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Abstract: In order to resolve the safety problem of the existing crane runway gir-
ders (CRGs) with defects, the constraint-based R6 criterion is proposed to assess
their structural integrity. The existing steel CRGs with defects at the weld joint
between the upper flange and web plate, are characterized to three-dimensional
finite element models with a semi-ellipse surface crack. The R6 criterion has been
modified by considering the constraint effect which is represented by T-stress. The
analysis results illustrate that working condition of the cracked CRGs leads to
high constraint level along the crack front. The crack aspect ratio (a/c) and run-
way eccentricity (e) have significant influence on the integrity of the cracked
CRGs. The integrity assessment results based on modified constraint-based R6
failure criterion enable to more effectively protect the cracked CRGs from brittle
fracture failure.
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1 Introduction

Fracture has been recognized as the elemental failure form of steel structures [1-4]. The research of the
American Society of Civil Engineers showed that 80-90% of the failures in steel structures are related to
fatigue and fracture [5]. The CRGs are the key components of steel structure plants which are subjected
to cyclic loads caused by the periodical and frequent running of the cranes. Researches [6-8] indicated
that failure of the CRGs usually occurs which could result in failure of the whole steel plant and the
fatigue cracks often initiate at the weld joint between the upper flange and web plate of the CRGs. A
steel CRG was detected to be failed due to a surface crack is showed as Fig. 1. In addition, another
potential challenge to the CRGs is the runway eccentricity which could lead to crack initiation and
propagation, even to brittle fracture [9].

Some efforts have been made on the stiffness and strength of CRGs of steel plants. Pi et al. [10] studied
the nonuniform torsion of I-section beams by developing a large twist rotation inelastic model. Kennedy et al.
[11] analyzed the capacity of the truss of steel crane girder system using non-linear incremental finite element
method. Ren et al. [12] analyzed the elastic buckling coefficients of web plates of I-girders under patch load
condition.
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Figure 1: A failed steel CRG due to a surface crack at the weld joint between the upper flange and web plate

Up to now, the majority of researches focus on the fatigue lifetime of the steel CRGs. Liu et al. [13] put
forward an analysis method to predict residual life of in-service steel crane structures by considering the
influence of corrosion condition on fatigue resistance deterioration. Caglayan et al. [14] predicted the
residual fatigue life of existing CRGs of a steel mill using quasi-static load tests and numerical analyses.
Euler et al. [15] put forward local concepts to evaluate the fatigue problem of crane rail welds.
Rettenmeier et al. [16] performed evaluation for fatigue lifetime of CRGs with consideration to the
contribution of multiaxial stress state and the welding residual stresses.

However, fatigue cracks are usually detected in the in-service steel CRGs of the plants, while the
researches are unable to assess the safety condition for the cracked CRGs. For example, the Miner law
could be only used to analyze the fatigue issue of engineering structures without macro cracks [17]. As a
result, although many researches have been performed, the fracture failure problem of the existing
cracked CRGs has not been resolved yet. Therefore, integrity assessments for the existing cracked steel
CRGs of plants using fitness-for-service method are urgently needed. Furthermore, the influence of the
crack aspect ratio (a/c) and runway eccentricity (e¢) on the structural integrity should be studied.

According to the classical liner elastic fracture mechanics, only the singular stress near the crack tip
contributes to the crack tip stress intensity factor K and stress paralleling to the crack plane has no effect
on the K [18, 19]. However, the material fracture toughness may vary with the crack configurations (size
and shape) and applied loading condition, including the stress triaxiality along crack front, which has
been defined as constraint effect. Researches demonstrated that constraint effect has significant influence
on the structural integrity [20, 21]. The stress triaxiality along crack front could be strengthened and the
material fracture toughness be weakened under high constraint level condition. In contrast, the stress
triaxiality could be reduced and the material fracture toughness be improved under the condition with low
constraint level [22, 23].

Therefore, in order to solve the safety problems of existing CRGs with a semi-ellipse surface crack,
constraint-based R6 failure criterion is proposed to assess the structural integrity of the cracked CRGs.
The constraint effect level along crack front of CRGs has been quantified using T-stress and integrity
analyses on cracked CRGs have been performed in which four groups of runway eccentricity (e = 0 mm,
11 mm, 21 mm and 41 mm) and three groups of crack aspect ratios (a/c = 1/2, 1.5/2 and 2/2) have been
studied in the paper.

2 Fracture Theories and Methods

2.1 Theories of Stress Intensity Factor and T-Stress
Irwin [24] put forward the stress intensity factor K to present the crack tip fields which is the function of
applied loading and crack configurations (size, shape and orientation). In a polar coordinate system (7, ) with
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the origin being at crack tip, the full Williams expansion of the stress field in the vicinity of a crack can be
expressed as [25]:

aj = Ar V2£,(0) 4 Bgy(0) + Cr'2h(0) + . .. (1)
where o;; is stress,  is the distance from the crack tip, the functions f;(6), g;(0), h;(6) are functions of a point,

and 4, B and C are the parameters whose magnitude are proportional to the remotely applied load.

