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Abstract: The paper adopts the stress intensity factor (SIF) to carry out the fracture analysis of the box girder structure under complex load cases based on the linear elastic fracture mechanics. The related factors of crack length, crack angle, and load level are investigated emphatically. And the side load as additional impact is also investigated. The effective stress intensity factor (ESIF) and crack growth angle are obtained to evaluate the fracture performance. The results show that the effect of bending and torsion loads can be considered adopting a linear superposition rule. In analysis, the bending load can mainly promote opening fracture, and the torsion load can mainly promote sliding and tearing fracture. The change of inclined crack will cause mutual evolution between the three types of SIFs. But the torsion load has not very sensitive to the crack angles. The additional side load has a great effect on the SIFs (mode-I) along the crack front to make upper surface of deck plate dangerous. It is also found that the ESIFs are very larger at small crack growth angles. These conclusions can provide a feasible way to evaluate the fatigue performance of box girder.
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1 Introduction
The box-shaped thin-walled structure has great strength and stiffness and is widely used in large-scale structural engineering fields such as aerospace engineering, ship and ocean engineering, bridge engineering, cranes, etc. And the incidence of flaws such as cracks is inevitable in their lifetime. When the structure is subjected to external loads (such as bending, torsion loads and side load), its fracture performance has gradually become a concerned problem. Cui et al. (2018) investigated the failure characteristics of two box girder models under the cyclic bending moment. The results indicate that every bending moment may cause the larger deformation, which will reduce the fatigue strength and ultimate bearing capacity of box girder. Hu et al. (2018) discussed the effect of different types crack damage on the large opening box girder under combined loads. The transverse crack has great damage effect on box girder. And they also proposed an interaction equation to predict the ultimate bearing capacity. Irfaee et al. (2019) conducted some researches about mixed-mode fracture for steel twin box girder bridge. They provided a systematic method to evaluate the fracture-critical bridge using the important fatigue fracture parameter (SIF).
Fracture mechanics as the important branch of engineering mechanics can be effectively used to evaluate the failure analysis and fatigue strength of engineering structures (Li et al., 2007). Stress 
intensity factor (SIF) is used to consider as an important parameter for assessing the fracture failure 
Nomenclature
Keff				Effective stress intensity factor
KI				Opening stress intensity factor
KII				Sliding stress intensity factor
KIII				Tearing stress intensity factor
a				Width of box girder
b				Length of box girder
h				Depth of box girder 
t				Thickness of box girder
h0				Transverse frame height
d				Transverse frame spacing
t0				Thickness frame thickness
E				Elastic modulus
v				Poisson′s ration
θ				Crack angle
θ0 				Crack growth angle
2c/a				The ratio between crack length and width
M				Bending load
T				Torsion load
Ps				Side load
of structures. Currently, the finite element method for calculating SIFs has been used in many studies. Displacement extrapolation method (Xuan et al., 2006; Awang et al., 2018), interaction integration method (Chen et al., 2018; Hou et al., 2018), and extended finite element method (Pang et al., 2016; Benvenuti et al., 2017) have been widely used. These methods play a major role in predicting stress intensity factors accurately. As we all known, the two-dimensional ideal hypothesis analysis may be insufficient to meet the actual needs. In more engineering mechanics problem, there is a significant problem in fracture mechanics involving “true” three-dimensional nature (Ayhan et al., 2019). Dai et al. (2011) analyzed the three-dimensional crack shape for fatigue crack growth, and investigated the crack growth rate along the thickness direction. They found that the crack growth rate of crack faces is almost equal near center region of specimen. Xu et al. (2016) carried out experiment and finite element analysis on 300Mn steel MT test specimens for aircraft landing gear. The results indicate that the thickness has a certain effect on the SIFs. These researches are mainly mode-I three-dimensional fracture. But engineering structures are mostly composite fractures rather than single fracture modes. Therefore, it is very meaningful to investigate the three-dimensional composite cracks (Khan et al., 2013). There are three types of fracture modes, namely mode-I, mode-II, and mode-III (Anderson, 2005). Mode-I means that the applied load is normal to the crack plane and the crack is in an open state. Mode-II refers to the in-plane shear mode, which tends to make one crack surface slide relative to the other. Mode-III