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Chapter 1 Introduction 

 

1.1. Background  

1.1.1. Social background 

Steels have played important roles to support human lives for a long time. Even in modern 

civilizations, steels have also been applied to various fields including automobiles, buildings, and 

so on. Especially, large scale structures such as ships and pressure vessels of power plants are 

usually composed of steels in spite of expansion of usage of other materials such as aluminum 

and CFRP because of the lower costs and usability of steels. In order to support the large steel 

structures which become larger and larger, thicker steels with higher strength have been developed. 

For example, the size of container ships (Fig. 1-1) has rapidly become larger and larger [1,2] as 

shown in Fig. 1-2 because of rapid expansion of world trade using marine transportation as shown 

in Fig. 1-3. Therefore, the steels employed have become thicker and stronger to follow the trend 

of the container ship sizes shown in Fig. 1-4 [3]. Because container ships have a characteristic 

cross section whose roof is open shown in Fig. 1-5 [4], thicker steels with higher strength and 

thicker thickness are likely to be used for large size container ships [5]. Because recently, 

container ships become larger than 20,000TEU at most, extremely thick steel plates are frequently 

used for such large size container ships. Considering that the container transportation is expected 

to increase in the future [6], the upsizing of the container ships is also expected to continue from 

now on. 

In general, thicker and stronger steel plates tend to cause brittle fracture due to high yield stress 

and thicker thickness effect although it is usually paid attention to toughness to develop advanced 

steels. Considering that brittle fracture initiation is governed by so called weakest link theory, 

which means that brittle fracture initiation is probabilistic phenomenon, it is needed to prevent 

the structures from collapsing even when brittle fracture is initiated. Such concept is called as 

double integrity. The amount of damage due to the collapse of a large size container ship is 
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recently enormous [7], to prevent the collapse of the whole structure is meaningful. In addition, 

the recent global warming enables the ships to navigate in the arctic route [8,9], which is severer 

environment in the context of the lower temperature and existence of iceberg, which can be causes 

of brittle fracture. Therefore, the integrity against brittle fracture will be required more in the 

future. 

 

 

Fig. 1-1 Container ship [10] 

 

Fig. 1-2 History of container ship size [1] 
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Fig. 1-3 World seaborne trade volume [11] 

 

Fig. 1-4 Steel thickness and container ship size [3] 
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Fig. 1-5 Cross section of container ship 
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1.1.2. Demands of brittle crack arrest concept 

In order to achieve double integrity of the structures, the capability of brittle crack arrest is 

required. Brittle crack arrest capability has already been introduced to design of large container 

ships as Guideline on Brittle Crack Arrest Design of Nippon Kaiji Kyokai [12] and an 

international standard in International Association of Classification Societies (IACS) [13]. 

Experimental methods to evaluate brittle crack arrest toughness is also proposed and standardized 

for steels used for container ships [14]. 

In addition to container ships, this double integrity based on brittle crack arrest concept is also 

applied in other types of large steel structures. Liquefied Natural Gas (LNG) tanks are one of 

typical structures to employ double integrity concept. Following a catastrophic accident of LNG 

tank in United States in 1944 and Liquid Propane Gas tank in Qatar in 1977, double integrity 

becomes an important property of steels used for storages [15]. Especially, because LNG is kept 

under cryogenic condition, brittle fracture risk is higher and specialized steel plates including 

nickel are employed for them [16,17]. Because brittle fracture is also concerned in the case of 

neutron embrittlement and Pressurized Thermal Shock (PTS) events in nuclear power plants [18], 

brittle crack arrest has been studied to assure the safety of pressure vessels of nuclear power plants 

[19–21]. As above discussion noted, demand of double integrity has increased in many fields 

[5,22,23] and some requirement standards have been already established.  

In fact, based on scientific interest and above social demands to consider brittle crack arrest 

concept, a lot of studies have been carried out to contribute to more efficient brittle crack arrest 

concept for a long time. The origin of the studies was located on the famous case of a series of 

accidents of Liberty ships which modern fracture mechanics started from [24]. Afterward, brittle 

crack propagation and arrest behaviors have been one of the most important issues in structural 

integrity of naval architects and other structures and a lot of studies focused on it. Especially, 

these researches were actively carried out for 1950~1990. During the period, although surface 

energy and applied stress were sometimes employed to evaluate crack behaviors in the early stage 

of the period [25–27], stress intensity factor (SIF) was mainly applied to describe brittle crack 

propagation and arrest behaviors in brittle crack arrest experiments of steels [28–31]. During this 

period, a lot of studies were carried out to characterize brittle crack propagation and arrest 

behaviors from the perspective of fracture mechanics. Although they were noted in the past review 

articles such as Ref. [23,32], it is worth noting that those studies showed that there is a unique 

relationship between temperature and brittle crack arrestability as shown in Fig. 1-6 [33]. For 
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example, brittle crack arrest toughness 𝐾ca, which is measured by temperature gradient crack 

arrest test, is a function of reciprocal number of temperature [14]. This relationship between 𝐾ca 

and reciprocal number of temperature is called as Arrhenius plot because the relationship is 

approximated by exponential function. The results obtained from these studies are utilized even 

now. 

 

 

Fig. 1-6 Brittle crack arrest toughness against temperature [33] 

 

Because of the developments of measurement and computational tools, dynamic effects was able 

to be considered to analyze brittle crack propagation and arrest behaviors during the period 

[20,34]. These dynamic approaches mentioned that a unique relationship between crack velocity 

and dynamic stress intensity was observed in brittle crack propagation and arrest behaviors in 

steels [34–36]. This relationship shown in Fig. 1-7 was originally found in the crack propagation 

experiments using brittle elastic media like PMMA [34]. Numerical methods such as finite 

element methods and finite difference methods were essential to analyze these dynamic crack 

behaviors. [20].  
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Fig. 1-7 Dynamic stress intensity factor against crack velocity [36] 

 

A series of studies introduced above could not explain brittle crack propagation and arrest 

behaviors in steels, especially so called Long Brittle Crack Problem. This problem mentioned that 

the SIF at crack arrest in larger specimen was much higher than 𝐾ca  evaluated in normal 

specimen [37]. This finding has been interpreted as saturation of SIF along crack propagation 

[38], but the cause of it has not been clarified. A series of studies indicated that SIF was useful to 

describe brittle crack propagation and arrest behaviors, but it was not a concept to explain it. 

Although, on the other hand, after the late of 1990s, the number of papers on brittle crack arrest 

were relatively small, efforts for structural integrity based on crack arrest concept have been 

carried out. For a recent example, Nippon Kaiji Kyokai presented the required brittle crack 

arrestability of steels employed for large container ships based on the systematic research of brittle 

crack arrest [12]. To achieve such requirement, steel makers have made a lot of efforts to develop 

steel plates with higher crack arrestability. From a series of studies on evaluation of brittle crack 

arrestability, addition of nickel highly improves not only toughness against brittle crack initiation, 

but also brittle crack arrestability of steels [37,39].  

However, they depended heavily on empirical knowledge and lacked theoretical backgrounds. 

Because theoretical mechanism of brittle crack propagation and arrest behaviors are not clear 
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despite of the long history of studies. In particular, in spite of above efforts based on fracture 

mechanics parameters, it has been pointed out that these approaches based on the fracture 

mechanics parameters such as 𝐾 cannot explain brittle crack propagation and arrest behaviors 

in steel although they are convenient parameters to discuss the brittle crack propagation and arrest 

behaviors [40,41]. Because above relationship of 𝐾d and 𝑉 shown in Fig. 1-7 is pointed out to 

depend on loading type and specimen geometries, it is not the universal fracture criterion of brittle 

crack propagation and arrest behaviors [42]. Therefore, it is needed to establish the theory to 

universally explain brittle crack propagation and arrest behaviors to achieve rational design of 

materials and structures in the context of double integrity.  

 

1.1.3. Fundamental concept of brittle crack arrest 

Based on linear elastic fracture mechanics [43], the fundamental concept of brittle crack 

propagation and arrest behavior is expressed as 

𝐾 ≥ 𝐾res: crack propagation 

𝐾 < 𝐾res: arrest 

(1-1) 

where 𝐾 is static stress intensity factor and 𝐾res is static resistance against crack propagation, 

i.e., brittle crack arrest toughness. Although steel is an elastic-viscoplastic solid, it has been 

considered that linear elastic fracture mechanics can be applied because a strain rate near the crack 

tip is much high and the plastic zone is small enough in brittle crack propagation. This concept 

based on stress intensity factor corresponds to concept based on energy release rate. 

On the other hand, dynamic stress intensity factor to represent crack driving force during crack 

propagates is also defined. In linear elastic fracture mechanics, dynamic stress intensity factor 

𝐾d(𝑉) is expressed by multiplication of static stress intensity factor and dynamic coefficient as   

𝐾d(𝑉) = 𝐵(𝑉)𝐾 (1-2) 

where 𝑉 is crack velocity and 𝐵(𝑉) is the coefficient proposed by Broberg [44]. 𝐵(𝑉) is a 

monotonically decreasing function against crack velocity as shown in Fig. 1-8. 𝐵(𝑉) is zero 

when crack velocity is the Rayleigh wave velocity. 
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As noted Section 1.1.3, dynamic stress intensity factor is a monotonically increasing function 

against crack velocity as shown in Fig. 1-7 [36]. Although this concept to represent dynamic 

toughness by using crack velocity was supported by subsequent experiments [45], it was pointed 

out that the relationship depended on specimen configuration shown in Fig. 1-9 [46], temperature 

Fig. 1-10 [34,47,48], and so on. Accordingly, dynamic fracture toughness against crack velocity 

cannot uniformly explain brittle crack propagation and arrest behaviors in steels and it is needed 

to employ other fracture criterion of brittle crack propagation and arrest behaviors in steel. 

 

 

Fig. 1-8 𝐵(𝑉) against crack velocity (material constants are same as those of steels) 

 

 

Fig. 1-9 Dependency of 𝐾d − 𝑉 relationship on specimen geometry [46] 
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Fig. 1-10 Dependency of 𝐾d − 𝑉 relationship on experimental temperature [47] 

 

1.1.4. Local fracture stress criterion 

SIF, 𝐽 , and other parameters express the energy available for the crack propagation from 

macroscopic view. These energy approach have been employed as an indicator of critical 

conditions of fracture mechanics. These approach focuses global fracture mechanics parameters 

and thus is called as global approach. On the other hand, the local stress, strain, or damage in the 

vicinity of the crack tip are also used to judge whether fracture occurs or not [49]. This approach 

is called as local approach and employed to explain fracture phenomena. In particular, brittle 

fracture initiation in steels has been regarded to be governed by the local stress near the crack tip 

based on local approach [50]. This local approach is desirable in the context of the transferability 

from laboratory scale test to the actual engineering structures although the global approach 

parameters frequently depend on the specimen conditions. 

Considering that SIF could not express the critical condition of brittle crack propagation in steels 

as noted in previous sections, local approach was introduced to brittle crack propagation based on 

an analogy of brittle crack propagation to brittle fracture initiation for the first time by Machida 

et al. [40,51] and Aihara et al [52,53]. This approach, which was called as the local fracture stress 

criterion, indicated that the satisfaction of energy balance was just a necessary condition and the 

crack behaviors depended on the crack length. Their simulations based on the local fracture stress 
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criterion showed Arrhenius plot of brittle crack arrest toughness. 

According to the local fracture stress criterion, the fracture criterion is expressed as 

𝜎F = 𝜎𝑦𝑦(𝑟c): continue to propagate 

𝜎F > 𝜎𝑦𝑦(𝑟c): arrest 

(1-3) 

where 𝜎F  is the local fracture stress and 𝜎𝑦𝑦(𝑟c)  is the maximum principal stress at the 

characteristic distance 𝑟c from the crack tip. The local fracture stress was assumed to be the 

material constant. After above work, the local fracture stress criterion has been employed by some 

researches, and especially, the numerical simulation (Fig. 1-11) based on the local fracture stress 

criterion by Shibanuma et al. showed that the Long Brittle Crack Problem can be explained by 

the growth of unbroken shear lip [54,55]. Namely, the long crack can be arrested because SIF 

decreases due to the closure effect of unbroken shear lips. 

 

 

Fig. 1-11 Concept of the simulation model [54] 

 

Although above simulation model indicated that the local fracture stress criterion is the promising 

concept to explain brittle crack propagation and arrest behaviors by considering 3D effect 

appropriately, this simulation model has placed a lot of assumptions which were not based on any 

analyses of actual phenomena and thus it is difficult to say that they were based on the physically 

meaning basis the each phenomenon in the model was appropriately considered. In particular, the 

above model incorporated the local fracture stress criterion and unbroken shear lip growth (3D 
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effect) to explain brittle crack propagation and arrest behaviors. However, these modellings were 

not supported by experiments or numerical analyses and thus it is regarded the above simulation 

did not appropriately reproduce actual phenomena although the model is useful to determine what 

factors should be focused to study brittle crack propagation and arrest behaviors. Especially, the 

local fracture stress identified in the model simulation was thousands MPa, which was much 

higher than values expected from the local fracture stress of cleavage crack initiation in steel.  

Accordingly, it is needed to investigate brittle crack propagation and arrest behaviors in detail 

from the perspective of the local fracture stress criterion. In particular, referring to the above 

conventional simulation model, the local fracture stress and unbroken shear lip are key factors 

which should be examined in this study. Thus, this study carried out comprehensive investigations 

of them. However, as the beginning of this study, recent studies related to brittle crack propagation 

and arrest behaviors will be reviewed thoroughly to clarify the latest findings of brittle crack 

propagation and arrest behaviors in steels because there are no review articles citing recent 

achievements on brittle crack arrest. Although some old studies were cited, the next section 

mainly focused on the studies published in this 20 years. 

 

1.2. Review of recent related researches  

1.2.1. Conventional approach: Stress intensity factor 

Although the local approach is hopeful as a critical criterion of brittle crack propagation and arrest 

behaviors in steel as noted in Section 1.1, stress intensity factor is still employed to characterize 

brittle crack propagation and arrest behaviors due to its convenience to use. In particular, SIF has 

been employed to express the material resistance against brittle crack propagation in steels. 

Recent requirements on brittle crack arrest and standardized methods to evaluate brittle crack 

arrestability were based on stress intensity factor [13,14,56]. As a parameter to represent brittle 

crack arrestability, 𝐾Ia and 𝐾ca are proposed and widely used in engineering applications.  

𝐾ca measured by standard width specimen under temperature gradient condition depends on a 

reciprocal number of absolute temperature [14]. This relationship between the temperature and 

𝐾ca is known to be approximated by exponential function [30]. This relationship has been widely 

known and employed as an indicator to express brittle crack arrestability of steels [26,32,57,58]. 

Nowadays, a series of researches to standardize the evaluation procedure of 𝐾ca was carried out 

[59]. Those studies included investigation of the influences of specimen size, applied stress, the 
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distance between pins, tab plate configurations, and temperature gradient on measured 𝐾ca [60], 

limitation of impact energy for brittle fracture initiation [61–63]. The procedure was standardized 

as WES2815 [14]. One example following the standardized procedure is shown in Fig. 1-12. 

Instead of impact to initiate brittle fracture, double tension system has been sometimes employed 

[64,65]. Although the double tension system, whose specimen is shown in Fig. 1-13, has an 

advantage to exclude impact effect to the crack behaviors, it is not widely used because it is likely 

to cause invalid experiments due to crack deviation or non-occurrence of brittle fracture. 

 

 

Fig. 1-12 Specimen configuration following WES2815 [66] 

 

Fig. 1-13 Double tension test specimen [65] 
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The required brittle crack arrest toughness for large size container ships was also investigated 

experimentally [67,68]. The required toughness was determined by large size model experiments 

simulating actual structures of hatch side coamings and upper deck including welding joint [67] 

as shown in Fig. 1-14. The design stress is applied to the specimen simulating the actual structure 

and the brittle crack runs along the welded bead to enter the joint in the above model experiment. 

The required brittle crack arrest toughness is determined so as not to allow the crack to run through 

the joint. 𝐾ca is also being worked to be associated with the concept of Crack Arrest Temperature 

(CAT) [69]. CAT which was first proposed by Wiesner et al. [70] expresses the temperature that 

the brittle crack with a certain SIF is arrested. Because 𝐾ca is determined against temperature, 

CAT can be associated with 𝐾ca to control the SIF to judge whether the crack is arrested or not. 

The test method of CAT is also studied [71]. In the CAT test, it is needed for the crack to enter the 

test plate when it has a certain value of SIF although the specimen is basically kept isothermal. 

Thus, embrittled zone is made by using embrittle welding or local temperature gradient as shown 

in Fig. 1-15 [71,72]. To use the local temperature gradient is recently developed by An et al. for 

application to shipbuilding steels [73]. 

 

 

Fig. 1-14 Crack arrest test specimen simulating actual ship structure [74] 
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Fig. 1-15 Crack arrest temperature specimen (embrittle welding) [72] 

 

On the other hand, 𝐾IA is measured assuming plain strain (infinite thickness) condition because 

𝐾Ia assumes brittle crack propagates in thickness direction. Compact crack arrest test (CCA) is 

usually used to measure 𝐾Ia [75]. Side groove is processed on CCA specimen shown in Fig. 1-

16 to make it plain strain condition. 𝐾Ia is also expressed as a function of temperature. In some 

cases, 𝐾Ia  is represented by a function of 𝑇arrest − 𝑇ref [76]. 𝑇ref is reference temperature, 

which corresponding to temperature that satisfy a certain material property. For example, 

reference temperature of nil-ductility transition (𝑅𝑇NDT) is used as the reference temperature 

[20,77]. 𝐾Ia is also evaluated based on so called Master curve method [78]. When Master curve 

method is employed, 𝑇ref can be set to the temperature that mean value of 𝐾Ia is 100MPa√m 

according to ASTM E1221 [56,79]. One example to describe master curve approach of brittle 

crack arrest is shown in Fig. 1-17 [79]. Even though the data shown in Fig. 1-17 includes various 

types of steels and some outliers can be found, the master curve can uniformly describe 

temperature dependency of brittle crack arrest toughness data of all steels using 𝑇𝐾1a =

100 MPa√m. This reference temperature concept has been employed to characterize brittle crack 

arrest capability [76,80]. 
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Fig. 1-16 Compact crack arrest test specimen [81] 

 

 

Fig. 1-17 Master curve description of brittle crack arrest toughness [79] 
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Above indicators are used for research of brittle crack arrest phenomena because of its 

convenience to express crack driving force and crack arrest performance. Bouyne et al. used CCA 

tests and thermal shock ring tests to evaluate 𝐾Ia  of 2.5% Cr-1% Mo steel [82]. An et al. 

investigated input heat effect to brittle crack arrest toughness of welded section by using 

temperature gradient crack arrest experiments [57,58].  

 

1.2.2. Alternative method to evaluate brittle crack arrestability 

Because brittle crack arrest tests such as so temperature gradient crack arrest test need a lot of 

time and cost, alternative methods to evaluate brittle crack arrestability were also tried to propose. 

Some of them tried to evaluate brittle crack arrestability directly in small scale tests and 

investigated transferability of small tests to actual scale crack arrestability [83,84]. One of 

difficulties of the small scale tests is connectivity of the evaluated brittle crack arrest toughness 

with full scale crack arrest test such as temperature gradient crack arrest test. For example, three 

point bending test has been a hopeful alternative of temperature gradient test [85], it was pointed 

out that 𝐾ca−3PB, which is brittle crack arrest toughness evaluated in the bending test, did not 

consist with 𝐾ca measured by temperature gradient crack arrest test as shown in Fig. 1-18 [83]. 

CCA test is one of the hopeful method to evaluate 𝐾ca in laboratory scale, but the inconsistency 

was already reported [86]. These inconsistency corresponds to loss of uniqueness of the 𝐾d − 𝑉 

relationship explained in Section 1.1.3. In other words, because SIF cannot express critical 

criterion of brittle crack propagation and arrest behaviors in steel, the evaluated arrest toughness 

expressed by SIF depends on the specimen configurations. Nonetheless, because macroscopic 

approach is convenient, it is used to express apparent crack arrest toughness. 

Although above alternative methods are based on fracture mechanics, other ways to propose the 

alternative method which is not based on fracture mechanics, have been investigated. Conversion 

formula from results obtained from industrial tests such as Charpy impact tests, NRL test and 

Drop Weight Tear Test (DWTT) to brittle crack arrestability were attractive due to the easiness 

and lower cost of the test [87–91]. As the recent study, it was reported that chevron notched 

Charpy test expresses brittle crack arrest toughness better than other Charpy test because the 

energy for brittle fracture initiation is relatively small in chevron notched Charpy test as shown 

in Fig. 1-19 [92]. Okawa et al. analyzed NRL (Naval Research Laboratory) drop weight 

experiments to relate the test results to brittle crack arrest capability because the NRL test results 
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were empirically known to be correlated to brittle crack arrest toughness [93]. Although these 

tests are easy to conduct, because these tests cannot evaluate brittle crack propagation and arrest 

behaviors directly, these tests provide only correlation between the obtained values and brittle 

crack arrest toughness. Therefore, the applicability of the correlation cannot be guaranteed. 

 

Fig. 1-18 Brittle crack arrest toughness evaluated by temperature gradient crack arrest test and 

three point bending test [83] 

 

Fig. 1-19 Correlation between brittle crack arrest toughness and some types of Charpy impact 

test result [92] 
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1.2.3. Numerical methods and modelling 

Along with rapid developments of computers, numerical methods have become important tools 

to study fracture mechanics. Because brittle crack runs too fast to observe precisely, numerical 

methods are essential to study it in particular. Numerical analyses of crack propagation can be 

broadly classified to two types: generation phase analysis and application phase analysis [94]. In 

the former type, crack path and crack velocity are input information and in the latter type, fracture 

critical criterion is input information to predict crack velocity, crack path, and crack arrest event. 

Therefore, the generation phase analysis is used to analyze experimentally obtained crack 

behaviors and the application phase analysis is used to predict crack path and where the crack is 

arrested. 

Although for computational continuous mechanics, finite element method is the most common 

and widely used method, other methods have been proposed to solve fracture mechanics problems 

because finite element method is essentially not good at dealing with discontinuity due to the 

existence of cracks. Peridynamics is a recent example proposed for fracture mechanical analyses 

based on formulation similar to molecular dynamics [95]. This method expresses the continuous 

mechanics by the interaction between particles. Imachi et al. applied peridynamics to dynamic 

crack propagation problems to evaluate dynamic stress intensity factor of a propagating crack in 

brittle media [96]. Discrete element method employs similar expression of solid and it is also 

applied to dynamic fracture mechanics problem [97].. 

