm, respectively. The direction of the main displacement of the pier is consistent with that of ground motion. Under the simultaneous action of longitudinal and transverse earthquakes, the maximum longitudinal, transverse, and vertical displacements of the pier top corresponding to the Landers wave are 463.8, 847.0, and 38.2 mm, respectively. The transverse displacement of the pier top is considerably larger than the longitudinal and vertical displacements. The transverse seismic response of the high pier deserves attention due to the small transverse stiffness. Under the simultaneous action of longitudinal and vertical earthquakes, the maximum longitudinal and vertical displacements of the pier top corresponding to the Landers wave are 471.7 and 26.6 mm, respectively. The maximum transverse and vertical displacements of the pier top corresponding to the Landers wave are 1245.1 and 55.1 mm, respectively, under the simultaneous action of transverse and vertical earthquakes. Vertical seismic action significantly increases the vertical seismic response.
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(e)
Figure 2: Maximum displacement of pier top under different seismic action combinations: (a) longitudinal action; (b) transverse action; (c) longitudinal and transverse simultaneous action; (d) longitudinal and vertical simultaneous action; (e) transverse and vertical simultaneous action.


It can be obtained through analysis that the peak moment and curvature of the pier bottom under the action of the longitudinal earthquake and the simultaneous action of longitudinal and transverse earthquakes are larger than those under the simultaneous action of longitudinal and vertical earthquakes. The moment-curvature curves under these three types of ground motion are compared and analysed, and the other two are not discussed.
Figure 3 presents the moment-curvature curve of the pier bottom of 10 seismic waves. The analysis shows that the moment-curvature curve of the pier bottom is full under the simultaneous action of longitudinal and transverse earthquakes, and no remarkable pinching phenomenon was observed. The curvature value of the pier bottom is considerably increased compared with that of longitudinal earthquakes. The maximum curvature of the pier bottom under longitudinal earthquake is 0.029 and that under the simultaneous action of longitudinal and transverse earthquakes is 0.044. Under the simultaneous action of vertical and longitudinal earthquakes and transverse and vertical earthquakes, the moment-curvature curve has no evident difference compared with the action of a longitudinal earthquake. The maximum value under the simultaneous action of vertical and longitudinal earthquakes is 0.030. Under the action of transverse and vertical earthquakes, the maximum curvature value is 0.033. It can be seen that the pier is most sensitive to longitudinal and transverse seismic waves.
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(c)
Figure 3: Moment-curvature curves of 10 waves at the pier bottom: (a) longitudinal and lateral simultaneous action; (b) vertical and longitudinal simultaneous action; (c) transverse and vertical simultaneous action.


Under longitudinal seismic action, the displacement of the pier top of the Landers wave is the largest among the ten seismic waves with a value of 471.6 mm. Figures 4(a) and 4(b) show the displacement time-history curve of the pier top and the curvature time-history curve of the pier bottom under the Landers wave, respectively. Under the action of other seismic waves, the displacement time-history curve of the pier top and the curvature time-history curve of the pier bottom have the same law, which is not described here. The pictures show that, under the action of the Landers wave, the maximum displacement of the pier top and the maximum curvature of pier bottom occur at 33.78 s. The fluctuation law of the two time-history curves is the same.
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(b)
Figure 4: Time-history curve of displacement and curvature of the pier top of Landers wave: (a) displacement time-history curve; (b) curvature time-history curve.


6. Seismic Response Analysis considering Bond Slip
Given the limited space, this paper only presents the effect of bond slip on the seismic response of the pier under the action of a longitudinal earthquake. In this paper, three waves are selected to analyse the displacement of the pier top and the moment-curvature curves at the bottom of the pier.
There are obvious differences in the three-pier top displacement time-history curves in Figure 5. Whether considering or not considering the bond slip, the maximum displacement of the pier top occurs at the same time. For the Northridge wave, the corresponding maximum displacements of the two models are 249.2 and 318.1 mm (27.6% increase). For the Taiwan wave, the corresponding maximum displacements of the two models are 281.6 and 354.4 mm (25.9% increase). For the Duzce wave, the corresponding maximum displacements of the two models are 306.5 and 394.8 mm (28.8% increase). In Figure 6, the longitudinal peak displacements of 10 waves with the bond slip model are larger than those without the bond slip model and are increased by 26.8%, 27.6%, 14.7%, 27.4%, 29.3%, 30.8%, 25.9%, 26.6%, 28.8%, and 25.9%, and the displacement is relatively different. The deformation of the pier top can be underestimated if the influence of bond slip at the pier bottom is ignored in the seismic calculation of the pier. Under the action of the longitudinal earthquake, the maximum displacement of the pier top is 480.7 mm, the yield displacement of the pier is 276.6 mm, and the ultimate displacement is 983.1 mm. The pier has not reached the ultimate state, which indicates that the pier can still play a certain function under the action of a rare earthquake.
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(c)
Figure 5: Displacement time-history curves of the pier top: (a) Northridge wave; (b) Taiwan wave; (c) Duzce wave.