corresponds to out-of-plane shear. The mixed mode can be any two or a combination of the three above modes. Many scholars have conducted a series of scientific studies on various aspects about mixed mode fractures. In experimental investigations, Ayatollahi et al. (2009) used the diagonally loaded square plate specimen to conduct the mixed mode I/II fracture tests. They found the results obtained in the tests have an agreement with the mixed mode fracture theories. Rahman et al., (2013) studied the mixed mode I/III by improved CT specimen. With the increase of initial angle and crack length, KI decrease while KIII increases, and the effect of KII is negligible for this specimen. Demir et al. (2019) adopted a new experimental test system to further investigate the mixed mode-I/II/III fracture. And they also proposed a new improved mixed fracture criterion. In FEM investigations, Li et al. (2011) carried out a three-dimensional inclined crack analysis on MCTS specimens, and analyzed the variation law of three different modes of SIF in the thickness direction, namely KI, KII, and KIII. The results show that the area near the free surfaces on both sides is easy to appear instability expansion. Kotousov et al. (2013) found the redistribution of stress on the free surfaces and Poisson′s ratio can cause the additional fracture modes under shear or anti-plane loading. The main reason is that the shear or anti-plane loading generates a coupled three-dimensional anti-plane and shear singular stress state. Of course, a value of SIF is also needed to indicate the comprehensive the fracture driving force in the non-planar expansion. Ling et al. (2017) and Choi et al. (2009) thought the effective stress intensity factor (ESIF) can well represent the mixed mode fracture in three-dimensional state. In complex loads investigations, Zhang et al. (2015) investigated the SIFs in round bars under the combined bending and torsion loadings. The results present that three types SIFs of surface cracks may be linearly superimposed. Fu et al. (2017) used the combined J integral and three-dimensional finite element method to predict SIFs for inclined external surface cracks in pips under axial tension and bending load. They found that three types of SIFs (KI, KII, KIII) increase with the increase of relative depth for inclined angles (15°～90°). When inclined angle is small than 45°, the tearing fracture (mode III) is mainly dominant. In predicting crack propagation investigations, He et al. (2015; 2015; 2016) developed a fatigue crack growth program (FCG-System) combined some studies such as stress intensity factor theory, crack growth angle, maximum circumferential stress criterion, crack growth rate and so on. The method was used to predict structure fatigue life under mixed mode facture by conducting the fracture analysis of structure from the aspect of crack propagation path, crack propagation life, load type etc.        
The discussed studies show that the fracture analysis of box girder with crack damage still involves less, and many studies still focus on the residual ultimate strength analyses. An analysis model similar to this paper has been established to investigate the residual ultimate strength of box girder with crack damage under torsion loading, but they do not further study fatigue fracture of structure (Shi et al., 2012). The aim of this paper is to study the fracture analysis of box girder under complex cases combined fracture mechanics. Due to the complex of load conditions and crack geometries, all three modes of fracture take place at the crack front (Shahani et al.,2007). Therefore, the main objective of the paper is to analyze the effect of these cases on three different modes of SIFs. Based on the linear elastic fracture mechanics, the principle of superposition is applicable to evaluate the combined effects. Finally, the crack growth angle is also calculated to conduct crack propagation analysis for box girder. These findings have certain scientific significance and also provide important guiding significance for evaluating the fracture strength of box girder structure.
2 Finite element analysis
2.1 Geometric model and material properties
A steel box girder model with transverse frame is designed to carry out the fracture analysis, and the effect of initial distortion and welding residual stress is not considered. The dimension details of the model are shown in Table 1. Considering the box girder mostly bears bending and torsion loads in actual cases, this paper mainly studies the cases such as bending load, torsion load and combined loads. But the related research (CCS, 2007) also shows that in addition to bearing bending and torsion load, side load also has a certain influence on fracture analysis of box girder. Therefore, a simple side load form as additional effect in this paper is also investigated. The materials of box girder are assumed to be homogeneous, isotropic, and linear elastic, as shown in Table 1.
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Fig. 1 Geometric model 
Table 1 The dimension and material properties of box girder
	Description 
	Value