T-stress has been equally treated as the stress paralleling to the crack plane which is utilized to quantify
constraint effect in the vicinity of a crack tip. Researches [20, 21] illustrated that positive T-stress value
implies high constraint level and negative T-stress value stands for low constraint level. K-T theory only
considers the first (singular) and second (non-singular) term:

K
i = £:(0) + T1:01; 2
% = 5 i0) + Toudy @

where J;; is Kronecker delta, K; is mode I linear stress intensity factor, 7" is T-stress.

Toshio et al. [26] put forward the interaction integral method to extract the elastic T-stress which is
related to a domain integral / (s):

1 Ou,* Ou; \ Og. Oq
V(s)

where u;" is auxiliary displacement, a,-jL is auxiliary stress, g defines the virtual extension of the crack front
segment and A, is the increase in crack area generated by the virtual crack advance.

Therefore, the expression of T-stress can be obtained as [26]:

- [’;—Sh Ve, (s)] @

where fis the applied point force, v is Poisson’s ratio €;3(s) is the tangential strain at point s in the crack front.

T(s) =

The finite element method enables to calculate the value of K and T-stress based on stress or
displacement distributions around the crack front [27]. In the paper, the values of K and T-stress are
extracted from commercial code ABAQUS directly.

2.2 Constraint-Based R6 Criterion

The R6 failure criterion was proposed by Central Electricity Generating Board (CEGB) of UK and it has
been widely applied to structural integrity assessment using failure assessment diagram (FAD) [28]. The
horizontal and vertical axes of FAD are labeled by L, and K,, respectively. Milne et al. [29] defined two
parameters K, and L, as:

K, = K(P,a)/Kpa )
L. =P/P(a,ay) (6)

where K(P, a) is the linear elastic stress intensity factor, K, is the material fracture resistance, a is crack size,
P represents the magnitude of the applied load, and P;(a, o) is the corresponding magnitude at plastic
collapse for yield stress.

The failure assessment curve (FAC) of R6 has three options and the K, can be expressed as the function
of L,, namely f (L,). The FAC can be obtained using one of the three options of R6, which enables to
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differentiate safe working condition from failure condition. In the FAD, the safe area means that all the points
(K,, L,) in the area lie in the inner of the failure curves [28].

Option 1:
K, =fi(L,) = (1 - 0.14L,2) (0.3 + 0.7 exp(—0.65L,%)) -
Option 2:
-0.5
Egref Lr30

K.=H(L )= —=—"<L y .

=h(L) < Loy 2E8M> ©
Option 3:

J,

K =h(L) =1/ ©)

where £ is Young’s modulus, &,.,is the uniaxial strain at a reference stress and o, is the yield stress, J is
J-integral, J, is elastic J-integral.

The option 1 curve is independent of both material and geometry of structures, which approaches to the
option 2 curve when realistic stress/strain data of parent steel and weld metal is used [30]. Considering the
constraint effect along crack front, the failure assessment curves can be modified as:

K

K —f(L) (K—) (10)

where the K*,,,; denotes the material constraint-dependent fracture toughness value and can be expressed as

[31]:
mar = Kmar[1 + 00(BLy)] (11)

ﬁ—T

oL,

(12)

where the function a, describes the elevation of toughness.

The positive T-stress implies that the material fracture toughness could be weakened and negative
T-stress implies reinforced fracture toughness. The more positive the T-stress causes to the greater
increase of compressive stress triaxiality [20, 21]. Therefore, the following equation can be obtained:

K, . . .
< 1, T—stress is positive

mat
g2 >1, T—stress is negative
mat

Combining Eqgs. (11) and (12) with Eq. (10), the modified option 1 of R6 can be obtained as

K, =£i(L,) = (1-0.14L,)(0.3 4+ 0.7 exp(—0.65L,°)) <1 ) (5» (14)

Oy

In the paper, the R6 failure criterion is modified by considering the constraint effect which is represented
by T-stress. The integrity analysis on the existing CRGs with defects have been performed using the
constraint-based R6 criterion. The technique flow chat of the paper is illustrated as Fig. 2.
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Figure 2: Technique flow chat of the work

3 Models of In-Service CRGs of Steel Plants

3.1 Configurations of Steel CRGs

The CRGs support the crane running on it in the lifetime and a view of the working background of CRGs
of a steel plant is showed as Fig. 3(a). The CRG system can be simply illustrated as Fig. 3(b) and the
configurations of the CRG are showed as Fig. 3(c, d). In the paper, the basic properties of the CRGs are
obtained from the round billet caster of a steel plant which has served for nearly twenty years [32]. The
crane is a soft hook bridge one with sixteen wheels (190t/50t, A7) and the mechanical property and
distribution of wheels of the crane are showed as Tab. 1 and Fig. 4, respectively. Steel Q345 usually has
been made to CRGs for its high strength and the material mechanical properties are listed as Tab. 2.

