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Abstract

:

Hinge joint damage is a typical form of damage occurring in simply supported slab bridges, which can present adverse effects on the overall force distribution of the structure. However, damage identification methods of hinge joint damage are still limited. In this study, a damage identification algorithm for simply supported hinged-slab bridges based on the modified hinge plate method (MHPM) and artificial bee colony (ABC) algorithms was proposed by considering the effect of hinge damage conditions on the lateral load distribution (LLD) of structures. Firstly, MHPM was proposed and demonstrated, which is based on a traditional hinge plate method by introducing relative displacement as a damage factor to simulate hinge joint damage. The effectiveness of MHPM was verified through comparison with the finite element method (FEM). Secondly, damage identification was treated as the inverse problem of calculating the LLD in damage conditions of simply supported slab bridges. Four ABC algorithms were chosen to solve the problem due to its simple structure, ease of implementation, and robustness. Comparisons of convergence speed and identification accuracy with genetic algorithm and particle swarm optimization were also conducted. Finally, hinged bridges composed of four and seven slabs were studied as numerical examples to account for the feasibility and correctness of the proposed method. The simulation results revealed that the proposed algorithm could identify the location and degree of damaged joints efficiently and precisely.
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1. Introduction


Under the influence of vehicle load and natural environmental erosion, structural damages inevitably occur, which can seriously affect the safety and durability of bridges. Therefore, structural damage identification has become an important part of bridge maintenance and reinforcement. Prefabricated reinforced concrete (RC) bridges have become widely used because of their advantages such as higher quality and shorter construction period, etc. As a typical prefabricated RC bridge, most hinged-slab bridges were built decades ago. According to the structural features of a hinged-slab bridge, hinge joints are the relative weak parts, which are prone to cracks (as shown in Figure 1). According to the investigations of more than 500 bridges for expressways in Jilin Province, the maximum proportion of hinge joint damage was 83.3% on the Changchun–Siping Expressway (in operation since 1996) and the minimum was 11.8% for the Jilin–Jiangmifeng Expressway (in operation since 2011). Hinge joint damage in reinforced concrete bridges widely exists, which will cause single slab bearings and aggravate the overall damage status of the structure. Therefore, it is significant to propose an efficient and accurate damage evaluation method for hinge joints for hinged-slab bridges.



In recent decades, structural health monitoring and damage identification, which are based on the dynamic properties of bridges, have been rapidly developed. To measure the dynamic response for structural health monitoring (SHM) accurately and efficiently, Heo et al. [1] developed an intelligent data acquisition system to evaluate the dynamic response performance of bridges using wireless sensor networks in real-time. With the appearance of damage, some changes will take place in modal parameters such as natural frequencies, mode shapes, damping ratios, etc. This feature can be utilized as indicators to identify the location and degree of damage [2,3,4,5]. Researchers also studied damage identification methods based on other identification indicators. For instance, Blachowski et al. [6] proposed a damage localization approach by axial strain accelerations for truss bridges, and Kim et al. [7] developed a damage detection method through Nair’s [7] damage indicator which was demonstrated superior to the modal parameters. Nevertheless, it cannot effectively analyze the damage of transverse connection components for hinged-slab bridges. In addition, hinge joint damage will lead to the redistribution of lateral load, which has an adverse effect on the bearing capacity of bridges. Some researchers have studied the relationship between lateral load distribution (LLD) and the damage condition of hinge joints. Russo et al. [8] performed a series of diagnostic load tests on damaged westbound and undamaged eastbound prestressed concrete bridges to determine the effects of hinge joint damage on load distribution. Test results showed that westbound bridges were somewhat flexible. Change in load distribution occurred when isolated damage was present. Chung et al. [9] investigated the effect of secondary elements and deck cracking on the LLD of girder bridges. Longitudinal cracking was found to increase the load distribution factor up to 17%, while the influence of transverse cracking was not significant. Al-Saidy et al. [10] researched the effect of girder damage on overall load distribution of a typical short-span composite bridge using a grillage method. Kim et al. [11] discovered that live loads were redistributed among the girders due to prestressed CFRP sheets. Azimi et al. [12] studied live load distribution factors of an AASHTO Type 3 precast-prestressed girder, which was calculated through finite element method (FEM) and compared with the simplified method prescribed by other codes. Although great achievements have been obtained in the study of LLD under damage conditions of hinge joints, it is limited in qualitative analysis. If the quantitative relationship for the damage condition of hinge joints with live load distribution can be obtained, damage identification of hinge joints can be achieved.