	Width, a
	100mm

	Length, b
	200mm

	Depth, h
	100mm

	Plate thickness, t
	3mm

	Transverse frame height, h0
	10mm

	Transverse frame spacing, d
	100mm

	Transverse frame thickness, t0
	3mm

	Crack length, 2c / a
	0.1~0.6

	Crack angle, θ
Elastic modulus
Poisson′s ratio
	0°~90°
206GPa
0.3


2.2 Finite element model and boundary conditions
In this study, ANSYS is used to establish the box girder model with the element type 20-node hexahedral elements solid186. The solid 186 can well simulate the three-dimensional crack fracture and has been widely used in many researches. This element type is high order solid structural, which can simulate irregular mesh well. In addition, the calculated results obtained by the 20-node singular element are more stable and reliable (Chen et al., 2010). For the meshing, the singular elements with the mid-side nodes displaced to the quarter-point positions are adopted to simulate the crack tip singularity. Then the region near the crack tip adopts a fine mesh and gradually transits to a sparse mesh. 
The details of boundary conditions are shown in Fig. 2. On the back end, the three degrees in the displacement direction are fixed, Ux= Uy= Uz=0. The front end establishes a rigid region by the MPC coupling the independent reference nodes and other nodes from the front end in three dis placement degrees. The independent reference nodes located in the center of the front end. In the subsequent finite element analysis, the bending and the torsion loads M (My), T (Mx) are applied on the independent node. And the uniform side load PS is applied on two side plate. 
[image: ]
Fig. 2 Finite element model and boundary condition
2.2 Varication of mesh convergence for different parameters

Considering this work mainly studies the existence of cracks on deck plate, the mesh of deck plate has a certain effect on calculated results. To ensure the accuracy of the mesh, the related influence coefficients similar to the literature (Chen et al., 2010) are considered in this section, as shown in Fig.3. It is found that the impact of the different value of α and on the calculation results may be ignored. And the effect of singular elements on results tends to converge when L0 is great than 0.05mm. For the effect of number of element layers, the Fig. 3(b) shows that the different curves away from the free surface are almost close. But these curves near the free face have only slight difference. Considering the computing time and result reliability, the details of reasonable mesh parameters are determined in Table 2.  
Table 2 The mesh parameters
	Description of mesh parameters
	Value

	Number of element layers along the thickness direction, n
	4

	The angle around the crack tip, α
	22.5°

	
Number of layers around crack tip, 
	8

	The size of singular elements, L0
	0.05mm
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(a) The value of the number of element layers 

   
 (b) The effect of the number of element layers 
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 (c) The value of the angle around the crack tip

   
 (d) The effect of the crack tip angle 
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 (e) The value of the number of layers around the crack tip

   
 (f) The effect of the number of layers around the crack tip 
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(g) The value of the singular elements around the crack tip

  
 (h) The effect of the singular elements around the crack tip
Fig. 3 The effect of related mesh parameters on SIFs
2.3 Thickness effect
The analysis of SIFs in the three-dimensional state needs to consider the effect of thickness effect (Shahani et al., 2007). It can be seen form Fig. 4(a) for SIFs that there is a thickness effect. Different types of SIFs have different changes for thickness effect under bending and torsion loads, respectively. KI conforms to the change law of "tunnel effect" (Zhao et al., 2019), but the changes of KII and KIII have some differences. The figures show that the change curve of KII along the thickness direction is "dented" and reaches maximum value near the free surfaces. And the change curve of KIII is antisymmetric, it also reaches maximum value near the free surface, but is zero at the thickness center. Various SIF values are obtained along the thickness direction at each crack increment from Fig. 4(b), but only one SIF value is used to evaluate the fracture performance. The related literatures adopted an averaging method to express the SIF (Seo et al., 2002; Irfaee et al., 2019). And the equation used in this paper is defined as follows:

                        (1)
The crack propagation includes the combined effect of opening fracture (KI), sliding fracture (KII) and tearing fracture (KIII). Different fracture modes have a dominant effect at different stages. So, the effective stress intensity factor Keff (ESIF) is needed to express the integrated fracture stage. The ESIF is expressed as follow (Deng et al., 2015; Ismail et al., 2011):

                        (2)

         [image: ]
 (a) The change of K along the thickness direction      (b) Crack growth state of the KI
Fig. 4 The distribution of SIFs along the crack front
2.4 The validity of finite element calculation method

The SIFs of box girder is rarely touched under bending and torsion loads in current researches. To ensure the validity of the finite element calculation method of extracting the SIF, the paper investigates stress intensity factor for a plate with a center crack under tension load. As shown in Fig. 5, the dimension details of the model are: a1=100mm, b1=200m, 2c1/a1=0.1～0.3. The material model parameters are: E = 2.06 × 105MPa, v = 0.3. And the model adopts the same division criteria as section 2.2. The tension load =50MPa is applied on the upper end of the model, and a fixed support is applied on the lower end of the model.
As shown in table 3, this paper compares the calculation results with formula solutions obtained by literature (Anderson, 2005). It is found that the SIFs of two ends near the free surface (z / t = ± 0.5) are close to the formula solution, but the finite element solutions are slightly larger than the formula solution at the center of thickness. The main reason is that the constraints at the free surfaces near two ends are small and close to plane stress, and the formula solution is also based on the plane stress, so the results have little difference. But under the center of thickness, the constraint is large and close to the plane strain, so the result is slightly greater than the formula solution. In addition, the table 3 indicates that the Keff are very close to the SIF obtained by the formula. Generally speaking, it can be considered that the model and finite element method of extracting SIF in the paper is very reliable and reasonable. So, it is not difficult to infer that this calculation method is also applicable to assess SIFs for the box girder under other loads. 
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(a) Geometric model                      (b) Finite element model
Fig .5 The plate with crack damage
Table 3 The difference of results between FEM and literature (tension load)  
	2c / a
	z / t
	SIFs (FEM)
 (MPa·mm^1/2)
	SIFs (Anderson, 2005)
(MPa·mm^1/2)
	ESIFs (Eq. 4)
(MPa·mm^1/2)
	Difference
(%)

	0.1
	-0.5
	200.28
	199.3
	/
	0.49

	
	0
	210.11
	199.3
	/
	5.42

	
	0.5
	200.28
	199.3
	/
	0.49

	
	/
	/
	199.3
	206.17
	3.45

	0.2
	-0.5
	287.81
	287.03
	/
	0.27

	
	0
	303.84
	287.03
	/
	5.86

	
	0.5
	287.84
	287.03
	/
	0.28

	
	/
	/
	287.03
	297.29
	3.57

	0.3
	-0.5
	363.65
	362.87
	/
	0.21

	
	0
	384.68
	362.87
	/
	6.01

	
	0.5
	363.65
	362.87
	/
	0.21

	
	/
	/
	362.87
	376.05
	3.63


3 Numerical results and analysis
In this section, a series finite element fracture analyses of box girder are studied under single load or combined loads. The influence factors such as crack type, load level, load type and combined load ratio are analyzed. The bending load, torsion load or side load will cause different degrees of deformation from Fig. 6. And the single deformation or combined deformation have a great effect of fatigue fracture performance for box girder.
[image: ] [image: ] [image: ]
(a) Bending deformation        (b) Torsion deformation       (c) Side deformation
Fig. 6 The deformation under different loads
3.1 The effect of bending load
3.1.1 The effect of bending load level
The Fig. 7 shows the variation law of SIFs at the crack tip with different bending loads (M=2.91×106～1.164×107 N·mm). The results show that fracture mode is mainly opening fracture (mode-I) when the box girder is subjected to bending load. It can be seen from Fig. 7 that the KI (Keff) will increase with the increase of crack length under the bending load. And the growth rate of KI (Keff) gradually increases as the bending load increases. 