Although the above methods were proposed because finite element method (FEM) is not 

necessarily good at dealing with discontinuity due to crack, FEM is widely used in fracture 

mechanics and modified to fracture mechanics analyses. The most basic way to express crack 

propagation in FEM is nodal force release technique [98] and frequently applied to brittle crack 

arrest in steels [20,99]. This nodal force release technique needs a priori crack path. In many cases, 

the crack path consists with symmetry line of the finite element model although double node 

technique is sometimes employed. In generation phase analysis, nodal force release technique is 

convenience because it can easily model the crack behaviors. On the other hand, because the nodal 

force release technique is not suitable for crack path prediction, other method is needed to express 

crack in finite element models in application phase analysis.  

Remeshing technique shown in Fig. 1-20 is one of practical and famous methods to express crack 

path in finite element analyses especially when the crack path is unknown. Although remeshing 
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technique has been mainly applied to fatigue crack propagation, which is static phenomena, this 

technique has been applied to rapid crack propagation in PMMA [100,101]. Nishioka et al. has 

developed moving finite element method, which is a technique similar to remeshing [94,101,102]. 

In this method, the fine mesh zone moves so as to locate the crack tip at the center of the fine 

mesh zone by using delaunay automatic mesh division as shown in Fig. 1-21.  

On the other hand, because how to remesh the finite element model is a troublesome problem, 

other methods without remeshing have been proposed. Extended finite element method (XFEM) 

is a representative method to analyze crack propagation in finite element analysis without 

remeshing [103,104]. This method expresses the crack existence and crack tip singularity in 

elastic solid by the additional degree of freedom called as enrichment as shown in Fig. 1-22. 

XFEM was originally proposed for static crack problems, but it has been applied to rapid crack 

propagation in elastic solids [105,106], and recently employed to analyze brittle crack propagation 

and arrest behaviors in steel [107–109]. These researchers employed XFEM for generation phase 

analysis to evaluate local stresses near the crack tip as well as they carried out application phase 

analysis based on the local fracture stress criterion [107–109]. Fig. 1-23 shows the predicted crack 

path by 2D XFEM using the local fracture stress criterion with the experimental crack path [107].  

However, because the singularity near the crack tip has to be known to provide crack tip 

enrichment in XFEM, the crack tip enrichment cannot be added in the problem in elasto-plastic 

solids. Thus, the study to use only the Heaviside enrichment to express the existence of the crack 

has been also carried out to apply XFEM to elasto-plastic problems [110] although other study 

introduced crack tip enrichment of singularity to the nodes just near the crack tip [111,112] or 

singularity obtained from Ramberg-Osgood exponent to approximate plastic constitutive law was 

employed in elasto-plastic solids [113,114]. The XFEM used for the brittle crack arrest problem 

also employed the elastic singularity enrichment [107]. 

 



 

 

Chapter 1                                       

20 

 

 

Fig. 1-20 Remeshing procedure near the crack tip [100] 

 

 

Fig. 1-21 Moving finite element mesh near the crack tip [102] 
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Fig. 1-22 Enrichment in XFEM [115] 

 

 

Fig. 1-23 Crack path prediction by Prabel et al. [107] 

 

The other method to avoid remeshing to analyze cracks in finite element analyses is mesh 

superposion method [116,117], which is sometimes called as s-version FEM. The advantage of 

this method is to model the crack and the whole body separately as shown in Fig. 1-24. Namely, 

complicated geometry can be reproduced easily in superposition method. This advantage is also 

useful to consider crack growth because the zone near the crack tip can be always fine by moving 

the fine local mesh along the crack growth [118,119]. Therefore, this method is expected to be 

suitable for the local stress evaluation of the rapid crack propagation by moving the fine local 
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mesh along crack growth although it still focused on 2D elastic problem [120]. 

As one of the application phase analysis methods, fracture critical condition is modelled by 

dissipation energy in cohesive method, which is a recently developed numerical methods in 

fracture mechanics [121,122]. Although cohesive method is frequently employed to incorporate 

cohesive tractions due to Dugdale effect or crack tip damages in finite element analysis [123,124], 

it has been also employed in some studies of brittle crack propagation arrest behaviors in steel to 

model energy dissipation [100,125–127]. Although the mesh size is not fine, Pandolfi et al. carried 

out first 3D cohesive analyses considering both brittle fracture and formation of shear lip as shown 

in Fig. 1-25. Valorosso et al. introduced rate dependency of cohesive energy to consider dynamic 

effects to reproduce brittle crack propagation and arrest behavior in steel observed in CT specimen 

[126]. Additionally, Kawabata et al. considered both of the local fracture stress and dissipated 

energy for surface creation in their numerical model by using cohesive FEM [128,129].  

 

 

Fig. 1-24 Mesh superposition method for crack analysis [116] 
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Fig. 1-25 Experimental fracture surface (a) and cohesive method results (b) [125] 

 

Besides above numerical methods to analyze rapid crack propagation problems, modelling 

cleavage crack propagation has been developed. The local fracture stress criterion model proposed 

by Shibanuma et al. is the representative example [54]. Yoshinari et al. proposed macroscopic 

simulation using linear elastic fracture mechanics to examine residual stress and toughness 

distribution effect to brittle crack propagation path [130]. This simulation was applied to 

investigate how the welding condition influenced the crack path and showed the smaller but shift 

caused the transit of the brittle crack between the shifted weld line as shown in Fig. 1-26 [131]. 

This simulation implied that the residual stress is needed to control the crack path in welded part. 

This simulation model was extended to 3D to analyze the influence of 3D distribution of residual 

stress and 3D welding groove [132]. These simulations showed the deviation of brittle crack 

running in welded bead to base metal was caused by toughness distribution of welded metal and 

base metal in addition to the residual stress. 

Although a lot of numerical methods have been developed for fracture mechanics studies, the 

local stress evaluation near the propagating crack tip has been almost ignored. This is because the 

conventional studies mainly considered the fracture mechanics parameters. Thus, it is expected 

to investigate fundamental features of the local stress evaluation in finite element method.  
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Fig. 1-26 Crack path variation due to the length of butt shift [131] 

 

1.2.4. Experimental techniques 

Although numerical methods have been rapidly developed, experimental studies are essential to 

elucidate actual crack behaviors. In particular, high speed measurement tools are recently 

available to observe rapid crack propagation. These tools are mainly used to evaluate crack 

velocity. Strain gauges and crack gauges connected to high speed oscilloscopes are still important 

tools. Time resolution of recent oscilloscopes used for dynamic fracture mechanics studies is 

about 10 MHz [61,133]. This time resolution is generally better than high speed camera, whose 

frame rate is usually smaller than 1M per second [108]. In addition, in steels, because the crack 

front shape is usually tunneling, the high speed camera cannot measure the actual crack 

propagation because it can only observe the specimen surface. Thus, the strain gauge, which 

measure strain transition, is more appropriate to measure the brittle crack propagation behaviors 
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because of the time resolution and accuracy. However, the strain gauges are not useful to 

determine crack path history and high speed camera can be powerful tool to observe the crack 

path history when the crack path is expected to deviate from straight as shown in Fig. 1-27 

[42,109]. In addition, Nakanishi et al. employed high speed camera to observe brittle crack 

propagation in coarse ferrite grains steel specimens and indicated that crack delay when it entered 

grain boundaries [134]. The comparison between strain gauge data and high speed camera images 

indicated the delay of the crack at the grain boundary to work as a resistance against cleavage 

crack propagation. 

 

 

Fig. 1-27 Experimentally obtained brittle crack propagation path [42] 

 

The gauges record voltage history used to determine when the crack propagates just side of the 

gauges. Although because of technical problems caused by noises during recording, it is 

practically difficult to obtain detailed information other than crack velocity from the gauges’ data, 

it was attempted that strain gauges were employed to evaluate accurate strain history or stress 

intensity factor during crack propagation [61,135].  

It is worth noting that because of complexity of steel fracture phenomena, relatively simple 

material, which is basically elastic, brittle, and transparent, has been employed to study fast crack 

propagation and arrest behaviors [136,137]. Although of course, the results obtained from them 

cannot be directly applied to fracture phenomena of steels, they have provided findings useful for 

study of brittle crack propagation and arrest behaviors in steel and contributed to development of 

dynamic fracture mechanics. For the experiments using transparent model materials, high speed 

camera is a powerful tool to understand fast crack propagation and arrest behaviors. An advantage 

of high speed camera is to observe change of a crack path including branch and bent as noted 
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above [94,138]. The gauges are not suitable to clarify crack paths because they can only record 

voltage histories. In addition, stress intensity factors during rapid crack propagation can be 

evaluated experimentally by using high speed camera combined with mirrors and lenses. Shadow 

pattern method and Schlieren technique are famous examples of such techniques [139,140].  

Because of difficulties to observe brittle crack propagation and arrest behaviors during its 

propagation, fractography is an important method to understand the phenomena. Nakano et al. 

carried out X-ray fractography of brittle fracture surfaces obtained by some types of brittle crack 

arrest experiments [45,141]. Their study showed that dynamic stress intensity factor at the crack 

arrest event is almost equal to crack arrest toughness obtained by static calculation. Takashima et 

al. counted the number of micro cracks which formed near the main cleavage fracture surface as 

shown in Fig. 1-28 [142] and pointes that the number of micro cracks was smaller in higher 

temperature. Such micro cracks have been reported to be arrested at twist-type grain boundary or 

in the upper bainite carbide colony in baintic microstructures [143]. The retained austenite near 

brittle fracture surface in 9% Ni steel was evaluated as shown in Fig. 1-29 by Nakanishi et al. to 

evaluate influence of transformation of retained austenite due to brittle crack propagation [144]. 

The study investigated the amount of retained austenite near the fracture surface by using X-ray 

diffraction and pointed that martensite transformation had positive effect for brittle crack arrest 

toughness. 

 

 

Fig. 1-28 Micro cracks beneath the cleavage fracture surface [142] 
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Fig. 1-29 Retained austenite evaluated evaluated by X-ray diffraction [144] 

 

1.2.5. Critical condition of brittle crack propagation and arrest 

behaviors 

The critical condition of brittle crack propagation and arrest behavior still remains controversial 

issue. As noted in Section 1.1.2, Section 1.1.3 and 1.1.4, energy approach, which corresponds to 

stress intensity factor concept, has been employed to represent critical conditions of brittle crack 

propagation and arrest behaviors. Priest calculated energy balance during brittle crack 

propagation including shear lip formation [145]. He also indicated that linear elastic fracture 

mechanics could not predict crack arrest temperature and it was needed to consider plastic work 

due to unbroken shear lips. Cohesive method in finite element analysis is also one of energy 

approach and applied to brittle crack propagation and arrest behaviors by Pandolfi [125] and 

Valorosso [126]. Cohesive finite element analysis was combined with the local fracture stress 

criterion by Kawabata and his coworkers [93,128,129]. This cohesive simulation has been also 

applied to cleavage crack propagation in micro scale, which is the early stage of cleavage fracture 

initiation [146–148]. 

As noted before, after the first proposal of so called local approach based on the local fracture 

stress criterion [40], it was employed as the critical condition by researchers other than Japanese 

researchers. Berdin and her coworkers carried out measurement of the local fracture stress and 

application phase analyses using 3D finite element analyses based on the local fracture stress 

criterion [133,149]. The feature of their studies was to consider temperature dependency of the 

local fracture stress based on nil ductility temperature and Weibull distribution of the local fracture 

stress. Such probability of the local fracture stress made unbroken section in the predicted fracture 
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surface as shown in Fig. 1-30. Jang et al. also made a finite element model based on the local 

fracture stress criterion although the mesh size employed by their model was much larger than the 

characteristic length employed by other studies [150]. The local fracture stress in Jang et al. was 

also assumed to have temperature dependency [150]. 

 

 

Fig. 1-30 Comparison of fracture surfaces obtained by the experiment and predicted by Berdin 

[149] 

 

This assumption of temperature dependency was different from the results obtained by Prabel et 

al.[107], Bousquet et al. [108], and Yang et al. [109]. They introduced the local fracture stress 

criterion to XFEM and tried to predict not only crack arrest position but also crack path [109]. 

They pointed that the local fracture stress depended on strain rate as shown in Fig. 1-31 and did 

not depend on temperature based on their experimental studies using ferritic steels. According to 

them, the difference with Berdin’s result was caused by the difference of employed steels. 

However, if the dependency on strain rate was attributed to formation of tear ridge as noted by 

Yang et al. [109], the local fracture stress should depend on temperature because the dependency 

of yield stresses of tear ridge on temperature and strain rate are generally equivalent [151]. It 

should be pointed out that the local fracture stress at too low strain rate in brittle crack propagation 

in steel was measured in their studies as shown in Fig. 1-31. Furthermore, their results that the 

local fracture stress depended on temperature or strain rate do not correspond to assumption 
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employed in Aihara et al. [51–53] and Shibanuma et al. [54,55]. It is worth noting that the previous 

finite element models based on the local fracture stress have been applied to only the crack arrest cases 

where the arrested crack length is too short (about 10~40 mm). Namely. they these have not yet reached 

to predict the brittle crack arrest toughness of steels although the local fracture stress criterion mode 

developed by Shibanuma et al. can be applied to analyze temperature gradient crack arrest tests. 

 

 

Fig. 1-31 the local fracture stress obtained by Yang et al. [109] 

 

In addition to the characteristics of the local fracture stress, the local stress field in the vicinity of 

the propagating crack tip is also important. Because contrary to linear elastic solids, steels have 

complicated elastic-viscoplastic constitutive laws, the crack tip stress fields are expected to be 

complicated especially for rapid crack propagation. The local stress fields in linear elastic solids 

and relatively simple elastic-plastic solids have been investigated and their characteristics have 

been elucidated. Nishioka and his coworkers analytically solved the higher order terms of 

asymptotic solutions in the elastic local tensile fields [152–155]. In addition, relatively simple 

elastic plastic solids such as linear hardening materials were studied by previous literatures 

[156,157]. The simulation model based on the local fracture stress criterion proposed by Aihara 

et al. and Shibanuma et al. evaluated the local stress using the combination of some asymptotic 

solutions such as the crack tip singularity in linear hardening materials by Achenbach et al. [52–

54,158,159]. Therefore, the identified local fracture stresses were unrealistically high as noted 

Section 1.1.4. In addition, although the simulation models regarded that SIFs, crack velocities, 

temperatures were the factors governing the local tensile stress fields, these governing factors 
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have not been examined yet. Although the brittle crack usually experiences crack velocity 

transitions, the model did not consider such unsteady effects without detail investigations. 

Accordingly, to appropriately model the local tensile stresses, it is required to characterize the 

local tensile stress field. Although it has been attempted to analytically calculate the local tensile 

stress field of the propagating crack tip [156,157,160], the complicated constitutive laws of steels 

are not suitable to analytically calculate the local tensile stress. In addition, the dynamic effect 

including unsteady effect is hard to consider in such analytical methods. 

 

1.2.6. 3D effect 

Although the 3D effect due to shear lip (shown in Fig. 1-32) formations plays an important role 

in brittle crack propagation and arrest behaviors in steels, it has been often ignored in previous 

literatures [76,107–109]. Its importance was pointed out early in Japan. For example, Machida et 

al. mentioned the shear lip formation changed the 𝐾d − 𝑉  relationship of brittle crack 

propagation and arrest behaviors shown in Fig. 1-33 [161,162]. Although a mechanisms of the 

shear lip formation had not been explained, it was explained by the non-uniform distribution of 

the degree of plastic constraint in the thickness direction. In other words, the local fracture stress 

cannot be satisfied in the region where the plastic constraint is weak near the surface. Although 

this was modelled using the distribution of the plastic strain in the thickness direction calculated 

from the 3D finite element analyses in the conventional model [54,55], it was not supported by 

experimentally. The conventional model formulated the shear lip thickness by relating this 

distribution to the plastic zone size assuming small scale yielding according to the previous 

experiments. This formulation led the thicker shear lips when the SIF is higher, which consisted 

with the qualitative knowledge mentioned in the previous study [163]. This tendency is also 

supported by the 3D application phase analysis using cohesive method and the local fracture stress 

criterion which showed the crack front tunneling became remarkable along the crack propagation 

[129]. 

However, although it is therefore needed to qualitatively characterize the shear lip thickness, the 

accurate measurements have not been carried out. Although some literatures measured the shear 

lip thickness, their measurement were carried out only for limited cases [161,162,164]. And, these 

data were unreliable because the methods to measure were not noted.  
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Cleavage surface

Shear lip

 

Fig. 1-32 Shear lip with cleavage surfaces 

 

 

Fig. 1-33 Comparison of 𝐾d − 𝑉 relationships with and without shear lips [161] 

 

In addition to the shear lip formation mechanism, the closure stress of the unbroken shear lips is 

also unclear. The closure stress works to reduce the crack driving force until the unbroken shear 

lips is broken in ductile manner. Although the previous literatures considered the closure stress 

equivalent to the yield stress at high strain rate (103~104 s−1) [54,163,165], such high strain rate 

is hardly expected to actually cause in the unbroken shear lip because such rate is almost equal to 

that near the crack tip. And, although the crack arrest experiments using with and without shear 

lips were carried out to evaluate shear lip effects [166], such comparison is not appropriate to 

quantitatively characterize the closure stress because the crack arrest experiment easily includes 

a lot of scatters. Therefore, the conventional modellings of the closure stress are unrealistic and 

should be modified based on the detail investigations. 
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1.2.7. Crack arrest design 

1.2.7.1. Material design 

In order to develop steels with high crack arrestability, it is needed to relate steel microstructures 

with brittle crack propagation and arrest behavior. To consider cleavage cracking in microscopic 

view, some studies have been conducted by Qiao [167–171], Aihara [172], Snartland [173], and 

Stec [146,174]. However, the works of Qiao and Stec mainly focused on orientation of grains to 

measure the influence of misorientation between the bicrystal relationships (Fig. 1-34). Because 

the cleavage crack propagation related to the brittle crack arrest is generally composed of cleavage 

crack propagation across various grains, their studies just dealt with the latter stage of cleavage 

crack initiation rather than cleavage crack propagation. The work of Snartland et al. was also 

related to cleavage fracture initiation program, and did not focused on the characteristics of brittle 

crack arrest event [173]. Crack propagation in a grain and across neighboring grains was 

experimentally studied to use miniature strain gauges and high speed camera [134,175]. 

 

Fig. 1-34 Bicrystal relationship considered in Qiao and Argon [169] 

 

On the other hand, Aihara and Tanaka considered ductile ligaments between cleavage fracture 

plane of each grains to calculate cleavage plane extension for simulation of cleavage fracture 

surface composed of aggregate of cleavage planes as shown in Fig. 1-35 [172]. Each cleavage 

plane is modelled by each square and the crack propagation is judged by the comparison of SIF 

and critical SIF at each edge of the square. This ligament which is called as tear ridge forms 

between the cleavage planes [176]. This model was applied to Charpy impact test specimen with 

anisotropic microstructures to simulate fracture surface morphology [177].  
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Fig. 1-35 Simulated fracture surface by Aihara and Tanaka [172] 

 

Although cleavage crack initiation process is usually explained by so called multi barrier model, 

where the grain boundary is a main resistance [178], in steels, the energy absorption in cleavage 

crack propagation across various grains is mainly attributed to tear ridge formation 

[109,176,179,180]. Nilson et al. pointed out the energy dissipation due to such ductile ligament 

depended on the crack velocity [180]. Namely, the resistance mechanism of cleavage crack 

propagation is much different from that of cleavage crack initiation.  

The model proposed by Aihara and Tanaka was extended to analyses of macroscopic fracture 

morphology and toughness distributions along thickness direction. The former one was carried 

out to simulate macroscopic chevron pattern found in fracture surface of bending crack arrest tests 

[181]. The latter one was proposed to reproduce a characteristic fracture surface morphology 

called as split nail in steel with inhomogeneous microstructure [182,183]. This model is composed 

of both microscopic model and macroscopic model. In microscopic model, each unit cell 

corresponds to grain. The calculation area is 1 × 1 mm. On the other hand, the unit cell of the 

macroscopic model consists with the calculation area of the microscopic model. Texture and grain 

size are used in the microscopic model and effective surface energy and normal vector of each 

calculation area of the microscopic model are determined by the microscopic model. The 

macroscopic model uses these characteristics of the calculation area to determine macroscopic 

fracture surface morphology and crack arrest positions. This model successfully reproduced the 

characteristic fracture surface called as split nail as shown in Fig. 1-36. The fracture surface 

morphology is considered to be related to energy dissipation and pointed out to be controlled by 
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stress triaxiality [184]. Therefore, to utilize artificial roughness of the surface may be contribute 

to improve brittle crack arrestability. 

 

Fig. 1-36 Macroscopic fracture surface of the experiment and simulation [183] 

 

Split nail fracture surface is usually observed in the brittle fracture of steels with non-uniform 

texture along thickness direction [185]. SIF at the crack tip in the split nail type crack becomes 

smaller than that in the thumb nail type crack and thus the crack is easier to be arrested in the split 

nail type fracture surface as compared by Tsuyama et al. (in Fig. 1-37). 

 

Fig. 1-37 SIF comparison between thumb- and split- nail fracture surface [185] 
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As mentioned above, addition of nickel highly increases brittle crack arrestability of steels and 

thus addition of nickel has been frequently employed to improve brittle crack arrest toughness of 

the steels [186]. However, because such addition makes the rise of steel costs, it has been 

attempted to decrease the rate of addition of nickel [187]. However, to use nickel is undesirable 

from the perspective of the cost and weldability. Thus, other approach of material design to 

improve brittle crack arrest toughness of steels. By controlling texture in Thermo Mechanical 

Control Process (TMCP), improvement of brittle crack arrest toughness has been reported [188]. 

This mechanism was explained by micro sub cracks generated to shield the main crack tip to 

decrease the crack tip stress intensity factor [189]. Such TMCP was also combined with micro-

alloy design to cope with both weldability and higher crack arrest toughness [64]. On the other 

hand, however, it cannot be concluded that the relationship between microstructural feature and 

brittle crack arrest toughness is clear. In particular, the role of grain size, which is the most 

fundamental feature of microstructures, is not clear. In addition, the efforts to reduce the usage of 

nickel was also carried out so as not to decrease the crack arrestability [190]. 

 

1.2.7.2. Structural design 

Because it is practically difficult to use steels with much nickel for naval architects from the 

perspective of economic costs, structural design like T-joint and cross-joint is employed to 

increase brittle crack arrestability in naval architects. Such approach is called as “Structural crack 

arrest”. This structural crack arrest design is used to determine the required brittle crack arrest 

toughness for steel plates used for large container ships [74,191]. Thus, this design is essential to 

provide enough capability of brittle crack arrest to the ships. 