Therefore, it is essential to calculate the LLD with the damage of lateral connections. Lateral load distribution theory is to convert the spatial live load analysis into planar one, which plays a significant role in bridge design and construction. The main computing methods are determined by the American Association of State Highway Transportation Officials (AASHTO) Standard Specifications and the AASHTO Load and Resistance Factor Design (LRFD) Specification in the United States [13,14], while calculated by the rigid-diaphragm method, hinge plate method, etc. in China [15]. Huo et al. [16] proposed a simplified equal distribution factor method of live load shear which originated from Henry’s [16] method with consideration of the skew angle and span, etc. Wang et al. [17] studied a nine-beam hinged slab bridge which was calculated by comparison with the hinge plate method and the grillage method. Jiao et al. [18] proposed a method based on modal properties for computing the LLD, which was verified by comparison with FEM and the traditional simplified numerical method. The abovementioned methods can accurately calculate the LLD of intact bridge, but it will highlight its limitations for the damaged one. Researchers make a further study on the quantitative relationship of damage conditions and LLD. Wei et al. [19] took into consideration the influence of hinge joints and deck pavement damages and evaluated the LLD with various degrees and locations of damages by the combination of hinge plate method and FEM. Cheng et al. [20] calculated the LLD under different hinge joints damages and used genetic algorithm to identify the damage degree. Jiao et al. [18] utilized the position for cross phenomenon of distribution factor curves between damaged and undamaged bridges as the damage indicator for localizing. The literature demonstrates the great progress in the damage identification of lateral connections, but there is still a great deal of deficiencies. The mentioned methods have their own limitations, for example, it is only suitable for damage identification of a lower degree and it is difficult to guarantee identification accuracy. The purpose of this paper is to establish a modified hinge plate method (MHPM) which can calculate the LLD under arbitrary hinge joint damage conditions.



In practical engineering, it is easy to obtain the LLD of simply supported hinged-slab bridges, which can be equivalently calculated by deflection of the bridge. When parameters such as structural geometries and material properties, etc., are known, the damage identification will be solved by means of MHPM, which can be regarded as an inverse problem of LLD calculation with damages. For such problems, swarm intelligence algorithms including genetic algorithm (GA), particle swarm optimization (PSO), differential evolution (DE), and artificial bee colony algorithm (ABC) present favorable performances [21,22,23,24,25]. For application in practical engineering, Antonelli et al. [26] determined the best configuration of the phase-locked loop system by G.A. Hou et al. [27] who utilized the glowworm swarm optimization algorithm (GSO), which was a new type of PSO, to determine the optimal values of a photovoltaic system, and the results indicated the GSO was obviously superior to traditional algorithms. Among these algorithms, ABC outperforms other algorithms due to its simple structure, easy implementation, and outstanding performance [28,29,30], which have been applied in structural damage identification. Sun et al. [31] presented a modified ABC to identify structural systems, which can realize excellent parameter estimation, even with few measurements and high-noise corruptions. Xu et al. [32] proposed a method for structural damage identification based on Chaotic ABC with residuals of natural frequencies and modal assurance criteria used to establish the objective function. Casciati et al. [25] performed the damage localization of a cable-stayed bridge by comparing both identified and analytical stiffness matrices, and ABC were employed to proceed toward the global minima. The original ABC algorithm was inspired by the cooperative foraging and waggle dance behaviors of honey bee colonies [33]. The ABC has been shown to be competitive with other population-based algorithms. However, there is still an insufficiency in it, which is good at exploration but poor at exploitation [34]. Therefore, different optimization methods are used to enhance the performance of the ABC algorithm [35,36,37,38,39,40,41]. It is worth noting that any improved ABC algorithm is merely suitable for some special numerical optimization problems. In addition, it is necessary to further verify which one is applicable for the damage identification of the hinged-slab bridge.



In this study, an identification algorithm for hinge joint damage of simply supported slab bridges was proposed based on the modified hinge plate method (MHPM) and artificial bee colony (ABC) algorithms. The MHPM was presented by introducing relative displacement as a damage factor to simulate hinge joint damage, which can achieve the acquisition of lateral load distribution for intact and damaged slab bridges. Four kinds of ABC algorithms were used to realize the identification of damage severity of hinge joints, which were compared with GA and PSO. Hinged bridges composed of four and seven slabs and comparisons with the methods in References [19,20] were studied as numerical examples to account for the feasibility and effectiveness of the proposed method.




2. Methods


2.1. Traditional Hinge Plate Method


Slabs at the loading positions deform and other slabs appear to have corresponding deflections, when a hinge slab bridge is subjected to vehicle load. However, the transverse deformation of a single slab is so tiny that it can be negligible. Live load is distributed to every slab because of the internal forces of hinge joints, which include the vertical shear g(x), lateral bending moment m(x), longitudinal shear t(x), and normal force n(x). The height and stiffness of tongue and groove are so weak that other internal forces have little influence compared with vertical shear. Hence, tongue and groove are assumed to be a hinge joint, which only transfer the vertical shear g(x). Meanwhile, the ratio of internal forces, deformations, and distributed loads between slabs should meet the relations expressed in Equation (1):


ωi(x)ωj(x)=Mi(x)Mj(x)=Qi(x)Qj(x)=Pi(x)Pj(x)=constant,



(1)




where ω(x), M(x), Q(x), and P(x) are the deflection, bending moment, shear, and distributed load, respectively; i and j represent slab numbers in the range of {1, 2, …, n}, n is the number of slabs.