3.2 Finite Element Models of CRGs with a Semi-Ellipse Surface Crack

In practice, the rail misalignment, crane move and other out-of plane distortions often lead to runway
eccentricity which jeopardizes the integrity of CRGs, even causes brittle fracture [33, 9]. Special attention
should be paid to the horizontal force caused by the swing of cranes. According to China’s code for
design of steel structures, the value of horizontal force acting at each wheel can be expressed as [34]:

Py =oP 15
kmax

where the Py,,,.. is the maximal static wheel load, a is crane property parameter and o = 0.1 in the paper. Note
that all of the Max static wheel load Py,,,.(i) =450 kN (i=1, 2, 3, 4, 5, 6, 7, 8) and the horizontal rail force
P, =45 kN in the later analysis.

In the study, the CRGs are simplified as three-dimensional models which contains only the key features
of the actual CRGs with appropriate assumptions. Therefore, it is assumed that the weld joint between the
upper flange and web plate exists a semi-ellipse surface crack. The three-dimensional numerical
simulation analyses are performed using ABAQUS, and element type 8-node linear brick incompatible
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(a) a steel plant

(b) the simplified CRG system
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Figure 3: Physical model of the CRG

Table 1: The wheel loads of the cranes

Wheel pl p2 p3 p4
Max static wheel load /kN 450 450

Min static wheel load /kN 195 205

pS p6 p7 p8
450 450 450 450 450 450
205 195 190 200 200 190

pl p2 p3 p4 p5 p6  p7 p8
r_Q_Q_Q o 6 0 0

800" 2000 800 4800

30012000 1800 Dimension:mm

Figure 4: Distributions of crane wheels

modes (C3D8]I) is selected for stress analysis. The tie interaction has used to simulate the weld connection
between components, such as the connection between flanges and web plate, stiffening rib and web plate.
By taking advantage of structural symmetry, only half of the CRGs system are simulated. Symmetric
conditions are applied to the two sides of the CRG model and the partial underside of CRG is fixed.
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Table 2: Mechanical properties of steel Q345

Material Yield stress (o,) Elastic modulus (£) Poisson’s ratio (u)
Q345 345 MPa 206 GPa 0.3

Three groups of crack aspect ratios (a/c = 1/2, 1.5/2 and 2/2) under different runway eccentricity have
been analyzed. To be concise, only the finite element model of the cracked CRG with @ =1 mm, ¢ =2 mm is
showed as Fig. 5, including 58682 nodes and 52831 elements. K and T-stress are computed based on the
domain integral by using six contours around the crack tip in this study.

The maximum midspan displacement is usually used to represent the working condition of CRGs. In the
numerical analyses, let the vertical static wheel load P;, =450kN (i=1,2,3,4, 5, 6, 7, 8) and the maximum
midspan displacement has been obtained as 14.5 mm, shown as Fig. 6. Under the same condition, the
measured midspan displacement is 15 mm, including the arch camber [32, 34]. The relative difference
value is 3.33%, which illustrated the developed finite element models for CRGs are reliable.

Y

Figure 5: Finite element model of a cracked CRG

U/mm

+1.449e+01
+1.329e+01
+1.208e+01
+1.087e+01
+9.662e+00
+8.454e+00
+7.246e+00
+6.039e+00
+4.831e+00
+3.623e+00
+2.415e+00
+1.208e+00
+0.000e+00

Figure 6: Displacement of the cracked CR
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4 Numerical Analysis Results of Cracked CRGs

4.1 Distributions of K

The influence of aspect ratio (a/c) and runway eccentricity (e) on the distributions of K along the crack
front have been studied, respectively. The numerical analysis results are showed as Figs. 7 and 8, the
following conclusions can be drawn: The position § = 0° may be the most dangerous position with the
maximum K value; The value of K increases with the increase of the runway eccentricity (e) and/or
aspect ratio (a/c), except a few area with low stress level.

4.2 Analysis Results of Constraint Effect

The constraint effect in the vicinity of crack of the CRGs is represented by T-stress and the influence of
crack aspect ratio and runway eccentricity on the T-stress have been studied, respectively. The numerical
analysis results are showed as Figs. 9 and 10, which enables to draw the following conclusions: The
T-stress value of the crack front almost keeps positive, which illustrates high constraint level along the
crack front; The maximum T-stress value always occurs at the position 8 = 0°, which implies the position
6 = 0° is the dangerous position; The T-stress value at the dangerous position increases with the increase
of the aspect ratio (a/c) and/or runway eccentricity (e).