Fig.7 The change curve of KI (Keff)
3.1.2 The effect of crack angle
This paper discusses the variation law of SIFs for the bending load M=5.82×106N·mm with different crack angles (θ=0°～90°). The analysis indicate that the box girder is mixed mode-I/II/III fracture under inclined cracks. 


The Fig. 8 show the change curves of KI, KII, KIII, and Keff, respectively. When the crack angle range is , KI shows a downward trend, while KII and KIII show an increasing trend. It may be considered that the fracture mode gradually evolves from opening fracture to sliding fracture and tearing fracture. But when the crack angle range is , KI continues to decrease, while KII, KIII also start to decrease from the highest point, which indicates that the larger crack angle can prevent crack growth. The Fig. 8(d) shows that the box girder is not easy to break with the increased crack angle. In addition, the decreased rate of Keff is gradually larger when the crack angle increases. 


      
       (a) The change curve of KI                 (b) The change curve of KII   


            
           (c) The change curve of KIII               (d) The change curve of Keff  
Fig. 8 The effect of crack angle under the bending load
3.2 The effect of torsion load
3.2.1 The effect of torsion load level
The Fig. 9 shows the variation law of SIFs at the crack tip with different torsion loads (T=2.91×106～1.164×107 N·mm). The results show that the box girder is mixed mode-II/III fractures. And the changes law of KII and KIII along the thickness direction consistent with Fig. 4(a). It can be considered that instability expansion easily occurs near the free surface under the effect of torsion load. 
As shown in Fig. 9(a), when the torsion load and crack length increase, KII and KIII also gradually increase, and their change trends are similar. The larger torsion load and crack length can also promote the growth rate of KII and KIII. In addition, the failure mode is sliding fracture and tearing fracture, but sliding fracture plays a leading role. In a whole, the increased torsion load can promote the box girder to damage from Fig. 9(b).


     
(a) The change curve of KII and KIII                (b) The change curve of Keff
Fig. 9 The box girder with transverse crack damage under the torsion load
3.2.2 The effect of crack angle


This paper discusses the variation law of SIFs for torsion load T=5.82×106N·mm with different crack angles (θ=0°～90°). It can be found from Fig. 10 (a), (b), (c) that the changes of KI, KII, and KIII have some differences. When the crack angle range is , KI gradually increases to the maximum value, while KII and KIII gradually decrease to zero. These may be considered that opening fracture gradually plays a dominant role in the fracture mode, while sliding fracture and tearing fracture gradually weaken to disappear. And this change is more obvious under the longer crack length. When the crack angle range is , the changes appear to be different. It can be found from the figures that the sliding and tearing fractures gradually increase, while the opening fractures gradually begin to weaken. Therefore, we can infer that the fracture mode of box girder with crack angle θ=45° is mainly opening fracture. But under transverse crack and longitudinal crack, the fracture mode of box girder is mainly sliding and tearing fracture. The effect of crack angle on box girder is not obvious under torsion load according to the change law of Keff. Only under the case of larger crack length and crack angle, the Keff will appear slight downtrend.   


           
(a) The change curve of KI                     (b) The change curve of KII


       
(c) The change curve of KIII                    (d) The change curve of Keff
Fig. 10 The box girder with inclined crack damage under the torsion load
3.3 The effect of additional side load
3.3.1 The effect on bending load 
The side load on the side plate of box girder as additional case has a certain effect on the box girder under bending load. A simple uniform side load form (Ps= 0.5～2MPa) is chosen to be applied. It can be seen from Fig.11 that the existence of side load can largely change the distribution of KI values along the thickness direction. With the increase of the side load, the upper surface of deck plate will be easy to damage. This response may change the fact that the crack of thickness center first to expand under bending load. And the different change curve of KI will cross at one point near the center of thickness. The side load may increase the KI enhancing the probability of fracture to some degree, and this effect will gradually be obvious with the increase of crack length or load level. 
When the deck plate of box girder exists inclined cracks, the side load will also change the distribution of KI along the thickness direction. At the same time, it can promote the KII and KIII to some degree all the time. Generally speaking, the deck plate with inclined cracks may be relatively easy to break with the side load form the Fig. 11 (d).
	