If the load patterns are concentrated or uniform, relationships of Equation (1) will not be satisfied. Whereas, use of a half-wave sinusoidal load with a peak value p0, as shown in Figure 2, can harmonize the ratio, which is another assumption for hinge plate method [42].



There are n-1 hinge joints in the bridge composed of n slabs, which means there are n-1 unknown hinge joint forces (namely the vertical shear g(x)). If the whole hinge forces g(x) are solved, the distributed loads on each slab can be obtained according to the principle of balance, which can be used to calculate the influence line vertical value of LLD. According to the location of external load, the calculation form can be divided into two categories. When the external load is located on the side slabs (namely slab 1 or slab n), LLD can be defined by Equations (2) and (3). Equation (4) is used for the case of load placed on internal slabs.


{η11=p11=1−g1ηi1=pi1=gi−1−gi 2≤i≤n−1,ηn1=pn1=gn−1



(2)






{η1n=p1n=g1ηin=pin=gi−gi−1 2≤i≤n−1,ηnn=pnn=1−gn−1



(3)






{η1j=p1j=g1ηij=pij=gi−gi−1ηjj=pjj=1−gj−1−gjηkj=pkj=gk−1−gkηnj=pnj=gn {2≤i≤j−1j+1≤k≤n−2,



(4)




where pij and ηij represent the distributed load and LLD influence line vertical value of the ith slab with the external load located at the jth one, respectively; gi is the vertical shear at ith hinge joint.



For statically indeterminate problem with n − 1 unknown forces, it can be solved by two conditions. One is the basic system (shown in Figure 3) whose hinge joints are cut. Others are the deformation compatibility conditions that the relative vertical displacements of two adjacent slabs at hinge joints are zeros. Therefore, n − 1 canonical equations can be obtained and described as Equation (5):


{δ11g1+δ12g2+⋯+δ1,n−1gn−1+δ1p=0δ21g1+δ22g2+⋯+δ2,n−1gn−1+δ2p=0⋮⋮⋱⋮⋮⋮δn−1,1g1+δn−1,2g2+⋯+δn−1,n−1gn−1+δn−1,p=0,



(5)




where δij is the relative vertical displacement at the ith hinge joint when unit sinusoidal joint force is applied in the jth joint; δip is the displacement caused by external load p.



Here, an equivalent treatment was conducted that the unit sinusoidal joint force was decomposed into a central force and a sinusoidal torque. It is supposed that ω is the deflection of slab caused by central force and φ is the angle caused by sinusoidal torque. The symbol regulation: when δik and gi are in the same direction, the sign is positive; on the contrary, it is negative. So the deflections of two side slabs are ω+(b/2)φ and ω−(b/2)φ, and the overall δij and δip can be determined through the basic system expressed in Equations (6)–(8):


{δii=ωi+bi2φi+ωi+1+bi+12φi+1δi,i+1=δi+1,i=−(ωi+1−bi+12φi+1)δothers=0 1≤i≤n−1 ,



(6)






{δip=−ωi i=1,nδjp=0 1≤j≤n j≠i ,



(7)






{δi−1,p=δip=−ωi 2≤i≤n−1δjp=0 1≤j≤n j≠i≠i−1 ,



(8)




where ωi(x)=pl4π4EiIisinπxl, φi(x)=pbil22π2GiITisinπxl; l is the span of the hinge slab bridge; bi, Ei, Gi, Ii and ITi represent the cross section width, elastic modulus, shear modulus, bending moment of inertia and torsional moment of inertia of the ith slab, respectively.




2.2. Modified Hinge Plate Method


The strength of hinge joint is weaker than other parts of the bridge, which will be damaged firstly. Consequently, there must be some changes in vertical shear transfer by the hinges. Right-side value of canonical equation represents the relative displacement of two adjacent slabs at the hinge, which is zero for the intact bridge. When the hinge joint damage occurs, the relative displacement can be regarded as damage indicator (shown in Figure 4), which is nonzero and proportional to the degree of damage. μ is the degree of damage in the range of [0, 1]. For the general case, the indicator can be expressed as Equation (9):


Δ=μi×(δip+δi,j×gj),



(9)




where μi is the damage factor of the ith hinge joint; δip, δi,j and gj have the same meanings with that of Equation (5) except the subscript j, which represents the hinge number closed to the ith joint at the side of external load.