	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
			
		
	

Figure 6: Longitudinal peak displacement of 10 waves.


Figure 7 is the moment-curvature curve of the Northridge wave, the Taiwan wave, and the Duzce wave. Obviously, the curvature of the pier bottom considering the bond slip model is considerably smaller than that without considering the bond slip. For the Northridge wave, the peak curvatures before and after considering the bond slip are 0.0139 and 0.0106 (23.7% decrease), respectively. The peak moments are 46776.1 and 46514.3 MPa (0.6% decrease), respectively. For the Taiwan wave, the peak curvatures before and after considering the bond slip are 0.0189 and 0.0156 (17.5% decrease), respectively. The peak moments are 46926.8 and 46178.7 MPa (1.6% decrease), respectively. For the Duzce wave, the peak curvatures before and after considering the bond slip are 0.0246 and 0.0219 (11.0% decrease), respectively. The peak moments are 48720.2 and 48223.3 MPa (1.0% decrease), respectively. The moment-curvature curve pinching phenomenon is further evident when considering the bond slip model of the pier. If the influence factors of the bond slip are neglected in the simulation calculation, the energy dissipation capacity of the structure or component will be overestimated.
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(c)
Figure 7: . Analysis of moment-curvature curves: (a) Northridge wave; (b) Taiwan wave; (c) Duzce wave.


7. Seismic Response Analysis considering Durability Damage Repair
In previous theoretical studies on steel corrosion, the repair of concrete cracks in the concrete cover is generally ignored in practical projects. The corrosion rate of steel after the concrete cover cracks is higher than the actual value, which affects the subsequent research results of concrete structures. The assumption is that, under the action of chloride ion erosion, the cracks of concrete cover will be repaired when they reach 1 mm. After repair, the corrosion rate of steel bars in the pier will be the same as that before cracking. Vida et al. [42] obtained the calculation method of crack width by studying the corrosion of reinforced concrete structure as follows:where W is the crack width, k is the coefficient with a value of 0.0575, and α is the corrosion coefficient (α = 1 for uniform rust and α = 4 for nonuniform rust). ds0 is the bar diameter, X is the concrete cover depth, ∆As0 and ∆As are the steel cross-section losses, As is the sound steel cross section, and xcorr is the corrosion depth.
The influence of chloride ion on offshore bridges is random. Thus, the corrosion coefficient is 4. According to Vida’s calculation method, the width of concrete cover from crack to crack is 1 mm, which lasts for 0.759 years. According to the CECS 220-2007, the longitudinal steel bars begin rusting to crack the concrete cover. The average annual corrosion rate of steel bars is 0.015 mm/year. The average corrosion rate is 0.061 mm/year after concrete cover cracking. When the crack width reaches 1 mm, the crack is repaired. The corrosion rate of repaired steel bars should be consistent with that before concrete cover cracking. Figure 8 shows the corrosion rate of steel bars considering crack repair. The corrosion rate of steel bars in the service period of the bridge decreases significantly when considering the repair. When the bridge is in service for 120 years, the corrosion rate of longitudinal steel bars decreases by 65.99%, and the corrosion rate of stirrups decreases by 57.48%. Hence, the effect of the crack repair of the concrete cover on the durability of concrete structures should be considered in future durability evaluations.
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(b)
Figure 8: Corrosion rate of steel bars: (a) corrosion rate of longitudinal bars; (b) corrosion rate of stirrups.


Based on the above calculation method, we can obtain the various rules of the diameter, yield strength, and elastic modulus of longitudinal stress bars with time when considering the crack repair of concrete cover. As shown in Figure 9, after considering the crack repair of concrete cover, the longitudinal reinforcement diameter, yield strength, and elastic modulus are considerably reduced. The bridge is in service for 120 years. The diameter, yield strength, and elastic modulus of longitudinal reinforcement decreases by 8.23%, 5.08%, and 18.66%, respectively.
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(c)
Figure 9: Change in longitudinal steel characteristics: (a) change in diameter; (b) change in yield strength; (c) change in elasticity modulus.