	




    
(a) The side loads effect on thickness                 (b) The change of Keff (θ=0°) 
effect (θ=0°)                        


     
(c) The side loads effect on thickness            (d) The change of Keff with inclined cracks
effect (θ=30°)
Fig. 11 The effect of side load on the side plate of box girder (2c / a=0.3, M=5.82×106N·mm)
3.3.2 The effect on torsion load  
The side load has different effect on side plate of box girder under torsion load compared to bending load. The side load on side plate only causes the change of opening fracture for deck plate under transverse crack, and has almost no effect on sliding and tearing fracture, as shown in Fig. 12(a), (b). The side load has a great effect on the distribution of KI along the thickness direction from the Fig. 12(a). It is inferred that the upper surface of deck plate is also very more dangerous than lower surface. But the Keff only have a slight increase with the increased side load. 
When the deck plate exists the inclined cracks, the effect of side load on KI is same as transverse crack from Fig. 12(c). At the same time, it may decrease the KII and KIII to some degree which is different from the bending load. In a whole, the side load produces little effect on the Keff under inclined cracks from Fig. 12(d).    


    
(a) The side loads effect on thickness for KI   (b) The side loads effect on thickness for KII and KIII
              (θ=0°)                                     (θ=0°)


      
(c) The change curve of K (θ=30°)                (d) The change curve of Keff
Fig. 12 The effect of side load on the side plate of box girder (2c/a=0.3, T=5820000N·mm)
3.3 The effect of combined loads
3.3.1 The effect of transverse cracks
The combined deformation produced by combined loads can cause a certain effect on SIFs. So, this paper studies the effect of on SIFs with the different combined loads (M: T = 1: 0, 1: 1, 1: 2, 1: 3, 2: 1, 3: 1, 0: 1, Where: M: T=1: 1=2.91×106: 2.91×106) under transverse crack. The increased bending moment and torque will increase bending and torsion deformation of box girder to a certain extent, which can influence the change of SIFs. Under combined bending and torsion loads, the box girder is mainly mixed mode-I/II/III fractures. The Table 4 shows that the three types of SIFs under combined loads can be obtained adopting the linear superposition rule. This is main reason that under transverse crack, the bending load can is mainly to promote the structure to occur opening fracture (KI), and the torsion load is mainly to promote the structure to occur sliding fracture (KII) and tearing fracture (KIII).
The Keff adopted in this work represent the value of overall fracture driving force under combined loads. The Fig. 13 shows that the Keff increases with the increase of crack length and load ratio. And the effect of increased bending load is greater than the increased torsion load. According to the principle of superposition, the Keff under combined loads can be defined as:

             (3)
Where: KI-M, KII-M and KIII-M represent the SIFs under bending load, respectively. And KI-T, KII-T and KIII-T represent the SIFs under torsion load, respectively.
Table 4 The effect of transverse cracks
	K
	2c / a
	M: T

	
	