If μ equals 1, it demonstrates the hinge is damaged, which cannot transfer the distributed load any more. At this condition, the displacement is described as Δ=1×(δip+δi,j×gj). It should be noticed that the displacement of No. 1 joint will be expressed as Δ=μ1×δ1p when the load is located on No. 1 slab. The principle is the same with No. (n − 1) joint when the load is placed on the side slab No. n.



Here, we assume the hinge joint damage case is [μ1,μ2,⋯,μn−1], which depicts the damage degrees for the whole hinge joints. When the external load is placed on slab 1, slab i (the arbitrary internal slab) and slab n, the canonical equations will be redefined as Equations (10)–(12). Table 1 shows the calculation flow for LLD of the hinged-slab bridge under damage conditions.


{δ1,1g1+δ1,2g2+⋯+δ1,n−1gn−1+δ1,p=μ1δ1,p⋮⋮⋱⋮⋮⋮δi−1,1g1+δi−1,2g2+⋯+δi−1,n−1gn−1+δi−1,p=μi−1(δi−1,p+δi−1,i−2gi−2)δi,1g1+δi,2g2+⋯+δi,n−1gn−1+δi,p=μi(δi,p+δi,i−1gi−1)⋮⋮⋱⋮⋮⋮δn−1,1g1+ δn−1,2g2+⋯+ δn−1,n−1gn−1+ δn−1,p=μn−1(δn−1,p+δn−1,n−2gn−2),



(10)






{δ1,1g1+δ1,2g2+⋯+δ1,n−1gn−1+δ1,p=μ1(δ1,p+δ1,2g2)⋮⋮⋱⋮⋮⋮δi−1,1g1+δi−1,2g2+⋯+δi−1,n−1gn−1+δi−1,p=μi−1(δi−1,p+δi−1,igi)δi,1g1+δi,2g2+⋯+δi,n−1gn−1+δi,p=μi(δi,p+δi,i−1gi−1)⋮⋮⋱⋮⋮⋮δn−1,1g1+ δn−1,2g2+⋯+δn−1,n−1gn−1+δn−1,p=μn−1(δn−1,p+δn−1,n−2gn−2),



(11)






{δ1,1g1+δ1,2g2+⋯+δ1,n−1gn−1+δ1,p=μ1(δ1,p+δ1,2g2)⋮⋮⋱⋮⋮⋮δi−1,1g1+δi−1,2g2+⋯+δi−1,n−1gn−1+δi−1,p=μi−1(δi−1,p+δi−1,igi)δi,1g1+δi,2g2+⋯+δi,n−1gn−1+δi,p=μi(δi,p+δi,i+1gi+1)⋮⋮⋱⋮⋮⋮δn−1,1g1 + δn−1,2g2+⋯+δn−1,n−1gn−1+δn−1,p=μn−1δn−1,p.



(12)








2.3. Artificial Bee Colony (ABC) Algorithm


2.3.1. Original ABC Algorithm


With the aim to solve numerical function optimization, the original ABC, which was designed by Karaboga [33] in 2005, is a modern heuristic algorithm inspired by the cooperative foraging and waggle dance behaviors of honey bee colonies. Solutions are called food sources in ABC, which are explored by employed bees, and the best solutions are stored in their memories. Since each food source is possessed by a unique employed bee, the numbers of employed bees or onlooker bees equals the number of food source positions (solutions). According to the functions of artificial bees in ABC, they can be divided into three categories, namely employed bees, onlooker bees, and scout bees. Correspondingly, the ABC algorithm is composed of four phases, such as the initialization phase, employed bees phase, onlooker bees phase, and scout bees phase.



(1) Initialization phase



At first, basic parameters are initialized, which include the number of food source (BN), the termination criteria (maximum number of iterations and error goal), and the control parameter limit. The dimension D of a solution is equal to the number of hinge joints in this paper. Then, an initial food source (solution) is generated by Equation (13) and the fitness, described as Equation (14), is used to evaluate the quality of the food source.


xij=lbj+(ubj−lbj)⋅rand(0,1),



(13)




where xij is the jth parameter of the ith solution, i=1,2,…,BN, j=1,2,…,D; lbj and ubj are the lower and upper bounds of the jth parameter respectively; rand(0,1) is a uniform distributed real number in the interval between 0 and 1.


fiti={11+f(xi)1+abs(f(xi)) if f(xi)≥0otherwise,



(14)




where fiti represents the fitness of the ith solution; f(xi) is the objective function value of the food solution xi.



(2) Employed bees phase



Artificial employed bees will search the vicinity of its own food source. A new random solution will be found and the better one between two solutions can be reserved according to the greedy selection mechanism. This process is defined as Equation (15):


vij=xij+ψij⋅(xij−xkj),



(15)




where vij is the jth parameter of the ith new solution; xkj is a food source selected randomly in the swarm, and k is not equal to i; ψij is a random number in the range of [−1, 1].