In fact, the crack arrester is usually designed so as to deploy higher steel plates appropriately 

[192,193]. In particular, brittle crack initiating and running on the welded bead was designed to 

be arrested by guiding it to base metal. It was pointed out the distance between the welded bead 

play an important role to appropriately arrest the crack in base metal [131]. This is because the 

welded metal has usually has low toughness than the base metal. Fig. 1-38 is the comparison of 

brittle crack arrest toughness obtained by An et al. [57], which showed that the crack arrest 

toughness in the weld is clearly low. This shift of the welded bead is called as butt shift explained 

in Fig. 1-39. The required distance between the two welded bead was estimated as 300 mm 

according to numerical simulation considering residual stress distribution [131]. And, it is also 



 

 

Chapter 1                                       

36 

 

reported that the appropriate choice of welding metal enables the brittle crack deviate from the 

welded bead and enter the base metal [194]. The factors related to the brittle crack path in welding 

such as the residual stress, mismatch, and toughness distribution depend on not only weld metal 

and welding procedure, but also geometry of welded section [195,196].  

 

Fig. 1-38 Comparison of brittle crack arrest toughness between base metal and weld [57] 

 

 

Fig. 1-39 Butt shift in weld [193] 

 

On the other hand, structural factors have been studied to improve double integrity without high 

performance steels, which usually cost greater money. Crack arrest hole is one of famous 

examples of structural design as a crack arrestor [197,198]. A series of studies by Kanazawa and 
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his coworkers were carried out to investigate various types of crack arrester, including utilization 

of the cross-joint, which was almost same as the structural crack arrest design [38,197,199–203]. 

These studies pointed out that the crack arrester using the cross-joint (called as stiffener type crack 

arrester in Fig. 1-40, which is almost same as the structural crack arrest design) had enough crack 

arrest capability without higher grade steels when the structural configuration was appropriately 

designed [203].  

Recent crack arrest design employs the combined approach. Namely, using butt shift guides the 

crack propagating welded bead to enter the base metal plate, and the structural crack arrest makes 

the required brittle crack arrest toughness of the plate smaller [204]. The structural crack arrest 

design assumes two crack propagation scenarios explained in Fig. 1-41. One is called scenario 1, 

where the brittle crack is initiated in hutch side coaming. The crack is supposed to be arrested in 

the base metal of upper deck in this scenario. One the other hand, in scenario 2, the crack is 

assumed to be initiated in the upper deck, and expected to be arrested in the base metal of the 

hutch side coaming. Generally, the required brittle crack arrest toughness is higher in scenario 2 

than in scenario 1[67]. Although this trend corresponds to the fact that 𝐾ca against the crack 

propagating along thickness direction was higher than 𝐾ca against the crack propagating along 

other direction [205], a lot factors such as residual stress and microstructure distribution are 

related to the difference, and thus what makes the two scenarios different is not clear. 
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Fig. 1-40 stiffener type crack arrester [200] 

 

 

Fig. 1-41 Crack arrest scenario of structural crack arrest design [59] 

 

A series of experimental studies have been carried out to determine the required crack arrest 

toughness for the heavy-section steel plates. These requirements were determined using the 

structural crack arrest design [67]. The experiments used the specimens simulating the actual ship 

structure as shown in Fig. 1-42. 

 

 

Fig. 1-42 Brittle crack arrest test specimen simulating actual ship structures [206] 
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Although these studies provided some useful findings, a lot of assumptions were employed for 

simplification. In particular, the study assumed the crack propagation behaviors in the structure 

to calculate SIF transitions without detail observation. In addition, the study mainly considered 

the crack open constraint by the stiffener and simply assumed the through crack, but Handa et al. 

pointed out the crack front shape played a crucial role to arrest the crack in the structural crack 

arrest design [207,208]. Handa et al. also indicated from their finite element analyses that to 

consider crack front shape made it possible to explain improvement of brittle crack arrestability 

in fillet welding compared to the full penetration welding [209]. However, the study of Handa et 

al. also assumed dynamic crack propagation behaviors and was not based on the actual crack 

propagation behaviors. Therefore, it is essentially needed to grasp actual crack propagation 

behaviors in the 3D structure for appropriate design of structural crack arrest. 

 

1.3. Objective and contents 

According to above review of previous studies, the theory to explain brittle crack propagation and 

arrest behaviors in steel has not been established although the local fracture criterion is a 

promising concept. Especially, the characteristics of the local fracture stress is still controversial 

and thus the validity of the local fracture stress criterion is not clear. Because the numerical 

method suitable for the local stress evaluation has not been discussed, it is needed to pay attention 

to the numerical method. 

In addition, although the 3D effect represented by shear lips plays an important role in brittle 

crack propagation and arrest behaviors in steel, the conventional study was based on only 

assumptions and detail investigation to support the modelling has not been carried out. 

In addition to the necessity to study brittle crack propagation and arrest behaviors theoretically, it 

is needed to examine the arrest design for engineering application. Systematic investigation on 

influence of steel microstructures to crack arrest performance and fundamental investigation of 

crack arrest mechanism in structural crack arrest design have to be clarified considering their 

importance in actual design. 

According to these necessities to clarify brittle crack propagation and arrest behaviors, the 

overview of this dissertation is schematically illustrated in Fig. 1-43. The perspectives for this 

study are roughly divided to two types. One is the fracture mechanical perspective to aim to 

propose a theory to explain brittle crack propagation and arrest behaviors in steels by focusing on 
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the local fracture stress criterion. According to the review of previous studies, the dominant 

factors of brittle crack propagation and arrest behaviors can be roughly divided to the fracture 

criterion and the 3D effects. Although the fracture criterion and 3D effect are significantly 

important, they also remain unclear problems. The key factors in the fracture criterion are the 

local fracture stress and the local stress field in the vicinity of the crack tip. And the key factors 

governing 3D effect are the thickness of shear lips and the closure stress. Therefore, these factors 

have to be investigated in detail and formulated in each element model. These element models 

representing each fracture phenomena are integrated to develop a simulation model to explain 

brittle crack propagation and arrest behaviors in steels. In addition to this perspective, this 

dissertation considers crack arrest design perspective for both materials and structures based on 

the findings obtained through the studies on the brittle crack propagation and arrest behavior 

theory. These studies on crack arrest design is important for engineering application of brittle 

crack arrest concept. 

Based on the schematically illustrated overview shown in Fig. 1-43, this dissertation shows the 

contents as below; 

Chapter 2: Local stress evaluation in finite element analyses 

Chapter 3: Local tensile stress in the vicinity of the propagating crack tip 

Chapter 4: Governing factors of local stresses in the vicinity of the running crack tip in elastic- 

viscoplastic solids 

Chapter 5: Brittle crack propagation/arrest behaviors under high stress intensity factor and 

isothermal conditions 

Chapter 6: Shear lip closure stress and its formation 

Chapter 7: Development of a numerical model to simulate brittle crack propagation and arrest 

behaviors in steel 

Chapter 8: Experimental investigation of grain size effect to cleavage crack propagation resistance 

in ferrite-pearlite steel 

Chapter 9: High speed observation of rapidly propagating cracks in 3D structures 

And Chapter 10 is a conclusion and mentions the limitation of this study. 
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Fig. 1-43 Overview of studies in this dissertation 

 

The relationship among these contests is illustrated in Fig. 1-44. The contents are roughly 

categorized to two parts, (A) and (B), which correspond to fracture mechanical perspective and 

crack arrest design perspective in Fig. 1-43, respectively. In Category (A), the fracture criterion 
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is studied in Chapter 2, 3, and 4 ((a) in Fig. 1-44) and the 3D effect is described in Chapter 5 and 

6 ((b) in Fig. 1-43). These findings are integrated to develop a simulation model to explain brittle 

crack propagation and arrest behaviors in steels in Chapter 7. Category (B) is explain in Chapter 

8 and 9. These are about the material design and structural design, respectively.  

 

Overview of the entire study

(A)Fracture mechanical study on brittle crack propagation and arrest behaviors

(B)Fundamental study for crack arrest design

2章:FEMにおける局所応力評価手法の検討 3章：局所破壊応力の実験的評価

4章:局所応力場支配因子の解明

(a)Development of the local fracture stress criterion

Ch.2:Local stress evaluation in finite element analyses

4章:局所応力場支配因子の解明

(b) Detail investigation of 3D effect

Ch. 7: Model development
(i) Local stress evaluation by FEM

(ii) Formulation to evaluate closure stress

(iii) Shear lip thickness evaluation

材料設計  8章：劈開亀裂伝播抵抗の粒径依存性Material design Ch.8：Contribution of grain size to cleavage crack propagation resistance

構造設計 9章：透明樹脂を用いた高速伝播亀裂の３次Structural design  Ch. 9:Crack propagation/arrest behaviour in 3D structure

Ch.3:Experimental evaluation of the local fracture stress

Ch.4:Factors governing the local stress

Ch.5: Long brittle crack propagation/arrest behaviour Ch.6: Shear lip thickness measurement and formulation

Ch.6: Quntitative evaluation of closure stresses

 

Fig. 1-44 Contents of this dissertation 
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Chapter 2 Local stress evaluation in finite 

element analyses 

 

2.1.  Introduction 

As noted in Chapter 1, the local fracture stress has been one of the most promising concept to 

explain brittle crack propagation and arrest behaviors. Therefore, accurate evaluation of local 

stresses in the vicinity of a rapidly propagating crack tip is important to study brittle crack 

propagation and arrest behaviors from the perspective of the local fracture stress criterion. 

Because this dissertation focuses on the local fracture stress criterion, the detail examination of 

the method to analyze the local stress is appropriate for the first content of this dissertation. 

Because it is practically difficult to analytically obtain the local stress field near a propagating 

crack tip in elastic-viscoplastic solids like steel, numerical methods like finite element method are 

needed to evaluate the local stresses. Although the rapid growth of computer performance 

provides some method to evaluate the local stresses [1,2], the local stress evaluation in numerical 

methods has been merely investigated compared to vigorous researchers of numerical methods to 

evaluate the fracture mechanics parameters such as 𝐽 and 𝐾 [3,4]. 

In fact, numerical methods are indispensable approaches for studying rapid crack propagation 

problems owing to experimental difficulties. Although several numerical techniques analyzing 

dynamic cracks, e.g. the finite difference method [5], discrete element method [6], peridynamics 

[7], and element-free Galerkin method [8], have been utilized for rapid crack propagation analyses, 

the finite element method (FEM) is one of the most reliable and common numerical methods for 

dynamic crack propagation problems [3]. Based on the fundamental FEM frameworks, 

modifications and evolutions have been conducted for rapid crack propagation analyses. For 

example, XFEM, PDS-FEM, and cohesive zone model are powerful numerical methods available 

for analyses of dynamic crack propagation of materials [9–11]. Actually, some studies applied 
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them to the analyses of brittle crack propagation and arrest behavior in steels [12,13], although 

they could not provide sufficient explanation to the behavior. 

However, almost all of the conventional studies using the numerical methods have just aimed to 

obtain the macroscopic fracture mechanics parameters or dissipation energy, and they have not 

paid attention to the accurate evaluation of the local stress in the vicinity of a propagating crack 

tips. Accordingly, while there have a lot of efforts to develop numerical methods which is suitable 

to evaluate fracture mechanics parameters and fracture energy accurately, the accuracy of the local 

stress evaluated by the numerical methods has not been investigated in spite of the importance of 

the local fracture stress to study brittle crack propagation and arrest behavior in steels. Although 

there are a few studies focused on local stress [1,14,15], the numerical accuracies were not 

sufficiently verified. 

According to the above background, this chapter presents verification of the finite element 

analyses for rapid crack propagation based on the local fracture stress criterion as a foundational 

but significant investigation, and aims to propose an effective method to evaluate local stress near 

the crack tip with accuracy and stability. These investigation were conducted using elastic 

problems because there are the established theoretical local stress field in the vicinity of the 

dynamically propagating crack tip in elastic materials. Abaqus 6.14 was employed as a finite 

element analysis solver for all analyses in this chapter [16]. 

 

2.2.  Nodal force release technique and finite element 

mesh 

In this study, crack propagation is represented by the nodal force release technique [17], which is 

schematically illustrated in Fig. 2-1. In the nodal force release technique, the time length of the 

time step ∆𝑡 is defined as the time it takes for a crack to pass through an element. For example, 

in Fig. 2-1, node A corresponds to the crack tip and the reaction force at node A is 𝐹(𝑡) = 𝐹0 at 

the beginning of the present step, i.e., 𝑡 = 𝑡0. Defining the present step, i.e., 𝑡0 < 𝑡 < 𝑡0 + ∆𝑡, 

the reaction force 𝐹(𝑡) monotonically decreases from 𝐹0 to 0. At the end of the present step, 

i.e., 𝑡 = 𝑡0 + ∆𝑡, 𝐹(𝑡) is zero and node B corresponds to the crack tip. Because the length of the 

time step ∆𝑡  is the time duration for the crack to propagate through one element, ∆𝑡  is 

determined by the mesh size and crack velocity. Therefore, the dynamic condition can be 

considered by setting the length of the time step needed for the crack to propagate through one 

element according to the crack velocity.  
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Although there are several methods to simulate rapid crack propagation in the FEM frameworks 

as described in Section 2.1, we employ the nodal force release technique because it is the simplest 

and most fundamental method in finite element analyses to express crack propagation [17].  

The problem analyzed in this study is schematically illustrated in Fig. 2-2. The media is an infinite 

plate with a central crack under remotely applied tensile stress. The crack propagates only in the 

normal direction of the tensile stress. This is the most fundamental mode I fracture mechanics 

problem [18]. 

 

During the step:Begining of the step : End of the step :

Symmetry line

A
B A B

A

B

Applied stress

Crack propagation direction

𝑡 = 𝑡0 𝑡0 < 𝑡 < 𝑡0 + ∆𝑡 𝑡 = 𝑡0+ ∆𝑡

𝐹 𝑡 = 𝐹0 𝐹 𝑡

𝐹 𝑡 =0

 

Fig. 2-1  Schematic of nodal fore release technique to simulate rapid crack propagation 
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Remotely applied tensile stress

Crack propagation direction

Domain for finite

element analysis

  

 

Fig. 2-2  Infinite elastic media with a center crack under remote tensile stress and the domain 

for finite element analyses 

 

As this study required a series of many finite element analyses, a mesh generator that can produce 

reasonable finite element models to analyze the rapid crack propagation problem was developed 

to reduce numerical costs. This mesh generator constructs finite element models by inputting 

crack velocity 𝑉, final crack length  , remotely applied tensile stress 𝜎app, Young’s modulus, 

Poisson’s ratio, the mass density 𝜌, and minimum element size 𝑑 located along the path of a 

crack. In all the analyses presented in this chapter, Young’s modulus, Poisson’s rate, and the 

density in all analyses were set to 𝐸 =  06 GPa, 𝜈 = 0.3, and 𝜌 = 7,800 kg/m3, which are 

those of steels, respectively, unless otherwise noted. The problems this study analyzed were 2D 

and plain strain. One example mesh produced by the generator is shown in Fig. 2-3. Considering 

its symmetry, the model is the quarter model of the media. The dimension of the longitudinal 

direction was set to the value larger than 
𝑉R

𝑉
  max. Because the Poisson’s ratio was 0.3 in this 

chapter, the dilatational wave velocity was about twice the Rayleigh wave velocity. Therefore, by 

determining the dimension of the longitudinal direction larger than 
𝑉R

𝑉
  max , the dilatational 

wave generated at the crack tip did not return to the crack propagation path after the reflection on 

the model boundary, such that the model could be regarded as infinite. 

Two symmetry boundary conditions are imposed on the model as shown in Fig. 2-3 considering 

the symmetry of the infinite elastic media with a center crack under remote tensile stress shown 

in Fig. 2-2. Crack propagation is represented by releasing the reaction force of the 𝑦-symmetry 
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boundary condition of the crack tip node (see Fig. 2-1). The plain strain and first order 

quadrilateral elements with full-integration were employed in the analyses although elastic 

analyses sometimes employ higher order elements [19]. There were two reasons why higher order 

elements were not employed. First, the applicability of this study to elasto-plastic analyses should 

be considered for future analyses of brittle crack propagation and arrest behavior in steels which 

deform in elasto-plastic manners. Second, the higher elements were not appropriate for the nodal 

force release technique because it generated a lot of vibration. 

The analysis in this study included two parts. At first, the remote tensile stress was statically 

applied to the model. In this step, there was no crack in the model. After the loading, the dynamic 

analysis started and the crack began to grow. Dynamic analyses were carried out using the implicit 

Hilber-Hughes-Taylor (HHT) method [20], which has often been used for dynamic crack analyses 

[21]. This HHT method [20] is one of the most popular implicit time integration methods, which 

is an extension of the Newmark method.  

The equation of motion in the HHT method is expressed as 

𝑴�̈�𝑡+∆𝑡 + 𝑪{(1 + 𝛼HHT)�̇�𝑡+∆𝑡 − 𝛼HHT�̇�𝑡} + 𝑲{(1 + 𝛼HHT)𝐮𝑡+∆𝑡 − 𝛼HHT𝐮𝑡}

= 𝑭{𝑡 + (1 + 𝛼HHT)∆𝑡} 
(2-1) 

where 𝑴,𝑪,𝑲, and 𝑭 represent the mass matrix, damping matrix, stiffness matrix, and load 

matrix, respectively. 𝑡 is the time at the beginning of the present step, ∆𝑡 is the time increment, 

and 𝐮 is displacement. Further, 𝛼HHT is a parameter of the damping degree in the HHT method, 

defined as −0.5 ≤ 𝛼HHT ≤ 0 [20]. The displacement 𝐮𝑡 and velocity �̇�𝒕 are expressed as 

𝐮𝑡+∆𝑡 = 𝐮𝑡 + ∆𝑡𝐮𝑡+∆𝑡 + {(1 −  𝛽HHT)�̈�𝑡 +  𝛽�̈�𝑡+∆𝑡}
∆𝑡2

  (2-2) 

�̇�𝒕+∆𝒕 = �̇�𝒕 + {(𝟏 − 𝛾HHT)�̈�𝑡 + 𝛾HHT�̈�𝑡+∆𝑡} (2-3) 

The damping parameter 𝛼HHT sometimes selectively reduces the numerical vibration in analyses. 

To maintain the unconditional stability and second-order accuracy of the numerical analyses, 

𝛽HHT and 𝛾HHT are usually set as [20] 
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𝛽HHT =
1

4
(1 − 𝛼HHT)

2
 (2-4) 

𝛾HHT =
1

 
− 𝛼HHT (2-5) 

The parameters in the HHT method were defined as 𝛼HHT = −0.0500, 𝛽HHT = 0. 76, and 

𝛾HHT = 0.550 unless otherwise noted, respectively, according to Czekanski et al [22].  

Generally, crack propagation analyses can be categorized into two types. One is the generation 

phase analyses, and the other is the application phase analyses [23]. In the generation phase 

analyses, the crack velocity is an input parameter, and therefore ∆𝑡 is known. Accordingly, the 

local stress is an output parameter obtained from the crack propagation analyses using ∆𝑡 

determined by the input crack velocity.  

On the other hand, in the application phase analyses, the fracture criterion is an input parameter, 

and the crack velocity is obtained from crack propagation analyses using the input fracture 

criterion. Namely, ∆𝑡 is an unknown parameter and can be obtained from the application phase 

analyses using the input fracture criterion. As explained in Section 2.1, this study employed the 

local stress at the characteristic distance from the crack tip as a crack propagation criterion 

according to the local fracture stress criterion. The crack propagation criterion employed in the 

application phase analyses is expressed as  

𝜎F = 𝜎𝑦𝑦(𝑟c) (2-6) 

where 𝜎𝑦𝑦(𝑟c) is the local tensile stress at the characteristic distance 𝑟c from the crack tip and 

𝜎F is the called as the local fracture stress. 𝜎F was assumed to be constant in this study based on 

previous studies of the local fracture stress of brittle crack propagation and arrest behaviors in 

steels [24]. The validity of this assumption will be investigated in Chapter 3. 

In this chapter, Section 2.3 proposes a method to evaluate local stress near the crack tip with 

accuracy and stability by the generation phase analyses, and Section 2.4 verifies the effectiveness 

of the proposed method in the application phase analyses. 
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Fig. 2-3  Example of the employed finite element mesh and boundary conditions 

 

2.3.  Evaluation of local stress by generation phase 

2.3.1.  Numerical conditions and employed error indicators 

This section verifies the evaluation accuracies of local stress near a propagating crack tip by 

generation phase analyses. As noted in Section 2.2, the time length for the release of the constraint 

of the crack tip node is determined by the mesh size and input crack velocity in this section. 

The evaluated crack length was set as  = 100 mm. The finite initial cracks were not considered 

in the generation analyses. Thus, the crack length was zero before the dynamic analyses started. 

Two cases of the mesh size along the crack path were set as 𝑑 = 1 mm and 𝑑 = 0.1 mm, which 

are sufficiently smaller than  . Crack velocity is one of the most important factors in the 

verification. According to the Broberg’s exact solution, the direction of the maximum 

circumferential stress is not coincident with the crack propagation direction when the crack 

velocity is more than approximately 2/3 times the Rayleigh wave velocity [25]. Therefore, the 

crack velocities evaluated in this verification were set as 20 levels in the range of 100 m s⁄ ≤

𝑉 ≤  ,000 m s⁄  to ensure generality, considering the Rayleigh wave velocity of 𝑉 =

 980 m s⁄  for employed material constants of 𝐸 =  06 GPa  and 𝜌 = 7,800 kg/m3 . As a 

result, the finite element model sizes in the cases of 𝑉 = 100 m s⁄  and 𝑉 = 1,000 m s⁄  are 
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 = 3.58 m  and  = 0.640 m , respectively. The number of nodes in the cases of (𝑉 =

100 m s⁄ , 𝑑 = 1 mm), (𝑉 = 1,000 m s⁄ , 𝑑 = 1 mm) and (𝑉 = 100 m s⁄ , 𝑑 = 0.1 mm) are 

3,072, 1,981 and 122,366, respectively. In addition, we assumed remotely applied stress as 𝜎𝑦𝑦
∞ =

 00 MPa, even though it had no effect on the results because the media was elastic.  

In order to verify the local stress evaluation accuracy, this chapter employs two types of error 

indicators. One is the norm of local stress fields against the exact solutions 𝛨(𝑗) and the other is 

the error of local stress at each node 𝜂(𝑥).  