	1:0
	1:1
	1:2
	1:3
	2:1
	3:1
	0:1

	KI
	0.1
	323.9
	323.9
	323.9
	323.9
	647.8
	971.7
	0

	
	0.2
	461.51
	461.51
	461.51
	461.51
	923.03
	1384.55
	0

	
	0.3
	571.87
	571.87
	571.87
	571.87
	1143.74
	1715.6
	0

	
	0.4
	671.61
	671.61
	671.61
	671.61
	1343.21
	2014.84
	0

	
	0.5
	768.5
	768.5
	768.5
	768.5
	1536.98
	2305.48
	0

	KII
	0.1
	0
	213.53
	427.07
	640.6
	213.53
	213.53
	213.53

	
	0.2
	0
	306.68
	613.35
	920.03
	306.68
	306.68
	306.68

	
	0.3
	0
	385.54
	771.07
	1156.61
	385.54
	385.54
	385.54

	
	0.4
	0
	462.96
	925.91
	1388.88
	462.96
	462.96
	462.96

	
	0.5
	0
	547.29
	1094.58
	1641.86
	547.29
	547.29
	547.29

	KIII
	0.1
	0
	40.32
	80.64
	120.95
	40.32
	40.32
	40.32

	
	0.2
	0
	58.76
	117.52
	176.28
	58.76
	58.76
	58.76

	
	0.3
	0
	74.1
	148.2
	222.31
	74.1
	74.1
	74.1

	
	0.4
	0
	89.03
	178.05
	267.08
	89.03
	89.03
	89.03

	
	0.5
	0
	105.17
	210.34
	315.5
	105.17
	105.17
	105.17




Fig. 13 The change curve of Keff (2c / a=0.3)
3.3.2 The effect of inclined cracks

This paper studies the effect of different crack angles () on the fracture analysis of box girder under combined loads. The bending load and torsion load can promote mixed mode-I/II/III fractures because of the existence of inclined cracks, respectively. The combined effect produced by the effects of combined loads for SIFs may be also linearly superposed under the condition of inclined cracks from the Table 5. 
When the combined loads proportion M: T=1: 1, KI has a slight increase firstly and then decreases gradually with the increase of the crack angle, while KII and KIII decrease firstly and then increase gradually. When the bending load proportion increases, KI decreases gradually as the crack angle increases, while KII and KIII gradually increase and reach the maximum value at θ = 60°, and then gradually decrease. But when the torsion load proportion increases, KI increases firstly and then decreases with the increase of crack angle, while KII and KIII decrease firstly and then increase gradually. It is found that three types of SIFs have complex mutual evolution with the increase of crack angles. 
The Fig. 14 shows the change law of the Keff under different combined cases. The presence of torsion load can reduce the effect of crack angles on the box girder. Especially when there is only torsion load, the effect of crack angles can be almost be ignored. When the bending load proportion is great than torsion load, the effect of crack angles will be very obvious. The fracture performance of box girder represented by the Keff is gradually decreasing with the increase of crack angles. On the contrary, when the torsion load proportion is great, the Keff only shows the slight downtrend under larger crack angles. In addition, as the crack angle is approximately 47°, the Keff may be cross at one point when the combined loads ratio is anti-symmetric (for example, anti-symmetric load ratio: M:T=1:0 and M:T=0:1; M:T=1:2 and M:T=2:1; M:T=1:3 and M:T=3:1).
Table 5 The effect of inclined cracks
	K
	θ (°)
	M: T

	
	
	1:0
	1:1
	1:2
	1:3
	2:1
	3:1
	0:1

	KI
	15
	535.29
	728.5
	921.72
	1114.95
	1263.78
	1799.07
	193.23

	
	30
	433.97
	769.96
	1105.98
	1441.99
	1203.94
	1637.90
	336.02

	
	45
	292.5
	682.4
	1072.31
	1462.23
	974.88
	1267.37
	389.93

	
	60
	147.73
	485.85
	825.98
	1165.11
	634.57
	782.29
	339.14

	
	75
	39.91
	236.23
	432.58
	628.94
	276.11
	316
	196.36

	KII
	15
	140.03
	195.1
	530.24
	865.38
	55.08
	84.98
	335.14

	
	30
	244.85
	48.31
	148.26
	344.81
	293.15
	538.0
	196.55

	
	45
	286.18
	280.9
	275.63
	270.37
	567.07
	853.25
	5.27

	
	60
	250.61
	438.52
	626.43
	814.34
	689.12
	939.73
	187.91

	
	75
	145.79
	476.12
	806.46
	1136.79
	621.91
	767.7
	330.33

	KIII
	15
	27.98
	36.11
	100.16
	164.22
	8.38
	20.05
	64.06

	
	30
	48.92
	12.72
	24.25
	60.6
	61.5
	110.40
	36.46

	
	45
	57.18
	58.96
	60.8
	62.7
	116.12
	173.29
	2.69

	
	60
	50.07
	90.35
	130.64
	170.94
	140.41
	190.49
	40.31

	
	75
	29.13
	97.8
	166.48
	235.16
	126.92
	156.05
	68.68




Fig. 14 The change curve of Keff (2c / a=0.3)
3.3.3 The effect of side load
The side load on the side plate of box girder can produce mixed mode I/II/III fractures under inclined cracks which is more complex than the cases of transverse cracks. In this section, the inclined cracks and anti-symmetric load ratios are chosen to study the function of side load under combined loads. The effect of side load has slight obvious influence on the larger proportion bending load relative to the larger proportion torsion load, as shown in Fig. 15. But on the whole, the side load has slight effect on fracture driving force.