(3) Onlooker bees phase



After employed bees search the food sources, onlooker bees will obtain the nectar information and choose a food source (solution) by its probability pi, which is calculated by Equation (16). In other words, the higher fitness of the food source is, the more onlooker bees will select it to exploit further. The greedy selection mechanism is implemented again to memory the best solution so far.


pi=fiti∑j=1BNfitj.



(16)







(4) Scout bee phase



In this phase, if the counter value of a food source exceeds the control parameter limit, the employed bee will turn to be a scout bee by Equation (13). After obtaining the new food source, the scout bee converts back into an employed bee and the counter is reset to zero. The steps from (2) to (4) will be repeated until one of the termination criteria is met, namely, the error of the solution is lower than the error goal or the number of cycles reaches the maximum number of iteration.




2.3.2. Improved ABC Algorithms


In more than a decade, great achievements have been obtained in the optimization of the ABC algorithm. The ABCG proposed by Xiang et al. [39], ABCLGII developed by Lin et al. [40], and HABCDE defined by Jadon et al. [41] have been proven to possess more favorable performance than other improved ABC algorithms in aspects of calculation accuracy, robustness, and convergence rate. Therefore, the original ABC and three improved algorithms (ABCG, ABCLGII, and HABCDE) are selected as the damage identification algorithms to estimate which one is the most suitable for the proposed strategy in this study. The specific parameters of ABCG, ABCLGII, and HABCDE shown in Table 2 can be seen in the literature [39,40,41].





2.4. Methodology


The basic algorithms for the hinge damage identification algorithm have been described in detail. In conclusion, the overall steps of the proposed algorithm are presented as follows:

	
Firstly, each slab deflection of hinged bridges are measured through a static experiment with external loads and the corresponding parameters of the bridge should be obtained;



	
Secondly, the actual LLD influence line can be calculated by the deflections in the first step;



	
Thirdly, we can generate an ABC model, of which the objective function is the Euclidean distance between the actual LLD influence line and the one calculated by the MHPM method;



	
Lastly, we can search the solution with the best fitness by original or improved ABC algorithm, and the best solution is the identified hinge joint damage degree and location of the hinged-slab bridge.










3. Results and Discussion


3.1. Lateral Load Distribution Evaluation Based on Modified Hinge Plate Method


Simply supported slab bridges composed of four and seven slabs were selected as the research objects in this study, whose cross-section form of a single slab was rectangular. The sizes of width and height were 1 m and 0.6 m, respectively. The span of the bridge was 12 m, and the material properties of elements were elastic modulus E = 3.5 × 1010 Pa, Poisson’s ratio μ = 0.2, density ρ = 2500 kg/m3. The finite element model was established by ANSYS 14.0 and composed through SOLID 65 element. A general hinge joint mode is shown in Figure 5a. For the convenience of analysis, the hinge joint was simplified as shown Figure 5b. The spring element COMBIN 7 was selected to simulate the damage through reduction of spring stiffness, which is depicted in Figure 5c. Here, an undamaged hinge joint was considered to have infinite stiffness, while the spring stiffness with damage extent μi could be calculated by Equation (17). It should be noted that all numerical computations and algorithm programs were implemented in MATLAB 2014b and run on a Core i5-6500 personal computer with Windows 7 system, 3.20 GHz CPU and 8 GB RAM Memory.


ki=giμi(δi,p+δi,jgj)×0.5,



(17)




where ki is the spring stiffness.



The deflections of each slab at mid-span cross section can be calculated based on finite element simulation. According to the statics calculating procedure of LLD, it can be obtained by:


ηki=ωki∑j=1nωji,



(18)




where ωki is deflection of the kth slab at mid-span cross-section when the external load is located at mid-span of the ith slab.



The efficiency and accuracy of MHPM were verified by comparing its results with those calculated through FEM. Damage cases of hinge joints for simply supported bridges with four and seven slabs (as shown in Figure 6) are listed in Table 3 and Table 4, respectively. Corresponding LLD influence lines of overall cases were shown in Figure 7 and Figure 8. In the figures, MHPM and FEM represent two methods, while D and U mean the hinge joint was damaged and undamaged, respectively.



As can be seen from Figure 7 and Figure 8, LLD influence lines computed by MHPM were consistent with the results obtained through FEM. Compared with FEM, which was taken as the benchmark method, the relative error of LLD for a single slab calculated by MHPM did not exceed 1.9%. It demonstrates the correctness of MHPM proposed in this paper. In the case of single hinge joint damage, namely cases 1, 2, 5, and 6, cross phenomena of LLD influence lines between damaged and undamaged cases coincided with results found in the literature [18]. With respect to the multiple damaged location cases (cases 3, 4, 7, 8), in which there was still one cross point, multiple damaged hinge joints cannot be identified through the cross phenomena merely. How to identify the damage degree and location quantitatively needs to be investigated furtherly.