The first indicator, 𝛨(𝑗), represents the accuracy of the local stress field evaluation, which is 

expressed as  

𝛨(𝑗) = √
1

𝑗
∑(

𝜎FEM(𝑖 ∙ 𝑑) − 𝜎B(𝑖 ∙ 𝑑)

𝜎FEM(𝑖 ∙ 𝑑)
)

𝑗

𝑖=1

2

 
(2-7) 

where 𝜎FEM(𝑥) is the local stress of the node at a distance of 𝑥 from the crack tip node in FEM. 

𝑖 means the number of nodes from the crack tip of the node of interest. In this research, the local 

stress was evaluated from the reaction force at each node, thus 𝑥 is written as 𝑖 multiplied by 

𝑑. Further, 𝜎B(𝑥) is the local stress at a distance of 𝑥 from the crack tip in Broberg’s exact 

solution. Broberg’s solution provides the theoretical local tensile stress field in the vicinity of a 

dynamically propagating crack tip [25]. The detail of Broberg’s exact solution is shown in the 

Appendix. 𝑗 is the number of nodes that are used for the accuracy evaluation from the crack tip. 

𝑗 was set to 5 unless otherwise noted. Therefore, 𝛨(𝑗) denotes the absolute average difference 

of local stresses in FEM against Broberg’s solutions for the first to the 𝑗-th nodes from the crack 

tip. 

The second error indicator, 𝜂(𝑥), represents the normalized difference against Broberg’s exact 

solution at each node, expressed as 

𝜂(𝑥) =
𝜎FEM(𝑥) − 𝜎B(𝑥)

𝜎B(𝑥)
 (2-8) 

Thus, 𝜂(𝑥) is an error indicator to express accuracy of the local stresses at each node although 

𝛨(𝑗) is an error indicator of the averaged local stress fields. 
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2.3.2.  Evaluation of conventional methods 

There are two well-known nodal force release techniques that have been generally used for rapid 

crack propagation analyses [26,27] : instantaneous release, and linear release. Fig. 2-4 shows a 

schematic illustration of these two types of releases. Referring to Fig. 2-1, the initial reaction force 

of the crack tip node (equivalent to node A in Fig. 2-3) is 𝐹0 at the beginning of the present step. 

The reaction force 𝐹(𝑡) immediately becomes zero in the case of the instantaneous release. On 

the other hand, 𝐹(𝑡) decreases linearly and becomes zero at the end of the present time step in 

the case of the linear release. Notwithstanding the fact that both of these release methods are often 

used [26,27], their accuracy of local stresses in the vicinity of rapid cracks has hardly been verified. 

This chapter starts from the verification of these two methods for two minimum mesh sizes from 

the perspective of local stress evaluation accuracy.  

 

 

 

(a) Instantaneous release                        (b) Linear release 

Fig. 2-4  Schematic illustrations of instantaneous and linear release methods 
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2.3.2.1.  Conventional nodal force release methods for two minimum 

mesh sizes 

At first, two mesh sizes, 𝑑 = 1 mm  and 𝑑 = 0.1 mm , were employed to investigate the 

accuracy of local stress evaluation when the conventional two nodal force release methods were 

used. To analyze the transition of the reaction force faithfully, the time steps determined by the 

crack velocity and mesh size were divided to 10 time increments. 

Figure 2-5 shows 𝛨(5) evaluated for two mesh sizes, i.e., 𝑑 = 1 mm and 𝑑 = 0.1 mm, when 

the two release methods were employed respectively. Comparing the results of both mesh sizes, 

the small size mesh enhanced the accuracy of the linear release method especially in cases when 

the crack velocity was higher. However, the same trend was not found in instantaneous release. 

Although instantaneous release method was sometimes employed in rapid crack propagation 

analyses [26], the maximum error described as 𝛨(5) of the instantaneous release method was 

0.35. On the other hand, the linear release method provided more accurate results than the 

instantaneous release method as shown in Fig. 2-5. However, the error described as 𝛨(5) is 

sometimes larger than 0.1 even in the linear release method.  
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(a) 𝑑 = 1 mm   

 

   (b) 𝑑 = 0.1 mm 

Fig. 2-5  Local stress field errors with the instantaneous and linear release methods 

 

The errors in the local stress were investigated by evaluating the error indicator of 𝜂(𝑥) against 

each mesh size and release method. The results of 𝜂(𝑥) in the front of crack tips in the cases of 

𝑉 = 1,000 m s⁄  are shown in Fig. 2-6. The results clearly show that there were violent vibrations 

in local stress fields in the cases of all the mesh sizes and release methods. There was no 

significant difference in the values of 𝜂(𝑥) between the cases of the different mesh sizes. The 

ranges of the evaluated vibrations in the results of 𝜂(𝑥)  were approximately 0.4 in the 

instantaneous release and 0.2 in the linear release, respectively. Similar vibrations were also 

observed under the other crack velocity conditions. There has been no serious problem in 

conventional studies to evaluate macroscopic fracture mechanics parameters, such as stress 

intensity factors and 𝐽-integral, even though the same methods were employed as node release 

techniques [3,26]. One of the most likely reasons is that the processes to evaluate such parameters 

plays a role to average the vibrations and to cancel the errors in local stress fields. However, local 

stress evaluation can be easily affected by the vibration and the absolute value of the local stress 

error 𝜂(𝑥). Considering that there was no significant difference of 𝜂(𝑥) and the degree of the 
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vibration between the cases of the different mesh sizes, to use fine meshes cannot sufficiently 

improve the local stress evaluation accuracy. Accordingly, the detailed space discretization is not 

effective to evaluate the local stress accurately. 

 

 

(a) 𝑑 = 1 mm 

 

                                (b) 𝑑 = 0.1 mm 

Fig. 2-6  Local stress errors with the instantaneous and linear release methods (𝑉 =

1,000 m/s)  
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cases of the different mesh sizes was observed in Section 3.2.1, the minimum mesh size was set 

to 1 mm. According to the result of Section 2.3.2.1, the linear release was employed. 

The number of division of time step ∆𝑡 was set to 20, 40, and 80 in addition to 10, which was 

used in Section 2.3.2.1. Fig. 2-7 shows 𝜂(𝑥) of each number of time step division. Although 

the detailed values of 𝜂(𝑥) differed from one another depending on the number of time step 

division, the vibration of the local stress could not be suppressed in any number of time step 

division. In addition, we could not find any trend of local stress error against the number of time 

step division. The maximum values of the local stress errors of each number of time step 

division did not significantly differed. Thus, it can be concluded that the time discretization 

could not contribute to elimination of the vibration. 

According to the analyses of Section 2.3.2.1 and Section 2.3.2.2, the improvement of the local 

stress evaluation accuracy could not be carried out by changing time and space discretization and 

a method to effectively suppress the vibrations is required to accurately simulate rapid crack 

propagations in the finite element analyses. The number of time step division were set to 10 and 

the minimum mesh size was 1 mm considering the above results in all analyses of this chapter.  
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10
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Fig. 2-7 Local stress error for the number of time step division (𝑑 = 1 mm, 𝑉 = 1,000 m/s) 
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for the optimization of the nodal release path control to suppress the vibration of local stress and 

improve the evaluation accuracy. 

The nodal release path control in this study is defined by the nodal force at the crack tip node, as 

𝐹(𝑡) = 𝐹0 (1 −
𝑡 − 𝑡0
∆𝑡

)
𝑛

 (2-9) 

where (𝑡 − 𝑡0) is time after the present step begins and ∆𝑡 is the length of the present time step 

(see Fig. 2-1). 𝐹0 is a reaction force at the crack tip node at the beginning of the time step, and 

𝑛 is an exponent to determine the nodal release path. When 𝑛 approaches infinity, the nodal 

release path approaches the instantaneous release. When 𝑛 is unity, i.e., 𝑛 = 1, the nodal force 

release is coincident with the linear release. Some examples of nodal force paths with various 

values of 𝑛 are shown in Fig. 2-8.  

The error norm 𝛨𝑛(𝑗) is defined to optimize the nodal release path control, as 

𝛨𝑛(𝑗) = √
1

𝑗
∑(

𝜎FEM(𝑛, 𝑖 ∙ 𝑑) − 𝜎B(𝑖 ∙ 𝑑)

𝜎B(𝑖 ∙ 𝑑)
)

𝑗

𝑖=1

2

 
(2-10) 

where 𝑗 is the number of considered nodes ahead of the crack tip. 

Figure 2-9 shows an example of the relationship between 𝑛 and 𝛨𝑛(𝑗) obtained in the process 

of optimization (𝑉 = 1,000 m s⁄ , 𝑑 = 1 mm , 𝑗 = 5 ). This graph shows that although the 

optimum value of 𝑛 was determined, the sensitivity was low in the vicinity of the optimized 

value.  

𝑛 = 0.3
𝑛 = 0.5
𝑛 = 1
𝑛 = 1.5
𝑛 = 3
𝑛 = 10
𝑛   

 

Fig. 2-8  Nodal force release paths  
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Fig. 2-9  Optimization process of nodal release path exponent 𝑛 (𝑉 = 1,000 m s⁄ , 𝑑 =

1 mm, 𝑗 = 5) 

 

Figure 2-10 shows the optimized nodal release path 𝑛, which is denoted as 𝑛op, for each crack 

velocity in the cases of 𝑗 = 5 and 𝑗 =  0. In addition, Fig. 2-11 shows the results of 𝛨𝑛(𝑗) 

with 𝑛 = 𝑛op compared with the linear release, i.e. 𝑛 = 1. The results show that 𝑛op is close 

to unity (𝑛op ≈ 1) in most cases, and therefore the results of 𝛨𝑛op(𝑗) with 𝑛 = 𝑛op did not 

deviate significantly from those with 𝑛 = 1. The results also showed that no any clear trends of 

𝑛op relating to the crack velocity existed.  

 

 

Fig. 2-10  Optimized nodal release path 𝑛op for each crack velocity (𝑑 = 1 mm)  
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(a) 𝑗 = 5 

 

     (b) 𝑗 =  0 

Fig. 2-11  Effect of optimized nodal release path for local stress field errors (𝑑 = 1 mm) 

 

Figure 2-12 shows the results of the local stress error 𝜂(𝑥) with 𝑛 = 1 and 𝑛 = 𝑛op in the 

case of 𝑉 = 1,000 m s⁄ . In these results, the numerical vibrations of local stress were found not 

only in the case of linear release 𝑛 = 1, but also in the case of the optimized node release path 

control (𝑛 = 𝑛op). Similar vibrations were observed for any other crack velocity cases for which 

the nodal release path control was optimized. Therefore, although nodal release path control has 

frequently been employed to improve the accuracy of macroscopic parameters [3,29], the 

optimization of the nodal release path control cannot work as a effective method to suppress the 

vibration of local stress fields. 
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Fig. 2-12  Effect of optimized nodal release path for local stress errors (𝑉 = 1,000 m s⁄ , 𝑑 =

1 mm) 

 

2.3.4.  Application of artificial damping 

In this section, artificial damping was applied to the rapid crack propagation analyses, as a second 

attempt to suppress the vibrations. Two types of artificial damping methods were evaluated, the 

viscous term of the HHT time integration method [20] and Rayleigh damping [30], which are 

some of the most popular methods generally employed in finite element analyses [31]. 

Considering the results in Section 2.3.3, the linear release method was used in the following 

analyses as the nodal release path control. 

 

2.3.4.1.  Viscous term in time integration (HHT method) 

As noted in Section 2.2, the HHT method was employed as a time integration method in this study. 

Different from the Newmark method, an additional parameter 𝛼HHT was introduced for selective 

reduction in the numerical vibration in the equation of motion of the HHT method. Therefore, we 

evaluate the ability of 𝛼HHT to reduce numerical vibration of the local stress fields in the finite 

element analyses of rapid crack propagation. Other parameters, 𝛽HHT and 𝛾HHT, followed the 

conditions shown in Eqs. (2-4) and (2-5) in Section 2.2. 

Figure 2-13 shows the results of the local stress errors 𝜂(𝑥) of the analyses with various 𝛼HHT. 

These results show only infinitesimal differences of 𝜂(x) for each value of 𝛼HHT. This indicated 

that the time integration process is not the cause of the vibration and other method should be 

examined to suppress the vibrations. 
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𝛼HHT = −0.5
𝛼HHT = −0.4
𝛼HHT = −0.3

𝛼HHT = 0

𝛼HHT = −0. 
𝛼HHT = −0.1

 

Fig. 2-13  Effect of artificial damping of the HHT method (𝑉 = 1,000 m s⁄ , 𝑑 = 1 mm) 

 

2.3.4.2.  Rayleigh damping  

The Rayleigh damping method is one of most general artificial damping methods in finite element 

analyses. The damping matrix 𝑪 in the Rayleigh damping method can be expressed as a linear 

sum of mass matrix 𝑴 and stiffness matrix 𝑲, as  

𝑪 = 𝛼 𝑴+ 𝛽 𝑲 (2-11) 

where 𝛼  and 𝛽  are non-negative constants to represent the degrees of damping. These two 

parameters can be applied independently. Generally, the mass damping 𝛼 𝑴 is effective to 

suppress the vibration with lower frequency and the stiffness damping 𝛽  is effective to suppress 

the vibration with higher frequency [32].  

The effect of mass damping was first evaluated. Fig. 2-14 shows the results of the local stress 

error 𝜂(𝑥) for various values of the mass damping degree 𝛼  in the case of 𝑉 = 1,000 m s⁄ , 

𝑑 = 1 mm. The stiffness damping degree 𝛽  was set as zero. In the case of 𝛼 = 100, although 

the amplitude of the vibration of local stress becomes smaller compared to that in the case of 

𝛼 = 0, the vibration remains. In addition, in the case of 𝛼 = 10,000, the local stress field was 

clearly underestimated and the state of the vibration does not greatly change compared to that in 

the case of 𝛼 = 100. This means that the frequency of the vibration that the mass damping can 

reduce is significantly lower than that of the local stress fields in the rapid crack propagation 

analyses.  
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𝛼 = 0
𝛼 = 100
𝛼 = 10,000

 

Fig. 2-14  Effect of mass damping of the Rayleigh damping method (𝑉 = 1,000 m s⁄ , 𝑑 =

1 mm, 𝛽 = 0)  

 

The effect of the stiffness damping was then evaluated. Figure 2-15 shows the results of local 

stress errors 𝜂(𝑥) for various values of the stiffness damping degree 𝛽  in the case of 𝑉 =

1,000 m s⁄ , 𝑑 = 1 mm. The results show that the stiffness damping can effectively suppress the 

numerical vibration in the local stress field in front of the crack tip and that it can determine the 

local stress with significantly good accuracy if 𝛽  is appropriately defined, e.g., 𝛽 = 5 × 10
−7 

in Fig. 2-15. On the other hand, if 𝛽  is set excessively high, the local stress fields were 

overestimated even though the numerical vibration could be suppressed. One of the possible 

reasons of the overestimation was that the dynamic effect became smaller and the system in the 

analyses approached the static condition due to excessive stiffness damping. In other words, the 

local stress field approached those under slower crack velocity conditions when excessive 

stiffness damping occurs. 
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𝛽 = 0
𝛽 = 5× 10

− 

𝛽 = 5× 10
−7

𝛽 = 5× 10
− 

 

Fig. 2-15  Effect of sitiffness damping of the Rayleigh damping method (𝑉 = 1,000 m s⁄ , 

𝑑 = 1 mm) 

 

Figure 2-16 shows the results of the local stress field error 𝛨(5) for each crack velocity with 

𝛽 = 5 × 10
−7  for 𝑑 = 1 mm  and 𝛽 = 5 × 10

−8  for 𝑑 = 0.1 mm, compared with those 

without Rayleigh damping. The results show that the stiffness damping provided stably accurate 

stress fields for all the crack velocities, which were much improved from those without the 

Rayleigh damping.  

This introduction of the damping plays a role to reduce the kinetic energy of the analyses, although 

the kinetic energy was overestimated in the analyses without the damping because there were a 

lot of excess vibrations of nodes. Thus, the dissipated energy was underestimated in the analyses 

without damping. On the other hand, the appropriate damping eliminates the excess vibration and 

dissipates the appropriate amount of the energy along crack propagation. Therefore, to introduce 

the damping can contribute to appropriate energy balance of the crack propagation analyses in 

addition to accurate evaluation of the local stresses in finite element method. 
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(a) 𝑑 = 1 mm (𝛽 = 5 × 10
−7) 

 

              (b) 𝑑 = 0.1 mm (𝛽 = 5 × 10
−8) 

Fig. 2-16  Local stress field errors with sitiffness damping (𝑗 = 5) 

 

Considering application phase analyses, the local stress errors 𝜂(𝑥) at the specified length from 

the crack tip was evaluated. Fig. 2-17 shows the local stress errors 𝜂(𝑥) at the third node from 

the crack tip, i.e. 𝑥 = 3𝑑 , with stiffness damping, compared with those without Rayleigh 

damping. The results without Rayleigh damping showed that the accuracies of local stress fields 

were unstable and the ranges of the errors were −0.17 ≤ 𝜂(3𝑑) ≤ 0.10 for 𝑑 = 1 mm and 

−0.10 ≤ 𝜂(3𝑑) ≤ 0.14  for 𝑑 = 0.1 mm . On the other hand, the results with the stiffness 

damping showed that the accuracies and stability of the local stress fields were significantly 

improved such that the ranges of errors were −0.019 ≤ 𝜂(3𝑑) ≤ −0.010 for 𝑑 = 1 mm and 

−0.0 0 ≤ 𝜂(3𝑑) ≤ −0.011 for 𝑑 = 0.1 mm.  
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(a) 𝑑 = 1 mm (𝛽 = 5 × 10
−7) 

 

   (b) 𝑑 = 0.1 mm (𝛽 = 5 × 10
−8) 

Fig. 2-17  Local stress errors at the distance of 𝑥 = 3𝑑 from the crack tip with stiffness 

damping  

 

According to the above verification, stiffness damping to the Rayleigh damping method was 

applied to the application phase analysis with the linear release of nodal force as a suitable method 

to simulate rapid crack propagation by the finite element method with accuracy and stability. The 

appropriate determination of the stiffness damping degree 𝛽  is discussed in Section 2.5. 

 

2.4.  Application phase analyses 

In Section 2.3, it was shown that the application of stiffness damping in the Rayleigh damping 

method as a suitable method to simulate rapid crack propagation by the finite element method. 

This section verifies the effectiveness of the proposed method by presenting application phase 

analyses based on the local fracture stress criterion, which is one of the most promising concepts 

to explain brittle crack propagation and arrest behavior in steel.  
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In the application phase analysis of rapid crack propagation, the fracture criterion is an input 

parameter and crack velocity is an output parameter. In particular, based on the local fracture 

stress criterion, the local fracture stress is a fracture criterion in application phase analyses in this 

study as explained in Section 2.2. To perform dynamic application phase analyses, it is essential 

to decide a crack velocity to satisfy the fracture criterion. Most of the application phase analyses 

for rapid crack propagation based on macroscopic fracture mechanics parameters have been 

performed by using the instantaneous release method, because the crack velocity can be 

determined explicitly [33]. However, the instantaneous release method cannot be employed due 

to its extremely low accuracy to evaluate the local stress according to the results in Section 3.2.1. 

In order to apply the proposed method, which is a combination of the linear release of nodal force 

and stiffness damping in the Rayleigh damping method, an implicit calculation algorithm was 

developed by using a combination of the bisection and Newton methods. Based on the local 

fracture stress criterion, the developed algorithm carried out iterative calculations to determine 

the crack velocity 𝑉 which satisfies the equation expressed as 

𝜎𝑦𝑦(𝑉, 𝑟c) − 𝜎F = 0 (2-12) 

where 𝜎𝑦𝑦(𝑉, 𝑟c) is the local tensile stress at the characteristic distance 𝑟c from the crack tip 

depending on the crack velocity 𝑉, 𝜎F is the local fracture stress, and 𝑟c and 𝜎F are given as 

material constants.  

Figure 2-18 shows a flowchart of the application phase analysis performed in this study. Iterative 

calculations are performed to search the crack velocity 𝑉 to satisfy the fracture condition of Eq. 

(2-12) with the tolerance error set as 0.1% considering the accuracy limitation of the employed 

solver [16]. The iterative calculations are carried out until the crack velocity to satisfy Eq. (2-12) 

is found. When Eq. (2-12) is satisfied, the constraint of the crack tip node is released and the crack 

length is updated to start the next step. 
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Fig. 2-18  Flowchart of the application-phase analysis 

 

The calculation conditions for this verification are presented as follows. The range of the 

evaluated crack length was set as 35 mm ≤  ≤ 100 mm . The mesh size was set as 𝑑 =

0.1 mm, such that the total number of steps is 651. The remotely applied stress and the fracture 

stress were set as 𝜎𝑦𝑦
∞ =  00 MPa and 𝜎F = 1,400 MPa, respectively. The characteristic length 

𝑟c was set as 𝑟c = 0.3 mm considering previous numerical models based on the local fracture 

stress criterion [24]. This setting of 𝑟c corresponds to the third node from the crack tip, i.e. 𝑟c =

3𝑑. Using the conditions of 𝜎𝑦𝑦
∞ , 𝜎F and 𝑟c, the exact solution of the history of the crack velocity 

𝑉 can be calculated from Broberg’s solution for the stress field near the dynamically propagating 

crack tip described in Appendix. Two values of the stiffness damping degrees were used to verify 

the effect of the stiffness damping on the Rayleigh damping: as 𝛽 = 0  (without Rayleigh 

damping) and 𝛽 = 5 × 10
−8.  
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The application phase analyses were performed under the above conditions. The results of the 

history of the crack velocity 𝑉 obtained in the application phase analyses are shown in Fig. 2-19 

with the crack velocity history calculated from Broberg’s exact solution. Additionally, the errors 

of the crack velocity from the exact solution are shown in Fig. 2-20. In the analysis without 

Rayleigh damping, the predicted crack velocity had a significant vibration and deviated from the 

exact solutions shortly after the analysis started. Furthermore, the analysis terminated when the 

crack length reached around  = 50 mm. At the time, the search range of the crack velocity to 

satisfy the local fracture stress exceeded the Rayleigh wave velocity. This result indicated that the 

problem of the application phase analysis without Rayleigh damping is an impossibility of 

execution rather than a lack of accuracy. 

On the other hand, the analysis with stiffness damping successfully duplicated the exact crack 

velocity history and completed the calculation to the final crack length of  = 100 mm, even 

though there was some vibration of the crack velocity. The average and maximum errors of the 

crack velocity 𝑉 against the exact solutions in the range of the present analysis were 18 m s⁄  

and 60 m s⁄ , respectively. Therefore, the method proposed to apply stiffness damping in the 

Rayleigh damping method has the potential to be the basis of rapid crack propagation analysis by 

the finite element method.  