Fig. 15 The effect of side load (2c / a=0.3)
3.4 The crack growth angle analysis 
Under complexed loads or inclined cracks, there is mixed modes including all three fracture modes along the crack front. The crack growth direction is an important parameter to determine the crack growth. 
In this work, the results of mode III (KIII) are very small and can be even negligible under combined loads. To facilitate the fracture analysis, the work mainly considers the contribution of mode I and mode II to predict the crack growth angles. Based on this assumption, the maximum circumferential stress criterion is applicable to carry out the analysis (He et al., 2015; Fu et al., 2017) for Isotropic elastic material. So, the crack growth angles θ0 can be defined as:

                           (4)
Then, the crack growth angles can be determined by solving the eq. 4. And the θ0 can be expressed as:

                    (5) 
Where: θ0 is great than zero, the crack extends in anticlockwise direction; θ0 is small than zero, the crack extends in clockwise direction, as shown in Fig. 16. 
To facilitate analysis, the paper only studies the one of crack growth state around the crack tip (KI>0, KII>0). The Fig. 17 show that the initial crack angle and crack growth angle have a certain relationship. Under the bending and torsion loads, the crack growth angle will decrease with the initial crack angle in larger proportion bending load. But when torsion load is larger proportion, the crack growth angle will increase, and then gradually decrease. Combined the results of Fig. 15 and Fig. 17, it can be found that the smaller crack propagation angle θ0 is, the greater ESIFs (Keff) is. When the side load is added, the produced effect has a slight difference on ESIFs. In addition, when the initial crack angle is larger, the crack growth angle will gradually tend to be identical.

[image: ]    
Fig. 16 crack growth state         Fig. 17 The relationship between initial crack angle and crack growth angle
4 Conclusion
This paper carries out the fracture analysis of box girder by investigating the stress intensity factor under complex loads and crack geometries. During this research, the following conclusions can be drawn:
(1) Under bending load, the fracture mode of box girder with transverse crack is mainly opening fracture. When there is the existence of inclined cracks, the fracture mode is mainly mixed mode-I/II/III fractures. In general, the fracture driving force represented by Keff is decreasing with the increase of crack angles which indicates the case of transverse crack is very dangerous.
(2) Under torsion load, the fracture mode of box girder with transverse crack is mainly sliding fracture and tearing fracture. When there is the existence of inclined cracks, the fracture mode is mainly mixed mode-I/II/III fractures. But in a whole, the torsion load is not sensitive to the crack angles. And only in the case of the larger crack length and crack angle, the torsion load may produce small reduction for the fracture driving force.
(3) The side load has great effect on the distribution of SIFs (mode-I) along the thickness direction. It can make the upper surface of deck plate very dangerous. And the effect of side load on bending load is greater than torsion load.
(4) Under combined loads, the effect produced by the combined loads for three types of SIFs may be also linearly superposed. The effect of increased bending load proportion on Keff is greater than the increased torsion. And the existence of torsion load may reduce the effect of inclined cracks. When the two combined load ratios are anti-symmetric, the two fracture driving forces is identical about θ≈47°.
(5) The crack growth angle increases with the increase of the initial crack angle under the larger proportional bending load of combined loads. But under the larger proportional torsion load, the crack growth angle may reach peak value about 30° to 45°.   
(6) There is a certain relationship between the crack propagation angle and the ESIF. Combined the variation law between the initial crack angle and ESIFs, it can be found that the ESIFs are very larger when the crack growth angle is small.
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