To evaluate the effects of hinge joint damage degree on the LLD of simply supported slab bridges, different damage conditions of hinge joints were discussed. Lateral load distribution for simply supported bridge with four and seven slabs under single and multiple hinge joint damage conditions are illustrated in Figure 9 and Figure 10, respectively. It can be found from the results that the offset degrees of LLDs for damaged bridges are proportional to damage degrees. The greater the damage degrees are, the more severe the distortions are present. It indicates that the offset rate of LLD can realize the qualitive assessment of hinge joint damage.




3.2. Damage Severity Identification of Hinge Joint Based on Artificial Bee Colony


3.2.1. Damage Identification Process


Damage identification is formulated as an optimization problem in the ABC algorithm. By this way, Euclidean distance between the actual measured LLD influence line and the result calculated by MHPM is defined as the objective function, which is expressed in Equation (19). Meanwhile, the function can be used to evaluate the error of damage identification. The smaller the objective function value is, the more precise the damage identification result is. In consequence, the error goal was set to be 10−20. If the error of damage identification result was less than the error goal, the algorithm will be terminated immediately; otherwise, it runs until the maximum number of iterations. To be specific, the flowchart of damage identification for a hinged-slab bridge is shown in Figure 11.


f=∑i=1n(ηi,jI−ηi,jA)2,



(19)




where ηi,jI and ηi,jA represent the identified and actual ith vertical value of LLD influence line of slab j, respectively.



In ABC, ABCG, ABCLGII, and HABCDE algorithms, basic parameters are chosen to be the same, so that a fair comparison can be made. Damage identification accuracy will be improved with the increase of bee colony size, but it will also greatly increase the time cost of the calculation process [28,29]. According to the literature [21,33,34,35], the bee colony size BN, which is equal to the number of food sources, is set to be 50 in all calculations. The control parameter limit is limit = BN × D [29], where D is introduced in Section 3.1. And the maximum number of iterations is set to be 500. As for the parameters of GA and PSO, the crossover and mutation probabilities of GA are 0.7 and 0.05. The inertia weight and two acceleration coefficients in PSO are 0.5, 1.5, and 2.5, respectively. The specific theory and process of GA and PSO can be seen in References [43,44].




3.2.2. Numerical Simulations


For damage severity assessment of hinge joint damage in simply supported bridges with four slabs, LLD influence lines for damage cases listed in Table 3 were first obtained and listed in Table 5. Iteration processes for damage identification using ABC algorithms, GA, and PSO were illustrated in Figure 12. Corresponding identification results and time costs are listed in Table 6 and Table 7.



As can be seen from the results, ABC, ABCG, ABCLGII, and HABCDE presented favorable identification accuracies for all damage cases of hinge joints. Particle swarm optimization also possessed good precision except in case 3 (multiple damages for joints 1 and 2). The relative errors for slabs 2 and 3 in case 3 were 8.2% and 6.0%, respectively. The GA presented the worst identification results among these methods. As for calculation speed, PSO possessed the lowest time cost. Among the ABC algorithms, ABCLGII presented the most favorable efficiency.



A simply supported hinged-slab bridge composed of seven slabs was also adopted as the numerical analysis example. Under the damage cases of Table 4, the LLD influence lines calculated by MHPM were shown in Table 8. After the damage identification calculated by the proposed method, the iteration process and damage condition results based on ABC algorithms, GA, and PSO are described in Figure 13 and Table 9 and Table 10.



As shown in Figure 13, damage identification based on ABCLGII had the fastest convergence rate among the ABC algorithms. It could converge after 100 iterations from case 1 to case 3, while the convergence rate decreased to 180 cycles for case 4, which is a more complicated damage condition. The HABCDE algorithm ranked only second to the ABCLGII in terms of convergence rate. With the complexity of damage conditions increased, its convergence rate decreased from 200 to 400 iterations. As for the other two algorithms, the convergence rate of ABCG was unstable. The original ABC algorithm had the worst performance, which converged after almost 500 iterations in all damage cases. In the aspect of calculation error, the three improved ABC algorithms had similar performances, of which the error was approximately 5 × 10−10. But in the last case, ABCG had a maximum error of 4.72 × 10−6. The original ABC algorithm error fluctuated within a range of 1.79 × 10−9 and 9.68 × 10−7. The time cost of the damage identification algorithm based on ABCLGII and HABCDE did not exceed 70 s for 500 iterations, while that of the others needed 10 to 15 min.