 

 

Fig. 2-19  Crack velocity history predicted by the application-phase analyses 
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Fig. 2-20  Crack velocity differences against Broberg’s solutions 

 

2.5.  Discussion 

2.5.1.  Generation phase analyses 

As shown in Section 2.3.4, the numerical vibration could be effectively suppressed by applying 

stiffness damping in the generation phase analyses. On the other hand, an excessive degree of 

stiffness damping caused overestimation of the local stress fields even though the vibration was 

suppressed. Therefore, it is necessary to determine an appropriate degree of stiffness damping to 

accurately evaluate the local stress.  

The damping ratio of stiffness damping is generally determined from the frequency of the 

vibrations [32]. Because the numerical vibrations in the rapid crack propagation analyses by the 

finite element method are caused by the dilatational elastic wave, the frequency is supposed to be 

determined by the mesh size and the elastic wave velocity related to Young’s modulus 𝐸 and 

density 𝜌. Therefore, we conducted a series of analyses with the numerical conditions of various 

values of Young’s modulus, density, and mesh sizes and found the recommended coefficient of 

stiffness damping 𝛽rec, expressed as 

𝛽rec =  .57 × 𝑑 [m] × √
𝜌 [kg m3⁄ ]

𝐸 [Pa]
 
 

(2-13) 

where 𝐸 is Young’s modulus, 𝜌 is the density, 𝑑 is the minimum element size along the crack 

path, and √𝐸 𝜌⁄  is the one-dimensional elastic stress wave velocity. The recommended 

coefficient of the stiffness damping 𝛽rec provides the equivalent results of the case of 𝛽 =

5.0 × 10−7 in Fig. 2-15 under any conditions of Young’s modulus, density and mesh size. The 
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Rayleigh damping has the characteristic that the damping ratio is higher when the frequency is 

higher in the case of constant 𝛽  [30]. Therefore, generally, the value of 𝛽  required to suppress 

the vibration with higher frequency is lower than that with lower frequency. The trend of Eq. (2-

13) that 𝛽rec is larger when the element size is larger or the elastic wave velocity is slower 

corresponds to this general characteristic of Rayleigh damping. 

This disseration could not conduct the verification of local tensile stress for elasto-plastic 

problems because there were no theoretical solutions of the local stresses near the dynamic crack 

tip in elasto-plastic materials. However, the proposed method can be considered to improve the 

accuracy of the local tensile stress evaluation in the elasto-plastic problem even though further 

investigation may be needed. This is because the deterioration of the accuracy is caused by the 

elastic vibration of the nodes of interest. This mechanism is considered to also work in elasto-

plastic problem. Therefore, considering that the brittle crack propagation includes only small 

plastic region, the present investigation will be applied to the elasto-plastic problem 

 

2.5.2. Applicaiton phase analyses 

Section 2.4 shows that the application phase analysis with the stiffness damping successfully 

predicted the history of the crack velocity. On the other hand, the analysis without the Rayleigh 

damping failed when the crack velocity reached approximatedly 1,000m/s.  

It means that it is impossible to simulate rapid crack propagation without Rayleigh damping. Fig. 

2-21 shows the local stresses at 0.3 mm from the crack tip under various crack velocities obtained 

by Broberg’s exact solutions, the analyses without Rayleigh damping, and the analyses with 

stiffness damping. According to Broberg’s exact solutions, the local stress decreases 

monotonically when the crack velocity becomes higher. However, in the results in case which 

Rayleigh damping was not applied to, the local stress did not decrease monotonically. On the 

other hand, the results with the stiffness damping showed good agreement with Broberg’s exact 

solutions. The reason may be the stability of the numerical results against the crack velocity as 

shown in Fig. 2-17. Consequently, stiffness damping effectively contributes to simulate rapid 

crack propagation in finite element analyses.  
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Fig. 2-21  Local stresses against crack velocity (crack length is 100 mm and 𝑑 = 0.1 mm) 

 

2.6.  Conclusion 

This chapter involved the strict verification of the finite element analyses with nodal force release 

technique to simulate rapid crack propagation based on the local stress criterion.  

Verification of the accuracy and stability of local stress evaluation was first performed by 

generation phase analyses. The verification results of two conventional nodal force release 

techniques, instantaneous and linear release, showed that there were large errors in the local stress 

evaluated by conventional methods. These errors were caused by remarkable vibration in local 

stress fields. In addition, although nodal release path control was conducted to suppress the 

vibration for accurate local stress evaluation, the results of the optimized paths were close to those 

of linear release, and the vibration in the local stress fields could not be sufficiently suppressed 

by this optimization alone. Two types of artificial damping, the viscous term of the HHT time 

integration method and Rayleigh damping, were then applied to the rapid crack propagation 

analyses to improve the accuracies of local stress. The results showed that the viscous term could 

hardly influence the local stress. Mass damping of the Rayleigh damping could not suppress the 

vibration. On the other hand, the appropriate degree of stiffness damping of the Rayleigh damping 

successfully provided stably accurate stress fields for all the crack velocities. Consequently, this 

chapter proposes the application of stiffness damping in the Rayleigh damping method with the 

linear release of nodal force as a suitable method to simulate rapid crack propagation by the finite 

element method with accuracy and stability when the local stress is evaluated.  

The proposed method was then verified by application phase analyses based on the local fracture 

stress criterion. In the analysis without Rayleigh damping, the predicted crack velocity vibrated 

significantly and deviated from the exact solutions shortly after the analysis started. Furthermore, 

the analysis terminated prematurely due to failure to find an appropriate crack velocity. This result 
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indicated that the problem of the application phase analysis without Rayleigh damping is an 

impossibility of execution as opposed to a lack of accuracy. On the other hand, analysis with the 

stiffness damping successfully duplicated the exact solution of crack velocity history.  

Based on the above results, it is concluded that the proposed method to apply stiffness damping 

of the Rayleigh damping method with linear nodal force release has the potential to form the basis 

of rapid crack propagation from the perspective of the local fracture stress criterion analysis by 

the finite element method. Considering the accuracy of the generation phase analysis when the 

mesh is fine enough, the conventional method can be employed in the highly fine mesh in 

generation phase analysis. However, the proposed method is essentially needed to conduct the 

accurate application phase analyses as shown in Section 2.4. It is expected to predict crack arrest 

events in complicated circumstances such as crack arrestors by extending the proposed 

application phase analyses based on the local fracture stress criterion. 

 

Appendix 

The exact solution of the local tensile stress field in front of a rapidly propagating crack tip derived 

by Broberg [25] is expressed as 

𝜎B(𝑥) − 𝜎𝑦
∞

𝜎𝑦
∞

= −
1

𝛽2𝑔1(𝛽)

{
 

 

𝛽2[4𝑘4 + (1 − 4𝑘2)𝛽2]𝑭(𝜅1, 𝑞1)

− [8𝑘4 − 4𝑘2(1 + 𝑘2)𝛽2 + 𝛽4]𝑬(𝜅1, 𝑞1)

+ [8𝑘4 − 4𝑘2(1 + 𝑘2)𝛽2 + 𝛽4 − 4𝑘4𝛽2(1 − 𝛽2)𝜉2]
√1 −

1
𝜉2

√1 − 𝛽2𝜉2

}
 

 

 

+𝐻0 (𝜉 −
1

𝑘
)
4𝑘2(1 − 𝛽2)

𝛽2𝑔1(𝛽)

{
 

 

𝛽2𝑭(𝜅2, 𝑞2) −  𝑘
2𝑬(𝜅2, 𝑞2)

+ 𝑘2( − 𝛽2𝜉2)
√1 −

1
𝑘2𝜉2

√1 − 𝛽2𝜉2

}
 

 

 

(2-A1) 
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𝛽 =
𝑉

𝑉p (2-A2) 

𝜉 =
𝑉p 

𝑥 +   (2-A3) 

𝑘 = √
1 −  𝜈

  (1 − 𝜈) 
(2-A4) 

𝑉p = √
1 − 𝜈

(1 + 𝜈)(1 −  𝜈)

𝐸

𝜌 
(2-A5) 

𝜅1 = sin
−1
√1 − 1/𝜉2

√1 − 𝛽2  
(2A6) 

𝜅2 = sin
−1
√𝑘2 − 1/𝜉2

√𝑘2 − 𝛽2  
(2-A7) 

𝑞1 = √1 − 𝛽
2 (2-A8) 

𝑞2 = √1 − 𝛽
2/𝑘2 (2-A9) 

𝐻0(𝑠) = { 
0 𝑠 ≤ 0
1 𝑠  0 (2-A10) 
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𝑔1(𝛽) = −4(1 − 𝛽
2)𝑘2 �̅�(√1 −

𝛽2

𝑘2
)+ (4𝑘4 + 𝛽2(1 − 4𝑘2)) �̅� (√1 − 𝛽2)

+
8(1 − 𝛽2)𝑘4

𝛽2
�̅� (√1 −

𝛽2

𝑘2
)

−
(𝛽4 + 8𝑘4 − 4𝛽2(𝑘2 + 1)𝑘2)

𝛽2
�̅� (√1 − 𝛽2) 

(2-A11) 

where 𝜎𝑦
∞ is the remotely applied tensile stress, 𝑉 is the crack velocity,   is the crack length, 

𝑥  is the distance from the crack tip, 𝐸  is Young’s modulus, 𝜈  is Poisson’s ratio, 𝜌 is the 

density, and 𝑉p represents the P-wave velocity. 𝑭 and E are elliptic integrals of the first and 

second kind, respectively. �̅� and �̅� are complete elliptic integrals of the first and second kind, 

respectively.  
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Chapter 3 Local tensile stress in the vicinity 

of the propagating crack tip 

 

3.1.  Introduction 

Brittle crack propagation in steel can be expressed as cleavage crack propagation accompanying 

with unbroken shear lip formation. A cleavage crack generally propagates around the thickness 

center, and the unbroken shear lip forms the region where the cleavage crack cannot continue to 

propagate. The local fracture stress corresponds to the critical condition of only cleavage crack 

propagation and resistance due to plastic work of unbroken shear lips are not included in the local 

fracture stress. Therefore, to appropriately evaluate local fracture stress, other effect except the 

cleavage crack propagation has to be excluded. 

Based on the local fracture stress criterion, the material resistance against cleavage crack 

propagation is written as follows: 

𝜎F = 𝜎𝑦𝑦(𝑟c) (3-1) 

where, 𝜎F is the local fracture stress, and 𝜎𝑦𝑦(𝑟c) is the local tensile stress at a distance 𝑟c, 

called the characteristic distance, from the crack tip. 𝑟c was set to values between 0.1-0.3 mm in 

past studies [1–6]. The local fracture stress can be obtained from the finite element analyses which 

reproduce experimentally measured crack behaviors such as the crack velocity and crack front 

shape, in addition to the experimental conditions. As noted in Chapter 1, although previous studies 

tried to evaluate the local fracture stress by the above procedure, their evaluations did not consist 

with each other [3–6], and the assumption employed in the numerical models based on the local 

fracture stress [1,7]. 

One of the main reasons for this inconsistency is that, in past experimental studies conducted to 
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evaluate the local fracture stress, cleavage crack as a two dimensional (2D) problem, and three 

dimensional (3D) effects of the phenomenon have been ignored. Cleavage crack propagation in 

steels is strongly influenced by 3D effects, such as crack front curvatures and shear lip formations 

due to relaxation of plastic constraint near the surfaces [1,8]. Therefore, experimental 3D effects, 

such as crack front tunneling and formation of the shear lip, must be input to analyze crack 

propagation accurately using numerical methods. In addition, although the previous studies 

employed crack gauges and high speed camera to measure crack velocities, these method observes 

only the crack behavior emerging on the surface and therefore could not evaluate the crack 

velocity accurately. Nevertheless, previous studies ignored these effects and have analyzed crack 

propagation as a 2D problem [2,4,5]. Thus, as noted in the top of this chapter, because 3D effects 

change stress states significantly, local tensile stresses were not evaluated appropriately in these 

previous studies.  

As this background discussion makes clear, it is necessary to evaluate local fracture stresses more 

accurately to refine the local fracture stress criterion. However, 3D effects during crack 

propagation in steels are difficult to observe experimentally. Therefore, this chapter presents the 

first evaluation of the local tensile stress in steel by means of a combination of experiments and 

finite element analyses of cleavage crack propagation using side-grooved specimens to minimize 

3D effects. The flow of this research is presented in Fig. 3-1. This research was divided to four 

parts: Material preparation explained in Section 3.2, Preparation of specimen in Section 3.3, 

Implementation of the experiments in Section 3.3, and analyses of experiments explained in 

Section 3.4. The evaluations were conducted at multiple temperatures and applied stress levels to 

assess the validity of the local fracture stress criterion and characteristics of the local fracture 

stress.  
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Preliminary Analyses

Data obtained in the experiments and used in finite element analyses 

Measured crack 
velocity

Applied stress 
when the crack initiated

Experimental 
temperature

Constitutive laws
of steels

Determination of side-groove 
configuration

Crack propagation experiments

Local tensile stress evaluation in 
finite element analyses

Dynamic stress intensity factor 
evaluation

Preliminary Analyses

Tensile tests of both steels

Determination of crack velocities
from strain gauge data

Analyses of 
experiments

Preparation of specimen

Material 
preparation

Implementation of the experiments

 

Fig. 3-1 Research flow of this chapter 

 

3.2.  Materials 

Two types of ferrite-pearlite steels, steel S and steel N, were used. The chemical composition and 

basic mechanical properties of these steels are listed in Table 3-1 and Table 3-2, respectively. The 

microstructures of these steel, observed using an optical microscope, are shown in Fig. 3-2(a) and 

(b). The original thicknesses of each steel were 50 mm. This study employed the area average 

method using the electron backscattered diffraction pattern (EBSD) method to evaluate the grain 

sizes of the steel because it is more accurate and easy to use compared to other methods such as 

the optical image method [9]. According to Fig. 3-2(c), Steel N was found to have a finer grain 

size than steel S. The average grain sizes are listed in Table 3-2. The crack arrest toughness of 

steel S is too low to evaluate by the temperature gradient tests [10], but the arrest toughness of 

steel N was determined as 𝐾ca = 107 MPa√m (3,370 N mm1.5⁄ ) at −10 ℃ according to the 

results of temperature gradient crack arrest tests conducted in accordance with WES2815 [10].  

The plastic deformation behaviors of the steels were characterized by conducting a series of low-

temperature tensile tests and high-speed tensile tests. The stress–strain relationships obtained 

from the tensile tests were approximated using Swift’s law [11] as follows: 
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𝜎 = 𝜎YS (1 +
𝜀p

𝛼
)

𝑛

 (3-2) 

Here, 𝜎 is the flow stress, 𝜀p is the equivalent plastic strain, 𝜎YS is the yield stress, 𝑛 is the 

strain hardening exponent, and 𝛼 is the material constant set to a value of 0.02 [12]. 

 

Table 3-1 Chemical composition of the two steels 

Steel C Si Mn P S 

S 0.15 0.17 0.68 0.016 0.003 

N 0.14 0.36 1.54 0.014 0.002 

 

Table 3-2 Mechanical properties of the two steels 

Steel 
Yield stress at room 

temperature [MPa] 

Tensile strength at room 

temperature [MPa] 
vTs [℃] 

Average grain 

size [μm] 

S 287 429 -27 31 

N 368 538 -54 18 



 

 

 Chapter 3 
 

93 

 

(a) Steel S (b) Steel N

50 μm 50 μm

 

 

(c) Grain size distribution of the employed steels 

Fig. 3-2 Optical micrographs of the two steels (polished and 2% nital etched). 

 

Based on Bennett and Sinclair’s theory that the influences of strain rates and temperatures against 

yield stresses were equivalent considering the dislocation mobility based on the activation energy 

[13], the elastic-viscoplastic deformation behaviors at each strain rate and temperature shown in 

Fig. 3-3 (a) and (b) were represented using the strain-rate temperature parameter 𝑅 in a unified 

manner [14]. Therefore, the yield stresses obtained from the tensile tests were represented by 

parameter 𝑅  as shown in Fig. 3-3(c) and approximated by 𝑅  to obtain the stress–strain 

relationship for any arbitrary temperatures and strain rates.  

The parameter 𝑅 is written as follows [13,14]: 

𝑅 = 𝑇 ln
108

𝜀̇  (3-3) 

where 𝑇 and 𝜀̇ are the temperature and strain rate, respectively. Using the 𝑅 parameter, the 

yield stress at any arbitrary temperature and strain rate is represented as follows: 
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𝜎YS(𝑇, 𝜀̇ ) = 𝜎YS0 × Exp [𝐴 × (
1

𝑅
−

1

𝑅0
)] (3-4) 

where 𝜎YS0 𝐴, and 𝑅0 are fitting parameters determined from the results of the tensile tests 

conducted at various temperatures and strain rates using the least square method. The values 

determined for 𝜎YS0 𝐴, and 𝑅0 were 320 MPa, 2,300, and 7,652 , and 368MPa, 2187, and 7548 

for steel S and steel N, respectively. The fitted curves are also shown in Fig. 3-3 (c). Using the 

fitted curves, the plastic deformation behaviors for arbitrary strain rates and temperatures could 

be obtained to use in the finite element analyses as explained in Section 3.4.1 to evaluate the local 

tensile stresses of each experiment. 
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(a) Yield stress and temperature 

 

(b) Yield stress and strain rate 

Low temperature test of steel S

High speed test of steel S

Approximated curve of steel S

High speed test of steel N

Approximated curve of steel N

Low temperature test of steel N

 

(c) Yield stress and strain-rate temperature parameter 𝑅 

Fig. 3 Yield stress of steel S and steel N 
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3.3.  Experiments 

3.3.1.  Concept of experiments 

Side-grooved specimens were employed in cleavage crack propagation experiments to overcome 

3D effects. Fig. 3-4 shows a schematic comparison between the crack front shapes of a non-side-

grooved specimen and side-grooved specimen. Assuming the straight crack front, the stress 

triaxiality decreases monotonically with respect to the thickness and it becomes difficult to satisfy 

the fracture conditions near the surface in elastic-viscoplastic solids including steels [15,16]. The 

curved crack front gradually becomes curved to increase the local crack driving force and keep 

the critical condition near the surface [17]. The crack front curvature was actually shown by the 

3D application phase finite element analyses that employed the local tensile stress as the critical 

conditions assuming the flat specimen [3]. In contrast to normal specimens, a properly designed 

side-groove can eliminate 3D effect by causing severe plastic constraint near the surface and 

preventing the crack front from curving. Thus, because the side-grooves makes it possible to 

regard cleavage cracks as a 2D plane strain problem, the crack front can be regarded as straight 

in analyses conducted to evaluate the local tensile stresses. 

 

Tunneling or forming
unbroken side ligament Straight crack front

Crack 
propagation

(a) Non-side-grooved specimen (b) Side-grooved specimen

Load

Crack 
propagation

 

Fig. 3-4 Schematic comparison of 3D effects in typical specimen and side-grooved specimen 

 

3.3.2.  Specimen 

Crack propagation experiments were conducted under the tension to simplify experimental 

conditions. Fig. 3-5 shows the specimen configurations employed for the two steels. Although, 

crack propagation experiments under single tension typically require impact loading to initiate a 

cleavage crack [10], accurate simulation of the impact load in finite element analysis is difficult. 
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Therefore, embrittlement bead, NR-LS, and a mechanical notch created by erosion arc machining 

were employed to initiate a cleavage crack in each specimen. The length of the initial notch was 

43 mm in the steel S experiments and 43 mm or 86 mm in the steel N experiments. 

200

600

Pin holes for a crevice

Initial notch in

embrittlement weld

43

5030

(a) Steel S

43 or 86

370

500

Initial notch in
embrittlement weld

Connected to a tab 

plate with welding

Side groove
Side groove

Side groove

5030

Side groove

(b) Steel N

unit: mm

Fig. 3-5 Specimen configurations 

 

The side-groove was the focus of the experimental design. Crack front curvature and the 

formation of shear lips which is the region where that the critical condition cannot be satisfied 

and remains unbroken in the cleavage manners near the surface, are caused by monotonic 

decreasing of constraint along the thickness [1]. The unbroken shear lip are broken in ductile 

manner and become shear lip [18,19]. Because constraint is generally stronger at the center and 

weaker near the surface, local tensile stress is lower near the surface than at the center. Thus, a 

properly designed side-groove that can make the local tensile stress almost same throughout the 

thickness is required to regard the crack behavior as 2D plane strain. The side-groove 

configuration for the experimental condition was determined by preliminary finite element 

analyses. As Fig. 3-6 shows, the configuration was represented by three parameters: side-groove 

thickness 𝑡sl , the angle 𝜃sl , and the root curvature of the side-groove bottom 𝑅sl . For 

convenience in specimen preparation and strain gauge installation to the side of the side-groove 

bottom, constraints were set that 𝜃sl and 𝑅sl were not less than 20° and 1 mm, respectively. 
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Fig. 3-6 Side-groove configuration 

 

To determine the side groove parameters, a series of preliminary finite element analyses were 

conducted to assess the influence of the three parameters. The characteristic distance 𝑟c, which is 

the length between the crack tip and the point of evaluating the stress, was set to 0.15 mm. The 

analyses were conducted by the nodal force release technique in Abaqus 6.14 [20]. The 

constitutive laws in the analyses were determined using the approximated curves shown in Fig. 

3-3(c). The employed finite element model as shown in Fig. 3-7(a) is a quarter model considering 

two symmetry conditions: 𝑥𝑧  and 𝑥𝑦  planes. The crack propagates in the 𝑥  direction by 

releasing constraint of displacement of a crack tip node in 𝑦 direction. The finite element model 

and procedure of the preliminary finite element analyses were same as the finite element analyses 

presented in Section 3.4.1. Each preliminary analysis assumed constant crack velocities although 

experimentally measured crack velocity was input for the simulation of the experiments. The 

crack front was straight in the thickness direction. Fig. 3-7(b) shows an example of the plastic 

zone. Here, the plastic region corresponded to the zone where the equivalent plastic strain was 

larger than 10−6. The plastic zone was confined to the region near the crack front except just 

near the specimen surface. The size of the plastic region in Fig. 3-7(b) was about 1.0 mm. 