400 4 runway eccentricity (e), mm 450 ~ runway eccentricity (¢), mm
350 4 e=0 400 - ——e=0
—e =11 —e—e=11
300 { vy =221 350 4 ——e=21
=250 \ e % 300 1 —v—e4l
£ 200l A £ 250
= s
S 150 4 - S 200
100 150
50 1 100 -
O T T T T T T T T T 1 50 T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
o/° or
(a) aspect ratio a/c=0.5 (b) aspect ratio a/c=0.75
450 - runway eccentricity (e), mm
400 4 e=0
——e=l11
350 —a— =21
2 300 4 —v—e=41
g
& 250
=
> 200
150
100
50

0 20 40 60 80 100 120 140 160 180 200
o/°
(c) aspect ratio a/c=1.0

Figure 7: Distributions of K of cracked CRGs with different aspect ratio
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Figure 9: Distributions of T-stress of cracked CRGs with different aspect ratio
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Figure 10: Distributions of T-stress of cracked CRGs subjected to different eccentric loading

5 Integrity Assessment for Cracked CRGs

It can be obtained from the Section 4.1 and Section 4.2 that the position point § = 0° along the crack front

is the dangerous position with maximal value of stress level (K) and constraint level (T-stress). As a result,
fracture failure of cracked CRGs may occur at the area near by the point § = 0°. Therefore, the integrity
assessments on the dangerous position of a series of cracked CRGs have been performed using both R6
criterion and constraint-based R6 criterion in which the influence of the runway eccentricity and crack

aspect ratio on the FACs have been studied, respectively.

The option 1 of constraint-based R6 is used for the integrity assessments for the cracked CRGs. The

expression in its the simplest form is illustrated as the following equation:

K, =fi(L,) = (1 —0.14L,*) (0.3 + 0.7 exp(—0.65L,°) ) (1 — 0.5BL,)

(16)

The maximal and minimum wheel load of the crane are designed and the applied load has to range from the
minimum to maximal. Therefore, in terms of being simple and convenient for the application, make the p, =
P, =450 kN and p ranges from 210 kN to 450 kN.
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The following conclusions can be drawn based on numerical results showed in Fig. 11: the constraint-
based R6 criterion takes the runway eccentricity and crack configuration into consideration and the safe area
in the FAD decreases with the increase of the runway eccentricity; The assessment results based on modified
constraint-based R6 failure criterion enable to more effectively protect the cracked CRGs from brittle fracture
failure. Take the points in Fig. 11(a) whose the horizontal axis L, = 0.71 (P, = 320 kN) as an example, the
relative difference value K, is approximately 34% with the maximum value K,max = 0.88 and minimum
K,min = 0.58.

According to the results showed in the Fig. 12, the following conclusions can be drawn: the safe area
decreases with the increase of the aspect ratio when the length of major semi-axis (c¢) of surface crack is
fixed; The studied three groups of cracked CRGs are in good condition. For example, the most serious
condition happens when the parameters arrive at the critical value, namely a/c = 1 and P,y = P,
showed as the point A (K,4, L,4) in Fig. 12(d). Note that K;c = 1612 MPamm'? and K, = 405
MPa-mm 2. Therefore, the value K., is 0.25 and the critical value is 0.31, which implies that the cracked
CRGs are in good condition.
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o ¢=11 mm with constrait-based R6 —e— ¢=11 mm with constrait-based R6
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Figure 11: Comparisons between FACs with R6 and constraint-based R6
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Figure 12: FADs of CRGs subjected to eccentric loading with constraint-based R6 criterion

6 Conclusions

In order to resolve the safety problem of the existing the cracked steel CRGs, the constraint-based R6
criterion is proposed to assess their structural integrity. Integrity assessments have been performed for a series
of cracked CRGs using both R6 criterion and constraint-based R6 criterion and comparisons have been made
between the two kinds of results. The main conclusions are listed as following:

1. The working condition of the cracked CRGs leads to high constraint level along the crack front which
could lead to stress triaxiality increased and fracture toughness reduced.

2. The constraint level of the cracked CRGs increases with increase of crack aspect ratio (a/c) and/or runway
eccentricity (e).

3. The integrity assessment results based on modified constraint-based R6 failure criterion enable to more
effectively protect the cracked CRGs from brittle fracture failure.

4. The studied CRGs with a surface crack are in good condition. The crack aspect ratio (a/c) and runway
eccentricity (e) have significant influence on the structural integrity of the cracked CRGs.
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