In the offshore environment, the corrosion of steel bars in the longitudinal direction will not directly affect the mechanical properties of confined concrete. However, the degradation of stirrup material will reduce its confinement to core concrete, which will change the peak stress and strain of confined concrete. The corresponding diameter and yield strength of stirrups can be calculated based on the corrosion rate of stirrups in different service periods. Subsequently, the peak stress, peak strain, and other mechanical properties of confined concrete can be calculated using Mander’s model. The calculation basis and process are the same as above and will not be repeated here.
To study the effect of the crack repair of the concrete cover on the pier seismic response, the pier models with corresponding service lives of 0, 30, 50, 70, 100, and 120 years were modified on the basis of the bond slip model and time-varying material parameters. The seismic actions are the same as above. The seismic response of pier under the Taiwan wave with different service lives is listed here.
Figure 10 shows the curvature time-history curve and moment-curvature curve corresponding to different service periods under Taiwan wave. It can be seen that, under the longitudinal action of Taiwan wave, the newly built bridge pier after 0 years of service is unaffected by the surrounding environment, and the structure is intact. The moment-curvature curve coincides completely with that without considering the damage repair model. When the bridge pier is in service for 30 years, the pier is subjected to concrete carbonization and chloride ion erosion for a relatively short time. The material is slightly damaged, and the structure remains intact. The two curves almost completely coincide. When serving for 50 years, the pier is seriously damaged, and its structural performance is reduced. The maximum curvature of the bridge pier is reduced from 0.0162 to 0.0158 (2.2% reduction) after considering repairing the damage. When serving for 70 years, pier is seriously damaged. The maximum curvature of the bridge pier is reduced from 0.017 to 0.016 (5.3% reduction) after considering repairing the damage.


	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	













(a)


	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	













(b)


	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
	













(c)


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	













(d)


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	













(e)


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	













(f)
Figure 10: Moment-curvature curves of the Taiwan wave in different service lifes: (a) 0 years; (b) 30 years; (c) 50 years; (d) 70 years; (e) 100 years; (f) 120 years.


When serving for 100 years, the pier is seriously damaged. The maximum curvature of the bridge pier is reduced from 0.0185 to 0.0164 (11.3% reduction) after considering repairing the damage. When serving for 120 years, the pier is seriously damaged due to the long-term marine environment. The maximum curvature is decreased from 0.024 to 0.020 (16.0% reduction) after considering damage repair, and the pier damage is considerable.
8. Conclusions
This study uses the pier of a large-span continuous beam bridge in offshore as the research object. The effects of different seismic action directions, bond slip, and the durability damage repair of materials on the seismic performance of the pier are investigated using OpenSees software. The main research results are summarized as follows:(1)The corrosion rate of steel bars calculated by different methods is obviously different. In this paper, the more practical CECS method is adopted. According to the calculation method proposed by Vu and Du, the corrosion rate of steel bars after cracking of concrete cover is greater than that calculated by the CECS 220-2007. There is a certain deviation between the two methods.(2)Under the simultaneous action of longitudinal and transverse earthquakes, the maximum values of the longitudinal, transverse, and vertical displacements of the Landers wave corresponding to the pier top are 463.8, 847.0, and 38.2 mm, respectively. The transverse displacement of the pier top is considerably larger than the longitudinal and vertical displacements. The transverse seismic response of the high pier deserves attention due to the small transverse stiffness.(3)When considering the bond slip, the displacement of the pier top is considerably increased. The maximum and minimum displacements are increased by 30.8% and 14.7%, respectively. The displacement is relatively different. Under the action of the Taiwan wave, the maximum curvature values obtained without considering and considering the bond slip are 0.0189 and 0.0156, respectively. The maximum curvature of the pier is decreased by 17.5%. It shows that when considering the bond slip, the bottom curvature is substantially decreased, and the pinching phenomenon of moment-curvature curve is further evident. Therefore, the influence of the bond slip cannot be ignored in the seismic performance analysis of the bridge.(4)With the increase in the service life of bridges, the offshore pier suffers increasingly serious concrete carbonation and chloride ion erosion. Considering the durability damage repair of materials, the curvature is increasingly substantially decreased. The maximum curvature can be reduced by 16.0%. After repairing the damage of the pier, the damage of the pier is obviously reduced, which is of great significance for the safety and economy of the pier.
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