Therefore, the stress evaluation point, which is the characteristic distance apart from the crack 

front, was included in the plastic region.  
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(a) Local tensile stress distribution evaluated by finite element analysis using a quarter model 

considering 𝑥𝑧 and 𝑥𝑦 symmetry conditions 
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(b) Plastic region near the crack front 

 

240200

Crack length [mm]

Solid line/Solid mark:
   Side grooved specimen

Dashed line/Open mark:
   Non-side grooved specimen

 

(c) Stress triaxiality distribution along the thickness direction 
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240200

Crack length [mm]

Solid line/Solid mark:
   Side grooved specimen

Dashed line/Open mark:
   Non-side grooved specimen

 

(d) Local tensile stress distribution along the thickness direction 

Fig. 3-7 Comparison of the local tensile stress distribution along the thickness direction between 

side-grooved and non-side-grooved specimen (𝑇 = −60 ℃, 𝑉 = 1,000 m/s, 𝜃 = 35°, 𝜎eff =

120 MPa)  

 

Figure 3-7(c) shows the stress triaxiality distribution along the thickness direction. The stress 

applied to the crack path cross section is denoted by 𝜎eff. At the center, the stress triaxialities 

were approximately 1.85 with or without the side-groove. However, the triaxialities began to 

decrease 7 mm from the thickness center in a non-side-grooved analyses although the triaxialities 

were nearly constant except the region near the surface in side-grooved analyses. This trend is 

consistent with past analyses on static crack growth [21]. The comparison of local tensile stress 

ratio along the thickness direction in the both analyses is shown in Fig. 3-7(d). In this example, 

the local tensile stress 14 mm from the center of the thickness was 27% lower than the stress at 

the center in the non-side-grooved specimen. The maximum deviation of the local tensile stress 

distribution from the stress at the thickness center was only 3.4% in the side-grooved specimen.  

Because the crack velocities and applied stresses at crack initiation could not be known prior to 

the experiments, analyses were conducted for the ranges of experimental temperature 𝑇, assumed 

crack velocities 𝑉 and applied stresses. As the local tensile stress near the surface decreased even 

in the side-grooved specimens, the local tensile stress distribution from the center to 95% of the 

thickness from the center was investigated in each analysis. The side-groove parameter values 

that minimized the deviation of the local tensile stress distribution from the uniform distribution 

were determined for the ranges of supposed velocities and applied stresses considered.  

Based on the results of the preliminary analyses and the constraints adopted for processing 

convenience, the side-groove thickness 𝑡sl and root curvature of the side-groove bottom 𝑅sl 

were set to the constant values, 𝑡sl = 10 mm and 𝑅sl = 1 mm. Only the side-groove angle 𝜃sl 
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was treated as a variable determined for each experimental condition. 

 

3.3.3.  Procedure 

Tensile loading was applied to the specimens using the hydraulically-operated 10-MN test rig in 

the Kashima unit, of the Nippon Steel & Sumikin Technology Co., Ltd. An overview of the test 

rig is shown in Fig. 3-8 (a). Fig. 3-8 (b) shows a specimen installed in the test rig. The steel S 

specimens were loaded by pins and a clevis, which was connected to tab plates by welding. The 

tab plates were loaded by pins of the test rig. In contrast, the steel N specimens were connected 

directly to the tab plates by welding. Considering the provisions of crack arrest tests in 

WES2815[10], the spacing between the pins of the test rig was set to more than thrice the 

specimen width to avoid the effect of load drop due to stress wave reflection.  

To compare experimental results for a range of temperatures, experimental temperature was 

controlled using the cooling bath covering the specimen as shown in Fig. 3-8(b). The cooling bath 

was separated to seven rooms and the temperature of each room can be controlled using a liquid 

nitrogen and compressed air splay system. The local fracture stress evaluations were conducted 

under the isothermal regions. In some experiments, the temperature was uniform throughout the 

whole specimen, but in others, because only the temperature around the notch tip was cooled to a 

lower temperature, the specimen partly had temperature gradient. This temperature distribution 

was similar to that employed in some of CAT tests [22]. The local tensile stresses were evaluated 

only when the crack tips were in the isothermal regions. In each experiments, the entire specimen 

was cooled to the target temperature isothermally, and this temperature was maintained for at least 

30 min. The temperature around the notch tip was then cooled to a lower temperature if needed. 

After the temperature around the notch tip was lowered sufficiently, a remote load was applied 

until a cleavage crack was initiated. The applied stresses when the crack was initiated were varied 

even if the temperatures were same. Thus, the variables in the experiments were temperatures and 

applied stresses in addition to the type of steels. 
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(a) 10 MN test rig (b) Installation of specimen

Cooling bath

Specimen

Specimen

 

Fig. 3-8 Experimental equipment 

 

Some methods have been developed to measure the crack behaviors [4,23,24]. In many previous 

experiments [2,4,5], crack gauges have been employed to measure crack velocities. However, 

because crack gauges can only detect a crack propagating on a specimen surface, crack velocity 

may not be measured accurately considering that a propagating crack front at the center precedes 

that at the surface. Therefore, crack gauges are not appropriate to measure the velocity of cleavage 

crack propagation in steels. Digital image correlation (DIC) is sometime employed as the new 

useful method to measure the crack behaviors [23,25,26]. However, because the cooling bath 

prevented DIC from observing the crack behaviors in the experiments and DIC can measure only 

the behavior of surfaces too, DIC was not appropriate in this study. 

Therefore, strain gauges were considered more appropriate to detect crack propagation for 

determining crack velocities [24] because the crack tip propagation changes the strain fields 

[24,25]. The strain gauges called as KYOWA KFL-02-120-C11 microscopic strain gauges were 

glued along the expected crack path of each specimen as shown in Fig. 3-9. These gauges were 

coupled with high-speed acquisition systems, whose time resolution of 10−7 s−1 and record 

duration of 0.1 s. The strain gauges were connected to the acquisition systems via the terminals 

and signal wires as shown in Fig. 3-9(c). 
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(a) Whole of specimen

A

200 mm

(b) Close up of A

B

Strain gauge

Bottom of 
side groove

20 mm

(c) Close up of B

Terminal

Strain gauge

Signal wire

5 mm

 

Fig. 3-9 Instrumentation of strain gauges 

 

3.3.4.  Results 

Thirty-one experiments were conducted, but because the crack location deviated considerably 

from the bottom of the side-groove or not all of the strain gauges could detect crack propagation, 

crack velocities were determined successfully in only 13. The crack deviation from the side 

groove caused at the initiation point in some cases, although the crack deviated from the side 

groove after it went through the embrittlement weld bead. Therefore, these deviations were caused 

by not only scatter of the crack initiation point, but also the specimen setting. 

One of the fracture surfaces obtained from the experiments is shown in Fig. 3-10. The crack was 

initiated near the initial notch tip. All cleavage fracture appeared on the surface, and although 

cleavage fracture surfaces sometimes have significant macroscopic roughness with concave and 

convex [8], the surfaces obtained in this study were not macroscopically rough except near the 

initial notch tip. The cracks penetrated the specimens in all successful experiments. The 

experimentally obtained temperature distributions are shown in Fig. 3-11.  

Temperature data of thermocouples that could not measure the temperature were omitted. Because 

there were local temperature gradients in some experiments, local tensile stress evaluations were 
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conducted only when the crack tips were in isothermal regions. The experimental conditions and 

specimen configurations for the 13 successful experiments are listed in Table 3-3. 𝜃, 𝑇ave, and 

𝜎eff  are the angle of the side-groove, average isothermal temperature, and effective stress 

working on the cross section of the crack path, respectively, in Table 3-3. 

 

Side groove

Initial notch tip

Cleavage fracture surfac e

Crack 
propagation
direction

 

Fig. 3-10 Representative fracture surface obtained by fracture test (S19) 
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(a) Temperature distribution of steel S 

 

            (b) Temperature distribution of steel N 

Fig. 3-11 Temperature distribution 
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Table 3-3 Conditions of successful experiments 

Steel Mark 𝜃 [°] 𝑇ave [℃] 𝜎eff [MPa] 

S 

S12 20  -82  219  

S14 20  -61  136  

S15 40  -81  101  

S16 20  -44  174  

S18 20  -62  251  

S19 70  -102  154  

N 

N1 35  -60  240  

N2 50  -80  191  

N4 35  -60  257  

N6 40  -80  122  

N7 35  -41  195  

N8 35  -42  107  

N13 65  -101  116  
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An example of the strain data obtained is shown in Fig. 3-12. The absolute values of the strain 

data were not accurate or meaningful because of the limitations of the acquisition systems. Only 

strain transitions against time were used to determine crack velocities. The measured strains 

gradually increased and then suddenly decreased after reaching peak values. Considering previous 

studies showed that the vertical strain near the crack tip showed the steep drop after the strain 

peak [25,26] because the elastic strain is suddenly released just after the crack tip passes, the 

peaks in the measured data could be regarded as the point at which the crack tip passed just the 

side of the gauge. Owing to difficulties in detecting the strain transition near the bottom of the 

side-groove, the peaks of the strain transitions could not be determined for some gauges. Figs. 3-

13(a), and (b) illustrate the relationship between the crack tip positions and time according to the 

strain data. This relationship can be expressed using the following equation: 

𝑎(𝑡) = 𝛼V𝑒𝛽V𝑡 + 𝛾V (3-5) 

where 𝛼, 𝛽, and 𝛾 are fitting parameters and 𝑎(𝑡) [mm] is the crack length at time 𝑡 [s].  

The dashed lines in Figs. 3-13 (a) and (b) are curves approximated using Eq. (3-5). The values of 

𝛼V, 𝛽V, and 𝛾V for each experiment are shown in Table 3-4. The crack velocities were obtained 

by differentiating Eq. (3-5) with respect to time. Figs. 3-13 (c) and (d) illustrate the relationship 

between crack tip positions and crack velocity for specimens for which the crack tip position was 

detected by strain gauges.  
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Fig. 3-12 Examples of strain transitions (case S14). The absolute values of the strain data are not 

accurate and do not have physical meaning. 
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Table 3-4 Fitting parameter values for crack tip positions versus time 

 𝛼V 𝛽V 𝛾V 

S12 18.3 3,317 -297 

S14 58.7 3,467 15 

S15 41 2,038 -108 

S16 31.1 2,691 -252 

S18 18.6 12,179 6.56 

S19 0.0763 7,886 0.1 

N1 0.166 7,790 8.47 

N2 57.1 1,431 -639 

N4 1.18E-04 7,565 0.349 

N6 8.02E-03 5,327 31 

N7 983 356 -1650 

N8 13.1 2,075 86 

N13 0.2 3,778 0.2 
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(b) Crack tip positions against time of steel N 

  

(c) Crack velocities of steel S 

 

(d) Crack velocities of steel N 

Fig. 3-13 Crack velocities in the experiments 
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3.4.  Local fracture stress evaluation by finite element 

analysis 

3.4.1.  Procedure 

Local fracture stresses were evaluated using crack velocity histories obtained as described in Fig. 

3-13 as inputs to 3D elastic-viscoplastic finite element analyses. The analyses considered the rate 

and temperature dependent material plasticity because the employed constitutive laws were 

obtained from a series of high speed and low temperature tensile tests explained in Fig. 3-3. 

The so-called generation phase nodal force release technique [27] was used in this study to 

represent rapid crack propagation in the analyses, because of its simplicity and robustness in 

comparison to other methods to analyze dynamic crack propagation problems [28]. There are in 

fact multiple nodal force release techniques [29,30]; in this study, linear release technique was 

employed, based on its previous verification in application to Broberg’s reference problem in 

Chapter 2. The finite element analyses were conducted using Abaqus 6.14 [20]. The implicit 

Hilber-Hughes-Taylor (HHT) method [31] was used as the time integration method. 

One of the finite element models analyzed in our study is shown in Fig. 3-14. This model is the 

quarter model based on symmetry of the boundary conditions of the 𝑥y and 𝑥𝑧 planes. Based 

on the strain data used to detect load drop due to the stress wave reflection, it was presumed that 

the reflected stress waves did not reach the crack propagation paths [10]. Thus, the model size in 

the longitudinal direction was set to be sufficiently long to prevent the reflected stress waves from 

reaching the crack paths. Because the local tensile stress suddenly changes near the surface as 

shown in Fig. 3-7, the vicinity of the model surface was divided finely using geometric 

progression. As explained in Section 3.3.2, 𝑡sl was 10 mm. 

Although the mesh size in the region of crack propagation had to be sufficiently fine to evaluate 

local tensile stresses at the characteristic distance from the crack tip, the computational time had 

to be kept within a realistic range. Thus, local fine mesh zones (LFMZ) were located along the 

crack propagation path at certain interval, as shown in Fig. 3-14(f), to reduce the computational 

time. The local tensile stresses were evaluated when the crack tip reached the center node of an 

LFMZ.  

The minimum mesh size 𝑑 of LFMZ was approximately 0.05 mm (50 μm). This size was same 

as those employed in previous studies to experimentally evaluate local fracture stresses using 2D 

finite element analyses [2,4,5]. The characteristic distance was set to 0.15 mm as same as in the 

preliminary analyses shown in Section 3.3.2. This characteristic distance will be discussed later. 
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The local tensile stresses were determined from the reaction force at the nodes located along the 

crack paths.  

Considering that the local tensile stresses were almost constant from the center of the specimen 

thickness to approximately 95% of the thickness, the local tensile stresses were obtained by 

averaging the stresses from the thickness center to approximately 95% of the thickness. It is 

desirable that the local tensile stresses along the thickness are as uniform as possible. However, 

when the crack velocities were higher than approximately 1,700 m/s, the local tensile stresses 

approximately 14 mm from the center of thickness became greater than 110% of those at the 

center of the thickness due to the side-groove. In addition, the evaluation accuracy of the local 

tensile stresses decreased because of the use of LFMZ when the crack velocity was much higher. 

Therefore, the local tensile stresses were evaluated for crack velocities that were lower than 1,700 

m/s. Actually, because the measured crack velocities were usually slower than 1,700 m/s, this 

limitation did not really matter. 

Furthermore, because attempts have been made to use dynamic stress intensity factors to describe 

cleavage crack propagation and arrest behavior [32,33] as noted in Section 3.1, dynamic stress 

intensity factors were also determined for each experiment. The coefficient to consider the 

dynamic effects, 𝐵(𝑉) proposed by Broberg [34], was employed to determine the dynamic stress 

intensity factor from the static stress intensity factor calculated by the applied stress and crack 

length. This coefficient was derived considering the relative motions of semi-infinite crack 

propagating in constant velocity and the elastic wave [34]. The acceleration and deceleration of 

the crack tip does not influence the coefficient [35]. These dynamic stress intensity factors 𝐾d 

were calculated as 

𝐾d = 𝐵(𝑉)𝐾s (3-6) 

where 𝐾s  is the static stress intensity factor. 𝐵(𝑉)  is 1 in case of the static crack and 

monotonically decreases with the crack velocity and becomes zero when the crack velocity is the 

Rayleigh wave velocity. 𝐾s was calculated from applied stress and the crack length. The detail 

of Broberg’s coefficient is shown in Chapter 2. 
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Fig. 3-14 Employed finite element model (Steel N specimen) 
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3.4.2.  Result 

The dynamic stress intensity factors of steel S and steel N obtained in our experiments are plotted 

with respect to crack length, temperature and crack velocity in Figs. 3-15 and 3-16, respectively. 

The tendency of the dynamic stress intensity factors to increase with crack velocity is consistent 

with the results reported by previous studies [36,37]. However, the cleavage crack propagation 

behavior observed in our experiments cannot be described by the dynamic stress intensity factors 

shown in Figs. 3-15 and 3-16. Additionally, the relationship between the dynamic stress intensity 

factors and crack velocities cannot be generalized because the relationship depends on the 

specimen geometry, temperature, and other factors [32]. The dynamic stress intensity factors 

obtained in this study were thus not considered for use in describing the material resistance to 

cleavage crack propagation in the steels tested.  
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(a) Crack length (Steel S) 

  

(b) Temperature (Steel S) 

  

(c) Crack velcoity (Steel S) 
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Fig. 3-15 Dynamic stress intensity factor in steel S 
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(a) Crack length (Steel N) 

 

(b) Temperature (Steel N) 

 

(c) Crack velocity (Steel N) 
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Fig. 3-16 Dynamic stress intensity factor in steel N 
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In contrast, the local tensile stresses were almost constant regardless of the temperatures, crack 

velocity, and crack length, as shown in Figs. 3-17 and 3-18. Some scatter can be observed in Figs. 

3-17 and 3-18, but such scatter is inevitable in dynamic crack propagation experiments and 

analyses because of practical difficulties associated with conducting such experiments and 

analyses, as observed in previous studies [2,4,5,38]. The average values of the local tensile 

stresses in steel S and steel N were 1,862 MPa and 2,070 MPa, respectively. Because the crack 

arrest toughness of steel N is greater than that of steel S, it is to be expected that the local fracture 

stresses in steel N would be greater than in steel S for the same experimental conditions. The 

standard deviations were 130 MPa (7.0 % of the average local fracture stress of steel S) and 96 

MPa (4.6 % of the average local fracture stress of steel N), respectively. The causes of the scatter 

are discussed in Section 3.5.2.  

These results provide strong experimental evidence of the local fracture stress criterion in which 

local tensile stresses are regarded as representative of the material resistance to the cleavage crack 

propagation. Furthermore, the results showing that the local tensile stresses were nearly constant 

is consistent with the assumption underlying the model proposed by Shibanuma et al.[1,8]. 
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Fig. 3-17 Local tensile stress of steel S 

 

 

0

500

1,000

1,500

2,000

2,500

3,000

3,500

50 100 150 200

Crack length [mm]

L
o
ca

l 
te

n
si

le
 s

tr
es

s 
[M

P
a] Steel S

Average:1,862 MPa

0

500

1,000

1,500

2,000

2,500

3,000

3,500

-140 -120 -100 -80 -60 -40 -20

Temperature [℃]

L
o
ca

l 
st

re
ss

 [
M

P
a]

Average:1862 MPa

Steel S

0

500

1,000

1,500

2,000

2,500

3,000

3,500

0 500 1000 1500 2000
Crack velocity [m/s]

L
o
ca

l 
st

re
ss

 [
M

P
a]

Steel S

Average:1862 MPa

Steel S



 

 

Chapter 3                                         

118 

 

 

(a) Crack length (Steel N) 

 

(b) Temperature (Steel N) 

  

(c) Crack velocity (Steel N) 
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Fig. 3-18 Local tensile stress in the vicinity of propagating crack tip 
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3.5. Discussion 

3.5.1.  Characteristics of local fracture stress 

Figure 3-17 and 3-18 shows that the local fracture stresses of cleavage crack propagation in each 

steel were nearly constant. These results are consistent with the assumption employed by the 

numerical model based on the local fracture stress criterion [1,8]. On the other hand, such result 

is different from the results of previous studies conducted by Berdin et al. [2], Prabel et al. [4], 

and Bousquet et al. [5]. Although, in previous studies, it was not necessarily possible to determine 

the crack behaviors accurately because of the lack of consideration of 3D effects. The results of 

these previous studies concerning the characteristics of local fracture stresses are nonetheless 

noteworthy. 

According to Berdin et al., local fracture stresses are higher at higher temperature [2,3], and the 

local fracture stress can be assumed to exhibit same temperature dependency as the lower bound 

of the 𝐾Ia arrest toughness curve. Although their experimental results suggested that the local 

fracture stress increases with temperature [2], this can be attributed to 3D effects which were not 

considered in their studies. It has been noted that because 3D effects becomes more remarkable 

at higher temperatures or lower crack velocities, the effective driving force of a propagating crack 

is lower than the apparent crack driving force. Accordingly, the local fracture stress is 

overestimated, especially just before crack arrest in the results obtained by Berdin et al. because 

their 2D analysis method could not consider this reduction of the crack driving force. 

On the other hand, Prabel et al. and Bousquet et al. reported that the local fracture stress depends 

on the strain rates [4,5]. In their studies, the local fracture stress was higher when the strain rate 

was higher. However, their data included local fracture stresses determined for cases in which the 

strain rates were lower than 102 /s. The strain rates in all of our analyses were higher than 

103 /s, even though the experiments were conducted under various applied stress and temperature 

conditions. Strain rates lower than 102 /s appear to be too low for strain rates in the vicinity of 

dynamically propagating cleavage crack tips. This underestimation can be attributed to the crack 

velocities determined in the studies being slower than the actual crack velocities (because crack 

gauges and high speed cameras were employed) and the fact that 3D effects were ignored. 

The characteristic distance is a controversial issue in research on the local fracture stress criterion. 

Characteristic distances of 0.1~0.3 mm were used in previous studies [1–5,8]. In this study, the 

characteristic distance used was 0.15 mm, which is within this range. Fig. 3-19 shows examples 

of the experimentally obtained local stress distribution against the distance from the crack tip for 



 

 

Chapter 3                                         

120 

 

different temperature and crack velocity in steel N experiments. It can be found that the local 

stress distributions have an intersection point at about 0.15 mm from the crack tip. 

 

 

,
,
,
,

 

Fig. 3-19 Experimentally obtained local stress distribution (−60 ℃: N6, −100 ℃: N13) 

 

In fact, as shown in Fig. 3-19, the local tensile stresses at distances of 0.1-0.2 mm from the crack 

tip exhibited trends similar to those of the local tensile stresses presented in Figs. 3-17 and 3-18, 

and the standard deviations were appropriately 4.7~6.1% and 7.0~8.0% for steel N steel S, 

respectively. 

Furthermore, it is worth noting that the crack arrest toughness of steel N is much higher than that 

of steel S although the local fracture stress of steel N is higher than that of steel S by only 

approximately 10%. This gap of the crack arrest toughness of both steels may not be explained 

only by the gap of the local fracture stresses. The gap of the toughness can also be attributed to 

the rate sensitivity of yield stress. Because the yield stress of steel S is more sensitive to strain 

rate than that of steel N as shown in Fig. 3-3, the local tensile stress is likely to satisfy the local 

fracture stress even when SIF is lower. Thus, increasing the local fracture stress, and decreasing 

rate sensitivity of yield stresses of steels are important to improve the crack arrest toughness. 

 

3.5.2. Microstructure and local fracture stress 

In contrast to the nearly constant local fracture stresses against cleavage crack propagation shown 

in Figs. 3-17 and 3-18, the local fracture stress of cleavage crack initiation is known to depend on 

temperature [12,39]. This difference of the characteristics of the local fracture stress between 

cleavage crack initiation and propagation implies that the microscopic mechanism of resistance 
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against cleavage crack propagation differs from the microscopic mechanism of resistance against 

cleavage crack initiation. Most of the resistance to cleavage crack propagation can be attributed 

to the formation of tear ridge [40–42], as Fig. 3-20 shows, which, are ligaments broken in a ductile 

manner between the cleavage planes of adjacent grains. Considering this tear ridge formation does 

not contribute to the resistance to cleavage crack initiation, such difference in the resistance 

mechanism appears to lead to inconsistencies in the temperature dependency.  