As can be seen from Table 9, the relative error of a single hinge joint damage level was no more than 2 × 10−5, while those of case 1 to case 3 were much less than this value. It demonstrates that the damage identification method based on MHPM and original or improved ABC algorithms can successfully identify the location and degree of hinge joint damage, which has favorable applicability and accuracy. Taking into consideration the convergence rate, identification accuracy, and time cost, the ABCLGII algorithm is more suitable for the damage identification method proposed in this paper.



Comparations with PSO and GA were also conducted. Particle swarm optimization presented favorable convergence speed and identification accuracy for most of the damage cases except case 4 (multiple damages for joints 1, 2, 4, and 5). In this case, the identification results of PSO were unacceptable. As for GA, it presented the most unsatisfactory results among these methods.



In order to verify the applicability of the proposed damage identification method in this article, we compared the damage identification results for several cases of Table 3 and Table 4 (as shown in Table 11), which were calculated by the algorithms in this article and References [19,20], respectively. The error in Table 11 was computed by Equation (19).



As can be seen from Table 11, the proposed algorithm in this paper has zero error, which means it has the best performance for damage identification. Although some undamaged hinge joints were identified as damage through the method of this paper; the identified damage was less than 3.035 × 10−9 and we have reasons to confirm they are intact. The identification errors of other methods in the literature [19,20] revealed that these two methods cannot identify the damage location and extent exactly, and the errors rise with the actual damage degree increase. For cases 2 and 7, both of the methods even have wrong diagnoses. Through comparative analysis, it verifies the feasibility and correctness of the proposed method once more.



In this paper, the damage identification method based on ABCLGII has better performance than other ABC algorithms, but the time cost (from 50 to 70 s for the damage cases) is still high for the damage cases with 500 iterations. And from Table 7 and Table 10, we can obtain that the more complicated the damage condition is, the higher the time cost will be. The hinge joint damage condition is usually more complicated for real engineering problems. As a result, time cost could be a barrier for the proposed method. It should be noticed that the damage identification algorithm is based on LLD influence lines. If we want to analyze hinge joint damage conditions of simply supported hinged-slab bridges, the LLD influence line measured and calculated by field experiment must be acquired first. Although the principle of field experiment is simple, it is time-consuming and is costly, which is a disadvantage for the proposed algorithm in this article.






4. Conclusions


In this study, a damage identification algorithm based on a modified hinged plate method and improved artificial bee colony algorithms was proposed to identify the hinged joint damage of simply supported hinged-slab bridges. The following conclusions were obtained:

	(1)

	
The damage factor through substitution of a relative displacement into the canonical equations can realize the simulation of hinge joint damage. The lateral load distribution influence line calculated by modified hinge plate method coincided with the result computed by the finite element method. The maximum error of damage cases in this study by modified hinge plate method was less than 1.9%.




	(2)

	
Hinge joint damage can lead to cross phenomenon of lateral load distribution influence lines, which is suitable for the damage localization of hinged-slab bridges with single hinge damage. Moreover, the offset degree of lateral load distribution influence line is proportional to damage degrees, which can realize the qualitative assessment of hinge damage. However, cross phenomenon is not effective to identify the damage location with multiple hinge damages.




	(3)

	
Original and improved artificial bee colony algorithms successfully identified the location and degree of hinge joint damages, of which the maximum error did not exceed 4.72 × 10−6. Based on ABCLGII and HABCDE, the algorithms had the lowest time cost (less than 70 s). Moreover, ABCLGII converged after 100 iterations approximately, while the others did not. So ABCLGII is the most suitable for the proposed damage identification algorithm among artificial bee colony algorithms in this work.




	(4)

	
The results of comparison with particle swarm optimization and genetic algorithm revealed that both PSO and GA converged after 100 iterations at most and the time costs of them were no more than 30 s, which presented satisfactory convergence speed and time cost. However, the accuracy of damage identification algorithm based on PSO was not stable; namely, the minimum and maximum errors were 1 × 10−9 for single damage condition and 0.028 for multiple hinge damages, respectively. As for GA, its error fluctuated between 0.0005 and 0.022, which demonstrated it had the most unsatisfactory identification results among these methods.




	(5)

	
It demonstrated again that the proposed algorithm was accurate through comparison with methods in the literature [19,20]. The former algorithm had zero error while the latter ones had larger errors ranging from 0.003 to 0.164. Even the latter algorithms identified the damage degree and location improperly.