In fact, a relationship between microstructure and cleavage crack propagation resistance is not 

clear. For example, the contribution of a grain size, which is the most fundamental feature to 

characterize steel microstructure, is not known. Although the grain sizes of steel S and N are 

different, the contribution cannot be simply derived from Figs. 3-17 and 3-18 because their 

chemical compositions are different. Chapter 8 will show a series of examination of the local 

fracture stress for each grain sizes steel with same chemical composition. 

 

Tear ridge

Cleavage plane

 

Fig. 3-20 Optical observation of the tear ridge [41]  

 

3.5.3. Scatter of the local fracture stresses 

It should be noted that there were scatters in the local fracture stress results, as shown in Figs. 3-

17 and 3-18. This scatter is presumed to be associated with the accuracy of the crack velocity 

evaluation method, the accuracy of the finite element analysis results, and the experimental 

procedures used, including those for specimen installation, gauge instrumentation, and 

temperature control. Crack velocity determination from strain data is particularly prone to error 

because of the difficulty of determining the strain peak as shown in Fig. 3-12. The method used 

to approximate the relationship between the crack tip position and time is also a possible cause of 

scatter. Furthermore, a crack that appears straight macroscopically is not necessarily truly straight, 
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but rather may meander and branch, as can be observed microscopically. In addition, even though 

the side groove worked to eliminate 3D effect, the actual crack front was not perfectly straight. 

These complexities of crack propagation are main causes of the scatter in the local tensile stress 

results obtained. 

Scatter in the results was also observed in previous studies of local fracture stress and other 

parameters like dynamic stress intensity factors [4,5,33], and such scatter is inevitable in the 

studies of dynamic phenomena. However, because our experiments accounted for the 3D effects 

and employed strain gauges instead of crack gauges, the local tensile stresses shown in Figs. 3-

17 and 3-18 are regarded as more accurate than the results of previous studies, which did not 

consider 3D effects. 

The scatter observed in the results obtained in this study also reflect intrinsic variation in the local 

fracture stresses due to locally inhomogeneous microstructures even though the steel plates 

employed were globally homogeneous. The material resistance to cleavage crack initiation is 

known to exhibit variation [43]. The Weibull stress concept is commonly used to characterize 

scatter in the critical stresses associated with cleavage fracture initiation [44] and has been applied 

to the cleavage crack propagation and arrest problem by Berdin [3]. However, the intrinsic 

variation in the local fracture stresses associated with cleavage crack propagation is considered 

to be much smaller than that of the local fracture stress of cleavage fracture initiation because the 

cleavage crack propagation process basically does not include crack nucleation in secondary 

phase such as cementite or pearlite, which is the trigger of cleavage crack initiation in steels [12]. 

In addition, because the cleavage crack propagates over the entire thickness, the local fracture 

stress is averaged even if some microscopic scattering of the material resistance is present. Thus, 

the Weibull stress concept may be not appropriate for use in describing the variation in the local 

fracture stress associated with cleavage crack propagation, and the variation associated with the 

local tensile stress evaluation process may be larger than the intrinsic scatter. 

 

3.5.4. Temperature dependency of the local fracture stresses 

Usually, 𝐾ca is evaluated in the range of −30~10 ℃. And, the temperatures which were set in 

above experiments were lower than ductile-brittle transition temperature (DBTT) except N7 and 

N8 whose temperatures were higher than DBTT. The lower temperatures were chosen as the 

experimental conditions because of two reasons. One is related to temperature control. It was 

needed to make the temperature around the initial notch tip lower than the temperature of the 
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isothermal region to cause brittle fracture without impact. Therefore, if the isothermal region 

temperature had be set to higher than DBTT, the temperature gradient between the initial notch 

tip and the isothermal region would have be extremely steep or the isothermal region would be 

shorter. The other reason is about the measurement of crack velocity. It was needed to keep the 

applied stress relatively lower because the higher applied stress made fracture surfaces rough. The 

crack velocity measurement became hard in such cases because such rough fracture surface made 

the strain data much noisy. However, in particular, the brittle crack arrest toughness of steel N 

was higher, so the crack was arrested just after it entered the isothermal region when the applied 

stress was small and the temperature was high. Therefore, considering the measurement of crack 

velocity, the applied stress should be lower and the temperatures should be also lower. According 

to these two reasons, the temperatures were basically set to relatively low. 

However, it is not reasonable to relate the local fracture stress to the temperature because the 

DBTT is determined by Charpy impact test. As noted in Section 3.5.2, the local fracture stress 

corresponds to the energy dissipation related to the tear ridge formation in microstructural view 

because the local fracture stress is the resistance against only cleavage crack propagation. On the 

other hand, the absorbed energy in Charpy impact test is the accumulation of the energy related 

to the all fracture phenomena which cause in the test. Usually, as explained in Fig. 3-21, the 

fracture in Charpy impact test is composed of ductile crack extension before brittle fracture 

initiation, brittle fracture initiation, cleavage crack propagation, shear lip formation, and ductile 

fracture of ligaments due to ductile fracture although some of them are not observed in the certain 

experimental condition [45–47]. The energy absorption due to cleavage crack propagation is small 

enough to be negligible compared to the other energy absorption [45,48]. The absorbed energy 

transition related to DBTT is attributed to the change of the absorbed energy of the fracture 

phenomena other than cleavage crack propagation [45] and it has not been found that energy 

absorption due to cleavage crack propagation has the temperature dependency as same as the 

whole of energy absorption in Charpy impact test. In addition, the ductile-brittle transition 

temperature depends on evaluation methods [49,50]. Thus, DBTT cannot be related to the 

temperature dependency of the local fracture stress. Accordingly, there is no necessity to evaluate 

the local fracture stress in the temperature higher than DBTT, and thus as Fig. 3-18 showed, it can 

be concluded that the local fracture stress is independent on the temperature. 
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Fig. 3-21 Energy absorption in local fracture stress and Charpy absorbed energy 

 

3.6.  Conclusion 

Cleavage crack propagation and arrest behavior in steel has persisted as an unsolved problem in 

fracture mechanics, despite its engineering importance. Given that the local fracture stress is the 

most promising criterion for cleavage crack propagation and arrest behavior, this study was 

carried out to evaluate local tensile stresses in the vicinity of the crack tip.  

The evaluations were conducted using a series of cleavage crack propagation experiments and 

finite element analyses. Side-grooved specimens were employed to eliminate 3D effects that 

cause severe plastic constraint near the plate surface. Preliminary finite element analyses were 

conducted to design appropriate side-groove configurations. The crack velocities obtained in the 

experiments were used as inputs to finite element analyses to evaluate the local tensile stresses in 

the vicinity of the crack tip. Dynamic stress intensity factors were also calculated from the 

experimental results. 

The dynamic stress intensity factors were found to vary with the temperature, crack velocity, and 

crack length. This indicates that dynamic stress intensity factors should not be used as intrinsic 

criteria for cleavage crack propagation and arrest behavior in steel. In contrast, the local tensile 

stresses were nearly constant for each steel regardless of the experimental conditions although the 

numerical results exhibited some scatter. These results are the first experimental evidence that 

strongly supports the validity of the local fracture stress criterion according to which local tensile 
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stresses are regarded as representative of material resistance to the cleavage crack propagation in 

steels. The observation that the local tensile stresses were constant is consistent with the 

assumption underlying the theoretical model based on the local fracture stress criterion [1,8]. 

Accordingly, the results of this chapter strongly support that the local fracture stress criterion is 

the most promising concept for explaining cleavage crack propagation and arrest behavior in steel.   
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Chapter 4 Governing factors of local 

stresses in the vicinity of the running crack 

tip in elastic- viscoplastic solids 

 

4.1. Introduction 

Chapter 3 presented the experimental evidence to strongly support the local fracture stress 

criterion in brittle crack propagation/arrest behaviors. Because this study attempts to model brittle 

crack propagation and arrest behaviors, the local tensile stress in the vicinity of a rapidly 

propagating crack tip is needed to appropriately understand. In fact, the local stress field near the 

crack tip is one of the most attractive issues in dynamic fracture mechanics and studied by 

previous literatures [1,2]. In linear elastic problems, the local stress field follows 1 √𝑟⁄  

singularity even in rapid crack propagation as mentioned in Chapter 2. However, although several 

studies analysed the local tensile stresses in elastic-viscoplastic solids based on some 

simplifications [3,4], it is practically difficult to establish accurate asymptotic equations of the 

local tensile stresses in the complicated elastic-viscoplastic solids like steels. Therefore, a 

numerical method is vital to accurately evaluate the local tensile stresses. 

Although some studies using numerical methods were devoted to investigate the local tensile 

stresses, viscoplastic effect has been mainly considered to evaluate the energy balance of the crack 

tip and thus examination of the features of the local tensile stress have not been carried out based 

on the local fracture stress criterion [5–7] . Numerical methods such as finite element method 

were applied to analyse viscoplastic effect to crack tip energy balance and thus the effect to the 

local tensile stresses is not sufficiently understood [8,9]. In particular, it is essential to clarify how 

the local tensile stresses are influenced by the crack propagation conditions, such as the crack 

velocity and stress intensity factor (SIF), to appropriately model the local tensile stresses. 
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Previous studies attempted to relate the local tensile stress to the macroscopic crack parameters 

to explain brittle crack propagation and arrest behaviors [10–12,4,13]. For example, a 

conventional numerical model based on the local fracture stress assumed that the determinants of 

local tensile stress were SIF, temperature, and crack velocity when the constitutive law was same 

[10]. This assumption, however, did not result from findings obtained from detail investigation 

and thus, further inspection is needed. 

In addition to the aforementioned macroscopic parameters (SIF, crack velocity, and temperature), 

the crack velocity history including unsteady effect (non-constant crack velocity) is also important 

to understand the brittle crack propagation and arrest behavior although such an effect has been 

hardly considered for elastic-viscoplastic solids. When it is needed to evaluate the local fracture 

stress, it is necessary to measure the crack velocity and temperature in order to simulate the crack 

behavior in finite element analyses [14,15]. In reality, it is difficult to measure the crack velocity 

history and temperature distribution perfectly because of limitations in the measurement tools of 

crack velocity histories. As a result, these quantities are usually only measured in the range of 

interest. However, because it is not clear whether the crack velocity history and temperature 

distribution before the crack enters the range of interest influences the local tensile stresses in the 

range of interest, the measured local tensile stresses cannot be regarded as an accurate value. This 

unsteady effect is an important topic in elastic fracture mechanics [16,17], but it has rarely been 

considered in elastic-viscoplastic solids like steel. 

Although there are some numerical methods developed to analyze rapid crack propagation 

problems, this chapter also employed finite element method as same as Chapter 2 and 3. In 

addition, to accurately distinguish what parameter influences the local tensile stress, it was needed 

to conduct accurate evaluation of the local tensile stress. Therefore, based on the results of Chapter 

2, the Rayleigh damping was applied. The used FEM software was Abaqus 6.14 [18]. 

As indicated in the above discussion, it is important to determine and investigate the parameters 

that influence the local tensile stress in the vicinity of a rapidly propagating crack tip for further 

understanding of the brittle crack propagation and arrest behaviors in steel from the perspective 

of the local fracture stress criterion. A series of finite element analyses were carried out in this 

chapter, in which crack propagation was categorized as follows: steady state crack propagation 

(crack velocity is constant during crack propagation), and unsteady state crack propagation (crack 

velocity changes during crack propagation). Based on the assumption of the proposed numerical 

model based on the local fracture stress criterion [10], the candidates for the factors that determine 

the local tensile stress were the SIF, crack velocity, and temperature including temperature 
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gradient in steady state crack propagation. These steady state crack propagation analyses are 

described in Section 4.3. In addition, the analyses in which the crack velocity is not constant 

during crack propagation are described in Section 4.4. Section 4.5 discusses the results obtained 

in Sections 4.3 and 4.4, before Section 4.6 concludes this chapter. 

 

4.2. Method 

The analyses in this chapter used FEM to evaluate the local tensile stresses in the vicinity of a 

rapidly propagating crack tip. In particular, the nodal force release technique was employed to 

represent rapid crack propagation in FEM, as the accuracy of local stress evaluation in the nodal 

force release technique is known to be sufficient for our purpose based on Chapter 2 [19]. Herein, 

the implicit HHT method was employed to solve dynamic problems.  

The problem dealt with in this chapter is a propagating crack located in the center of an infinite 

plate under remotely applied tensile stress, as shown in Fig. 4-1. The direction of the tensile stress 

is normal to the direction of crack propagation. This is one of the most typical problems in fracture 

mechanics [20] and same as the problem analysed in Chapter 2.  

 

Remotely applied tensile stress

Crack propagation direction

Domain for finite

element analysis

  

 

Fig. 4-1 Infinite media with a center crack under remotely applied tensile stress and the domain 

for finite element analyses 
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The mesh generator employed in Chapter 2 was also used to construct finite element models for 

use in a series of crack propagation analyses. As shown in Fig. 4-1, the symmetries of the problem 

mean that the employed mesh is a quarter model. In the mesh generator, the crack velocity 𝑉, 

minimum mesh size along a crack path 𝑑, crack length  , remotely applied stress 𝜎app, Young’s 

modulus 𝐸, Poisson’s ratio 𝜈, and density 𝜌 are input parameters. In all analyses described in 

this study, the Young’s modulus, Poisson’s ratio, and density are set to 𝐸 =  06 GPa, 𝜈 = 0.3, 

and 𝜌 = 7,800 kg m3⁄ . These material constants are the same as those of steel.  

In order to regard the finite element model as practically infinite, the finite element model 

dimensions were set to be sufficiently large so that the reflected stress waves did not reach the 

crack path before the crack reached the final crack length. In addition, the final crack length was 

much smaller than the model dimension so that the SIF was not influenced by the finite width 

effect. Therefore, the dimensions of the model varied in terms of the input parameters such as the 

crack velocity to keep the model infinite. 
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Fig. 4-2 Example of the employed finite element mesh and boundary conditions made by the 

mesh generator 

 

One example of the finite element models produced by the mesh generator is shown in Fig. 4-2. 
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𝑉 , 𝑉, and   a  denote the Rayleigh wave velocity, crack velocity, and final crack length, 

respectively. 

Two boundary conditions were imposed on the model, as shown in Fig. 4-2, according to the 

symmetry of the model.   and   were width and length of the finite element model, 

respectively. The plain strain and first-order quadrilateral elements with full-integration were 

employed in all analyses reported in this chapter. CPE4 was employed as the element in Abaqus 

6.14 [18]. These fundamental information of employed meshes was same as those employed in 

Chapter 2. 

Unless otherwise noted, the minimum mesh size 𝑑 was 0.05 mm and the local tensile stresses 

were evaluated at a point 0.15 mm away from the crack tip, based on the experimental results 

explained in Chapter 3. In other words, the characteristic distance was 0.15 mm, which is equal 

to 3𝑑. Therefore, herein, the local tensile stress was defined as the maximum principal stress 

evaluated using the reaction forces at the third node from the crack tip. 

The yield point of steel is strongly dependent on temperature and strain rate [21]. Although such 

a dependency varies for the type of steels, the dependency expressed by the empirical equation 

shown below was employed because this chapter does not deal with any specific steel. 

The empirical equation was proposed by Gotoh et al. [22,23] based on the strain rate-temperature 

parameter [21] to express the yield point 𝜎YS at an arbitrary temperature 𝑇 [𝐾] and strain rate 

𝜀̇ [s−1] as 

𝜎YS = 𝜎YS0exp(497.5 − 68.90 ln 𝜎YS0) (
1

𝑇

18.4 − ln 𝜀0̇
18.4 − ln 𝜀̇

−
1

𝑇0
) (4-1) 

where 𝜎YS0  is the yield point at the reference temperature [Pa] and strain rate, 𝑇0  is the 

reference temperature  [𝐾] (set to  93 K), and 𝜀0̇  is the reference strain rate (set to 5.0 ×

10−5 s−1). In these elastic-viscoplastic analyses, 𝜎YS0 was set to 400 MPa. The relationship 

between strain rate and yield stress expressed by Eq. (4-1) is shown in Fig. 4-3 for 𝜎YS0 = 400 

MPa. Because Eq. (4-1) was obtained by averaging the relationship between strain rate, 

temperature, and yield stress of various types of steels, it can be regarded as an average 

relationship of strain rate, temperature, and yield stress of various steels. It was also employed to 

express the average relationship in previous studies [10,11]. 

The stress–strain relationship was modelled using Swift’s law [24] expressed as 
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𝜎 = 𝜎YS (1  
𝜀p

0.0 
)
𝑛

 (4-2) 

where 𝜀p , 𝜎YS, and 𝑛 are the plastic strain, yield stress, and hardening exponent, respectively. 

The hardening law was isotropic. According to a series of tensile tests of steels [22,23], 𝑛 can 

be empirically expressed by the yield stress for certain strain rate and temperature as 

𝑛 = 0.471 𝑒−0.00219𝜎YS (4-3) 

where 𝜎YS is the yield stress. 

 

 

Fig. 4-3 Dependency of yield stress on strain rate (𝜎YS0 = 400 MPa) 

 

4.3. Steady state crack propagation 

Using the method described in Section 4.2, the steady state crack propagation was analysed to 

investigate the effect of the SIF, crack velocity, temperature, and temperature gradient. All the 

analyses reported in this section were carried out in the elastic-viscoplastic condition. 

Conventionally, the crack tip local tensile stress field of a rapidly propagating crack in steel has 

been regarded as being in the small-scale yielding condition, because the strain rate near the crack 

tip is extremely high [10,25–27]. This suggests that the SIF could describe the amplitude of the 

local tensile stress field around a rapidly propagating crack tip.  

Although previous studies regarded that the local tensile stress field is a function of SIFs 

[10,12,13], there have been no rigorous investigations on how SIF influences the local tensile 
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stresses. Thus, the first investigation in this chapter considers the relationship between the local 

stresses and the SIFs (see Section 4.3.1). Here, because the crack length is sufficient small for the 

finite effect on SIF to be much small, SIF is expressed as 

𝐾 = 𝜎app√𝜋  (4-4) 

where 𝐾 is SIF, 𝜎app is the remotely applied stress, and   is the crack length. 

Furthermore, the crack velocity provides inertia to the body containing the crack and determines 

the amplitude of the local stress field around the crack tip [28]. Although experiments have found 

a wide range of velocities of brittle cracks (approximately 100– ,000m s⁄ ) [29–32], the 

influence of the crack velocity on the crack tip stress fields has not been evaluated quantitatively 

in elastic-viscoplastic materials such as steel. Therefore, Section 4.3.2 explores how the crack 

velocity influences the local tensile stress. Finally, for steady state crack propagation, the effects 

of the temperature and temperature gradients are investigated in Section 4.3.3. Because the 

temperature is a determinant of the yield stress of steel, it is expected to strongly influence the 

local tensile stresses. As the temperature gradients are used in crack arrest tests [33], they are also 

examined in Section 4.3.3. 

 

4.3.1.  Stress intensity factor 

As noted before, this section aims to clarify the influence of SIF on the local tensile stress. Four 

amplitudes of applied stresses (160, 200, 300, and 360 MPa) were considered in the crack 

propagation analyses. The comparison of the local tensile stresses for each applied stress is shown 

in Fig. 4-4. When SIFs were same, the crack length was different for each applied stress. For 

example, when the stress intensity factor was 100 MPa√m, the crack lengths were 124.3, 79.5, 

35.3, and 24.5 mm at 𝜎app = 160,  00, 300, and 360 MPa, respectively. 

The local tensile stresses increase with the SIF, but the rate of increase gradually becomes smaller 

as the SIF becomes larger (see Fig. 4-4). In particular, even when the crack length becomes 

extremely large and the SIF is much higher than approximately 150 MPa√m, the rate of increase 

of the stress is smaller than increase ratio of SIF. Note that this gradual decline in the rate of 

increase of the local tensile stress with respect to SIF contributes to the “long brittle crack problem” 

[10,34], because the local tensile stress barely rises as the SIF becomes much higher. Namely, it 

can be said that the local tensile stress approaches saturation as the stress intensity factor rises. 
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(a) 𝑉 = 600m s⁄  

 

            (b) 𝑉 = 1, 00m s⁄  

Applied stress [MPa]

160 200 300 360
 

Fig. 4-4 Relationships between stress intensity factors and local tensile stresses 

 

Under the assumption of small-scale yielding, the crack tip stress field is regarded to be 

characterized by SIF. However, Fig. 4-4 clearly shows that the local tensile stresses are not same 

with respect to the applied stresses when the SIF is the same. To make the difference clear, the 

local tensile stresses for 𝜎app =  00, 300, and 360 MPa were normalized by the local tensile 

stress for 𝜎app = 160 MPa. Fig. 4-5 shows these normalized results. While the SIFs are less than 

30 MPa√m, the local tensile stresses are higher in cases of higher applied stress conditions. Once 

the SIF exceeds 30MPa√m, the local tensile stresses are higher in cases of lower applied stresses 

than higher applied stresses. Once this condition occurs, the minimum normalized local tensile 

stress becomes 0.89 in the case of 𝑉 = 600 m s⁄  and 𝜎app = 360 MPa (see Fig. 4-5). 
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(a) 𝑉 = 600m s⁄    

 

        (b) 𝑉 = 1, 00m s⁄  

Applied stress [MPa]

200 300 360
 

Fig. 4-5 Normalized local tensile stresses against stress intensity factors 

 

To investigate the reason for the local tensile stresses being different for different tensile stresses 

even for the same SIFs, the equivalent plastic strains at the characteristic distance (0.15 mm) from 

the crack tip were investigated for each applied stress. The equivalent plastic strains are shown in 

Fig. 4-6. The equivalent plastic strains are higher when the applied stresses are lower, even for 

the same SIFs. Assuming that the SIFs are the same, the crack lengths are longer in cases of lower 

applied stresses.  

This difference in the plastic strains was caused by the degree of accumulation of plastic strains. 

To clarify the reason why different plastic strains were observed, the plastic strain accumulation 

history at a certain position was investigated. Fig. 4-7 shows the plastic strain at the position of 

interest with respect to the distance from the crack tip. The crack velocity was 600 m/s. The 

position of interest was located 0.15 mm from the crack tip when SIF = 89.7 MPa√m. Namely, 
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the accumulations of the plastic strain were observed along crack propagation until the SIFs 

reached 89.7 MPa√m. According to Fig. 4-7, the accumulation behavior of the plastic strain 

depended on the level of the applied stresses. Because the plastic strain accumulated as the crack 

approached the position of interest, longer crack lengths produced higher plastic strains than 

shorter crack length for the same SIF. The plastic strain in cases of lower applied stress conditions 

clearly started to accumulate earlier than in cases of the higher applied stress conditions. This 

accumulation of plastic strain led to higher local tensile stresses near the crack tip. Therefore, it 

can be concluded that the differences of the local tensile stresses are caused by the different 

behaviors of the plastic strain accumulation. 