The proposed algorithm presents good performances for hinge joint damage identification, but there are still some barriers for it, such as the computation time of the algorithm and the cost and efficiency of field experiment. In the future, the damage identification algorithm should be improved to reduce the high time cost. Furthermore, we will present a new field experiment method, which can measure the LLD influence line effectively and economically, as well as verify the performance of the proposed algorithm in actual engineering.
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Figure 1. Hinge joint damage on a simply supported slab bridge. 
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Figure 2. The force diagram of simply supported hinged-slab bridge. 
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Figure 3. The basic system for shear analysis: (a) unit external force loaded on side slab; (b) unit external force loaded on internal slab. 
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Figure 4. Illustration of the damage factor for ith hinge. 
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Figure 5. Illustration of hinge joint forms: (a) general cross-sections of the hinge joint; (b) simplified hinge joint; (c) hinge joint simulation in finite element method (FEM). 
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Figure 6. FEM of simply supported slab bridge: (a) composed of four slabs; (b) composed of seven slabs. 
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Figure 7. LLD influence lines under damage and intact cases of 4-slab bridge: (a) case 1: slab 1; (b) case 1: slab 3; (c) case 2: slab 2; (d) case 2: slab 4; (e) case 3: slab 2; (f) case 3: slab 3; (g) case 4: slab 1; (h) case 4: slab 2. 
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Figure 8. LLD influence lines under damage and intact cases of 7-slab bridge: (a) case 5: slab 1; (b) case 5: slab 4; (c) case 6: slab 2; (d) case 6: slab 5; (e) case 7: slab 1; (f) case 7: slab 3; (g) case 8: slab 4; (h) case 8: slab 7. 
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Figure 9. LLDs for a simply supported bridge with 4 slabs under different damage conditions: (a) LLD of slab 1 with hinge joint 1 damage; (b) LLD of slab 3 with hinge joints 2 and 3 damages. 
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Figure 10. LLDs for a simply supported bridge with 7 slabs under different damage conditions: (a) LLD of slab 1 with hinge joint 1 damage; (b) LLD of slab 4 with hinge joints 2, 3, and 5 damages. 
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Figure 11. The flowchart of damage identification of hinge joint damage based on the artificial bee colony (ABC) algorithm. 
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Figure 12. Iteration process of damage identification for cases 1 to 4: (a) case 1: slab 1; (b) case 1: slab 3; (c) case 2: slab 2; (d) case 2: slab 4; (e) case 3: slab 2; (f) case 3: slab 3; (g) case 4: slab 1; (h) case 4: slab 2. 
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Figure 13. Iteration process of damage identification for Case 5 to Case 8: (a) case 5: slab 1; (b) case 5: slab 4; (c) case 6: slab 2; (d) case 6: slab 5; (e) case 7: slab 1; (f) case 7: slab 3; (g) case 4: slab 4; (h) case 4: slab 7. 
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Table 1. Pseudo-code of modified hinged plate method.






Table 1. Pseudo-code of modified hinged plate method.





	
Algorithm: The load lateral distribution influence line




	
Input: the number of slabs: n; Young’s modulus vector: E; the slab number to be calculated: SN




	
the three-dimensional geometry parameter of slab: l, b, h; the damage condition of hinged joints: μ




	
01

	
Calculate ωi and φi through the illustration of Equation (8)




	
02

	
for FP = 1: n




	
03

	
 switch FP




	
04

	
   case 1




	
05

	
    Calculate δij and δip by Equations (6) and (7), respectively




	
06

	
    Calculate the relative displacement through the right side of Equation (10)




	
07

	
    Solve Equation (10) and obtain g = [g1, …, gi, …, gn−1]




	
08

	
    Calculate the load lateral distribution vertical value by Equation (2)




	
09

	
   case n




	
10

	
    Calculate δij and δip by Equations (6) and (7), respectively




	
11

	
    Calculate the relative displacement through the right side of Equation (12)




	
12

	
    Solve Equation (12) and obtain g = [g1, …, gi, …, gn−1]




	
13

	
    Calculate the load lateral distribution vertical value by Equation (3)




	
14

	
   otherwise




	
15

	
    Calculate δij and δip by Equations (6) and (8), respectively




	
16

	
    Calculate the relative displacement through the right side of Equation (11)




	
17

	
    Solve Equation (11) and obtain g = [g1, …, gi, …, gn−1]




	
18

	
    Calculate the lateral load distribution vertical value by Equation (4)




	
19

	
 end switch




	
20

	
 Memory the objective lateral load distribution vertical value ηSN,FP




	
21

	
end for




	
Output: The load lateral distribution influence line of Slab SN: [ηSN,1,⋯,ηSN,i,⋯,ηSN,n]











[image: Table]





Table 2. Optimization parameters values.






Table 2. Optimization parameters values.





	Algorithms
	The Parameter Values





	ABCG 1
	G=0.1; ε=2−52; α=0.95; β=0.15; δ=0.95; ξ=0.98



	ABCLGII 2
	r=2; q=0.2; Pstr=0.5



	HABCDE 3
	C=1; CR=0.6; F=0.5







1 An improved artificial bee colony algorithm based on the gravity model; 2 A novel artificial bee colony algorithm with local and global information interaction; 3 A hybrid artificial bee colony with differential evolution.
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