When the SIF is 50– 60 MPa√m, the differences in the local tensile stresses due to the plastic 

strain accumulation was remarkable (Fig. 4-5(a)). This is because the plastic strains in cases of 

higher applied stresses remained negligible after the plastic strains at lower applied stresses began 

to increase (𝐾 = 50– 60 MPa√m). In the cases of higher crack velocities, the differences in the 

local tensile stresses were maximized when SIFs are 80–90 MPa√m, as shown in Fig. 4-5(b). 

This is because a higher SIF was needed to generate the plastic strain when the crack velocity was 

higher, as shown in Fig. 4-6(b). 

Accordingly, the conventional assumption that the SIF can be used to describe the local tensile 

stress in the vicinity of the rapidly propagating crack tip in elastic-viscoplastic materials such as 

steel is invalid and thus the applied stress and crack length have to be separately considered to 

describe the local tensile stresses. 
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(a) 𝑉 = 600m s⁄     

 

Applied stress [MPa]

160 200 300 360
 

  (b) 𝑉 = 1, 00m s⁄  

Fig. 4-6 Equivalent plastic strain 
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Fig. 4-7 Accumulation of equivalent plastic strains at the point of interest 
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4.3.2.  Crack velocity 

The local tensile stresses in the vicinity of the crack tip for 𝑉 = 100–1,000 m s⁄  are shown in 

Fig. 4-8. The remotely applied stress was uniformly set to 200 MPa. Fig. 4-8(a) shows the 

relationships between the local tensile stress and the crack velocities, and Fig. 4-8(b) shows the 

local tensile stresses for each crack velocity normalized by the local tensile stress when 𝑉 =

100 m s⁄ . Although elastic materials tend to display a higher local tensile stress for lower crack 

velocities [28], such monotonic relationship is not observed in Fig. 4-8.  
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(b) Local stress normalized by that of V = 100m s⁄  

Fig. 4-8 Relationships between the local tensile stresses and the crack velocities (𝜎app =

 00 MPa) 
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According to Fig. 4-8, when the SIF was relatively small, the lower crack velocity provided higher 

local tensile stresses. This is because the plastic region of the crack tip was much smaller, and the 

condition near the crack tip was similar to that in elastic solids. However, higher crack velocities 

gradually provided higher local tensile stresses as the crack grew. In general, because the kinetic 

energy around the propagating crack is larger when the crack velocity is higher, the energy 

available for the crack tip stress field decreases and the opening displacement behind the crack 

tip becomes smaller when the crack velocity is higher. Therefore, in elastic solids, the local tensile 

stress decreases as the crack velocity becomes higher. However, in elastic-viscoplastic solids, the 

plastic strain rate influences the crack tip field in addition to available energy. 

Figure 4-9 shows the equivalent plastic strain rates for each crack velocity. When 𝑉 = 100 m s⁄ , 

the strain rate is remarkably low and the yield stress does not rise significantly than the yield 

stresses of the higher crack velocity. When the crack velocity is higher, the strain rates gradually 

increase and the yield stress near the crack tip rises once the plastic region of the crack tip is 

sufficiently large. This effect due to strain rate leads to higher local tensile stresses at higher crack 

velocities. However, because the energy available for the crack tip stress field is smaller when the 

crack velocity is higher, the monotonic relationship between the local stress and crack velocity 

cannot be found and it can be found that a certain crack velocity shows the maximum local tensile 

stress. Accordingly, the local tensile stress in elastic-viscoplastic solids is determined by the 

balance between the plastic strain rate and energy available for the crack tip field. 
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Fig. 4-9 Equivalent plastic strain rates and crack velocity 

 

0

1,000

2,000

3,000

4,000

5,000

6,000

0 20 40 60 80 100

Crack length [mm]

E
q

u
iv

al
en

t 
p

la
st

ic
 s

tr
ai

n
 r

at
e 

[/
s]



 

 

Chapter 4                                        

142 

 

4.3.3.  Temperature and temperature gradient 

Temperature is one of the most important factors influencing the behavior of a propagating crack 

in elastic-viscoplastic solids. In crack propagation and arrest experiments, both the uniform 

temperature distribution and the temperature gradient should be considered to evaluate the crack 

arrest toughness 𝐾ca [33]. Thus, in addition to temperature effects, it is important to investigate 

how the temperature gradient influences the local tensile stresses in the vicinity of the crack tip. 

For all analyses reported in this section, the crack velocity was set to 600 m s⁄ . 

Figure 4-10 shows the temperature dependency of the local tensile stresses in the vicinity of the 

crack tip. At the beginning of crack propagation, the local tensile stresses were higher for higher 

temperatures than for lower temperatures. This can be explained by that the plastic strain rate near 

the crack tip is higher in lower SIF because the plastic region does not grow under lower 

temperature in lower SIF. Once the plastic zone has grown sufficiently even under low 

temperature, the local tensile stress becomes higher at lower temperatures. According to Fig. 4-

10(b), the normalized local tensile stress at lower temperatures increased as the crack became 

longer. When the temperature is relatively high, the plastic region absorbs more energy available 

for the crack tip local stress fields than when the temperature is lower.   

Next, the influence of temperature gradients is investigated. To consider the influence of 

temperature gradients, the temperature distribution along the crack path is expressed as  

𝑇(𝑥) = {
𝑇0 − ∆𝑇 × ( ref − 𝑥)        (𝑥 ≤  ref)

𝑇0                                          (𝑥   ref)
 (4-5) 

where 𝑥 is the crack length, 𝑇0 is the reference temperature, ∆𝑇 is the temperature gradient, 

and  ref is the reference crack length. Namely, the temperature increases linearly for 0 ≤ 𝑥 ≤

 ref and reaches the constant reference temperature when  ref < 𝑥. 𝑇0 was set to  0℃ in all 

the analyses.  
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(a) Local tensile stress of each temperature 

 

20 0
Temperature ]

-20 -40 -60 -80
 

(b) Normalized local tensile stress 

Fig. 4-10 Temperature dependency of the local tensile stress (𝑉 = 600 m/s, 𝜎app =  00 MPa) 

Three levels of temperature gradient are considered: ∆𝑇 = 500, 1,000 and  ,000℃ m⁄ . 

Considering that ∆𝑇  is often set to 300℃ m⁄  in crack arrest tests [33], the values of ∆𝑇 

employed in this study are sufficiently high to investigate the influence of the temperature 

gradient on the local stresses. 

Figure 4-11 compares the local tensile stresses under each temperature gradient for the same 

reference crack length. The influence of the reference crack length under the same temperature 

gradient is shown in Fig. 4-12. Figs. 4-11(b) and 4-12(b) show the local tensile stresses at 𝑥 =

 ref normalized by the local tensile stress when the temperature distribution was uniform. These 

figures clearly show that the temperature gradient did not influence the local tensile stresses in 

the vicinity of a rapidly propagating crack tip in elastic-viscoplastic solids. Accordingly, the 

temperature gradient can be ignored in evaluating the local tensile stresses, whereas the 

temperature at the position of interest is critical. 
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(a) Temperature distribution 

 

(b) Normalized local stress at the reference crack length 
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Fig. 4-11 Local stress for each reference temperature gradient in case of the same reference 

crack length ( ref = 50 mm) 
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(a) Temperature distribution 

 

    (b) Normalized local stress at the reference crack length 
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Reference crack length [mm]

 

Fig. 4-12 Local stress for each reference crack length in case of the same temperature gradient 

(∆𝑇 = 1,000 ℃ m⁄ ) 

 

4.4.  Unsteady state crack propagation 

The crack velocity is not necessarily constant in actual crack propagation phenomena. Namely, 

the crack is unsteady in real phenomena. In particular, crack arrest experiments have shown that 

the crack experiences some deceleration prior to a crack arrest event [25,35]. Chapter 3 showed 

crack acceleration under isothermal conditions. Thus, it is important to investigate the effects of 

unsteady phenomena on the crack propagation and arrest behaviors in elastic-viscoplastic solids.  

In elastic solids, Nishioka [36] conducted asymptotic analyses of unsteady crack propagation 

which showed that the local stress field in the vicinity of a crack tip is not influenced by unsteady 

effects. Considering this asymptotic solution, the model proposed by Shibanuma et al. [10] 
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ignored the acceleration and deceleration when it evaluated the local stresses. However, dynamic 

elastic finite element analyses have shown that the deceleration influences the dynamic SIF just 

before a crack arrest event [33]. Additionally, crack propagation experiments indicate that crack 

acceleration and deceleration influences the experimentally obtained critical dynamic SIFs in 

elastic polymers [16,37]. Accordingly, Section 4.4.1 analysed unsteady crack propagation in 

elastic solids before investigating the unsteady effects in elastic-viscoplastic solids because 

elastic-viscoplastic solids are usually complicated than elastic solids. After that, elastic-

viscoplastic solids were analysed from the perspective of unsteady crack propagation. 

The unsteady crack velocity history is described as a function of the acceleration 𝑘, maximum 

crack velocity 𝑉 a , minimum velocity 𝑉 in, and reference crack velocity 𝑉ref. In the analyses, 

the reference crack velocity was defined as the crack velocity when the crack length reached the 

reference crack length  ref. After the crack reached the reference crack length, the crack velocity 

became constant value, equal to the reference crack velocity. Unless otherwise noted, the 

reference, maximum, and minimum crack velocities were set to 600 m/s,  ,000 m/s  and 

400 m/s, respectively. 𝑘 = 0 m s2⁄  means that the crack velocity is constant. Fig. 4-13 shows 

the crack velocity histories in which the reference crack length was 100 mm employed to evaluate 

the influence of unsteady effects on the local tensile stresses. 



 

 

 Chapter 4 
 

147 

 

  

Acceleration [m/s2]

 

(a) Positive acceleration 

Acceleration [m/s2]

 

             (b) Negative acceleration 

Fig. 4-13 Crack velocity histories employed for unsteady effect evaluations 

 (𝑉ref = 600 m s⁄ , 𝑉 a =  ,000 m s⁄  , 𝑉 in = 400  m s⁄ ,  ref = 100 mm) 

 

4.4.1.  Linear elastic problem 

First, the unsteady crack propagation was analysed in linear elastic solids. The local tensile 

stresses when the crack reached the reference crack length for each crack acceleration are shown 

in Fig. 4-14. The normalized local tensile stress means that the local tensile stress is normalized 

by the local tensile stress when the crack velocity was constant in this section. The crack velocity 

histories were the same as those shown in Fig. 4-13. When the acceleration was positive, the 

normalized local tensile stress was slightly less than 1.00, but the variations were very small. 

When the acceleration was negative, the normalized local tensile stress was negative except when 

𝑘 = −1.0 × 107  m s2⁄ . In the negative acceleration analyses, the greater the acceleration was, 

the lower the normalized local tensile stress was.  
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Fig. 4-14 Normalized local tensile stress transition for each acceleration in linear elastic solids 

 

In order to investigate the causes of above unsteady effect shown in Fig. 4-14, the analyses which 

had the accelerations from the beginning of crack propagation to the middle of crack propagation 

were carried out. The crack velocity is expressed as  

𝑉(𝑥) = {
√𝑉ref −  𝑘𝑥      (𝑥 ≤  ref)

            𝑉ref          (𝑥   ref)
 (4-6) 

where 𝑉ref is the reference crack velocity, 𝑥 is the crack length, and  ref is the reference crack 

length. As for the analyses shown in Fig. 4-15, the maximum and minimum crack velocities are 

2,000 and 400 m/s; the reference crack length is 80 mm. After the crack length reached the 

reference crack length, the crack propagation became steady state and the crack velocity became 

constant. Thus, these analyses whose crack velocity histories were expressed by Eq. (4-6) are 

named partly unsteady crack propagation analyses which were composed of both unsteady crack 

propagation (until the reference crack length) and steady crack propagation (after the reference 

crack length). In contrast, the analyses shown in Fig. 4-14 reflect fully unsteady crack propagation. 

Figure 4-15 shows the normalized local tensile stresses under acceleration from the beginning of 

crack propagation to the reference crack length in the partly unsteady crack propagation analyses. 

In the case of positive acceleration (Fig. 4-15(a)), the normalized local tensile stresses after the 

crack velocity reached the reference crack velocity were almost the same, regardless of 

acceleration. However, as shown in Fig. 4-15(b), the normalized local tensile stresses after the 

crack velocity reached the reference crack velocity exhibited some variation. Note that the 

normalized local tensile stresses after the crack velocity reached the reference crack velocity were 

greater than 1.00, even when the normalized local tensile stress at 𝑥 =  ref was less than 1.00.  
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Acceleration [m/s2]

 

(a) Positive acceleration 

Acceleration [m/s2]

 

(b) Negative acceleration 

Fig. 4-15 Normalized local tensile stresses for the partly unsteady crack propagation analyses 

which have accelerations in case of  ref = 80 mm 

 

According to the results shown in Fig. 4-15, the normalized local tensile stresses were less than 

1.00 in the case of positive acceleration and greater than 1.00 in the case of negative acceleration 

after the crack lengths reached the reference crack length. This indicates that the energy influx 

and outflow played a role to change the normalized local tensile stress during unsteady crack 

propagation in linear elastic solids. Namely, the strain energy near the crack tip leaks from that 

region to become kinetic energy for the positive acceleration cases, and the kinetic energy flows 

in the region near the crack tip become the elastic strain energy in the negative acceleration cases. 

However, when the negative acceleration is very high, the normalized local tensile stresses were 

less than 1.00 just when the crack length reached the reference crack length in all cases except 

𝑘 = −1.0 × 107  m s2⁄ . This is because the influx of energy is delayed with respect to the change 

in crack velocity by the sudden change of crack velocity. Therefore, the influx of energy increased 

the local tensile stresses after the crack velocity became constant. 
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The above explanation based on the energy influx and outflow is supported by the results shown 

in Fig. 4-16, which compares the normalized local tensile stress history for each maximum crack 

velocity under partly unsteady crack propagation (𝑘 = −1.0 × 107  m s2⁄ ,  ref = 80 mm). The 

lower maximum crack velocity produces a smaller variation in the normalized local tensile stress 

than the longer reference crack length. This difference is caused by the differences in the energy 

influx to the crack tip field. Therefore, the reason why the unsteady effect is not observed in the 

cases of positive acceleration in Fig. 4-14 is that the variation in the crack velocity is small. 

 

  

(a) Crack velocity history 

 

Maximum crack velocity [m/s]
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(b) Normalized local stress 

Fig. 4-16 Local stress transition against each maximum crack velocity (𝑘 = −1.0 ×

107  m s2⁄ , 𝑉ref = 600 m s⁄ ) 
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Considering above results, the crack velocity history itself plays a critical role in determining the 

variation in the local tensile stress. The rise and decline of the local tensile stress are caused by 

the influx and outflow of energy in the vicinity of the crack tip. Therefore, to investigate unsteady 

effects in linear elastic solids, it is necessary to consider not the acceleration, but the crack velocity 

history itself. 

In fact, according to Nishioka and Kondo [38], the singularity of the crack tip local stress field is 

not influenced by crack acceleration in linear elastic crack propagation, which seems to be 

inconsistent with above result. However, their analysis considered only the acceleration and did 

not take care of crack velocity history. As Fig. 4-16 shows, even when the crack acceleration is 

higher, the local stress variation is small if the change of crack velocity is small. Thus, above 

result is not inconsistent with analytical solutions obtained by Nishioka and Kondo [38]. 

 

4.4.2.  Elastic-viscoplastic problem 

This section investigates the influence of unsteady effects on the local tensile stresses in elastic-

viscoplastic solids by following the results of Section 4.4.1. As described in Section 4.4.1, the 

crack velocity history influences the local tensile stresses in the vicinity of the propagating crack 

tip in elastic solids through the influx or outflow of energy. As noted in Section 4.3, the 

contribution of the available energy to the local tensile stresses is relatively small in elastic-

viscoplastic solids because the strain rate and accumulation of plastic strain also influence the 

local tensile stresses. Therefore, the influence of unsteady effects in elastic-viscoplastic solids is 

expected to differ from that in elastic solids. 

Figure 4-17 shows the normalized local tensile stresses for each rate of acceleration when the 

crack length reached 100 mm under fully unsteady crack propagation. Just like in Section 4.4.1, 

the local tensile stresses are normalized by the local tensile stress of steady state crack propagation 

in this section. In the same way as the analyses shown in Fig. 4-14, this figure uses the crack 

velocity histories shown in Fig. 4-13. In these analyses, the crack continued to experience 

acceleration until the crack length reached 100 mm, at which point the crack velocity remained at 

600 m/s. Although the normalized local tensile stresses exhibited a similar trend to those for linear 

elastic solids (see Fig. 4.14), the variation in the normalized local tensile stresses was smaller than 

in linear elastic solids, especially for larger negative accelerations.  
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Fig. 4-17 Normalized local tensile stress transition for each acceleration in elastic-viscoplastic 

solids 

 

As same as in Fig. 4-15, Fig. 4-18 shows the normalized local tensile stress histories for partly 

unsteady crack propagation analyses in elastic-viscoplastic solids, where the acceleration ran from 

the beginning of crack propagation to the middle of crack propagation. The reference crack length 

was again set to 80 mm. Unlike the linear elastic cases shown in Fig. 4-15, Fig. 4-18 exhibits only 

small deviations after the crack length reached the reference crack lengths. In particular, although 

the normalized local tensile stresses for negative acceleration in the elastic analyses deviated from 

1.00 significantly after the crack length reached the reference crack length (Fig. 4-15(b)), the 

normalized local stresses shown in Fig. 4-18(b) seemed to converge to 1.00 after the reference 

crack length was reached.  

These results indicate that the energy influx and outflow are not the dominant influences on the 

unsteady effect in elastic-viscoplastic solids. This explanation is supported by Fig. 4-19, which 

shows the normalized local tensile stress histories for different maximum crack velocities in 

elastic-viscoplastic solids. The normalized local tensile stresses after the crack length reached the 

reference crack length were not influenced by the maximum crack velocity. Therefore, the energy 

influx and outflow should not be regarded as the dominant unsteady effects in elastic-viscoplastic 

solids.  
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Acceleration [m/s2]

 

(a) Positive acceleration 

Acceleration [m/s2]

 

(b) Negative acceleration 

Fig. 4-18 Normalized local tensile stress histories for each acceleration in the elastic-

viscoplastic solids 

This difference between the elastic and elastic-viscoplastic solids is caused by the strain rate 

dependency. As discussed in Section 3.2, the local tensile stress is determined by the combination 

of the energy available for the crack tip field and the strain rate in the elastic-viscoplastic solids. 

Even when the crack experiences acceleration, the unsteady effects are small in elastic-

viscoplastic solids than in elastic solids because the strain rate is determined by the present crack 

velocity. Therefore, the reference crack velocity is expected to influence the variation in local 

tensile stresses because the growth of the plastic region depends on the crack velocity. Namely, 

when the reference crack velocity is high, the plastic region is small and the crack tip region is 

relatively similar to the elastic condition. Fig. 4-20 compares the variations of the local tensile 

stresses for three reference crack velocities with each crack velocity history. The analyses were 

carried out assuming fully unsteady crack propagation. The variations were represented by the 

local tensile stresses normalized by those in steady state crack propagation with each reference 

crack velocity. The normalized local tensile stresses shown in Fig. 4-20 are consistent with the 

above mentioned trend whereby the variation with high crack velocity is larger. 
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(a) Crack velocity history 

 

               (b) Normalized local stress  
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Fig. 4-19 Normalized local tensile history for each maximum crack velocity   

(𝑘 = −1.0 × 107  m s2⁄ ,  ref = 80 mm) 
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(a) Crack velocity hisotry 

 

Reference crack velocity [m/s]

600 1,000 1,500
 

           (b) Normalized local tensile stress 

Fig. 4-20 Normalized local tensile stresses for three levels of reference crack velocities (𝑘 =

− .5 × 107  m s2⁄ ) 

 

Therefore, because the contribution of the energy influx and outflow to the local tensile stress 

variation is small in elastic-viscoplastic solids, it is reasonable to consider that there are other 

causes of the variation in local tensile stresses in elastic-viscoplastic solids. To investigate the 

underlying cause of the variation, the plastic strain accumulation was examined. The accelerations 

were negative in the all analyses here.  

Figure 4-21 shows the plastic strain at the position of interest with respect to the distance from 

the crack tip in case of fully unsteady crack propagation analyses. The position of interest was 

0.15 mm away from the crack tip when the crack length reached 100 mm. Namely, this position 

was located at (100.15, 0) in the coordinate shown in Fig. 4-2. In these analyses, the reference 

crack velocity was 600 m/s. The plastic strain accumulation at the position of interest decreased 
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in the cases of the higher accelerations because the crack velocity was high just before the crack 

length reached the reference crack length. Therefore, the local tensile stress became smaller. 

Namely, the crack velocity just before the crack reaches the reference crack length is important 

when the variation of the local tensile stresses is considered under unsteady effects in elastic-

viscoplastic solids. Although the same mechanism is expected to act when the acceleration is 

positive, the local tensile stresses are almost the same regardless of the values of the positive 

acceleration. This is because there is no significant difference in the accumulation of plastic strain 

between the cases when 𝑉 = 400 m s⁄  and 𝑉 = 600 m s⁄ . 

 

Acceleration [m/s2]

 

Fig. 4-21 Equivalent plastic strain at 0.15 mm from the crack tip when the crack reached the 

reference crack length 

 ( 𝑉ref = 600 m s⁄ ) 

 

4.5.  Discussion 

4.5.1.  Factors governing the local tensile stresses 

Sections 4.3 and 4.4 presented results from a series of systematic analyses to investigate how 

various factors influence the local tensile stress in the vicinity of a propagating crack tip in elastic-

viscoplastic solids. Section 4.3 clearly showed that the crack length, applied stress, crack velocity, 

and temperature determine the local tensile stresses. Section 4.3 also indicated that the local 

tensile stress is not influenced by temperature gradients. It is worth noting that SIF cannot be 

applied to characterize the local tensile stress because plastic strain accumulations depend on the 

combination of the applied stress and the crack length. Therefore, the applied stress and crack 

length should be separately considered as the determinants. 
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According to Section 4.4.1, the unsteady effects are sometimes remarkable in elastic analyses, 

because the energy influx and outflow near the crack tip directly influence the local tensile stresses 

in the vicinity of the crack tip. On the other hand, the unsteady effects in the elastic-viscoplastic 

solids are smaller than the effects in elastic solids according to Section 4.4.2. Although Section 

4.4.2 shows that the unsteady effects cannot be ignored when the acceleration is extremely high, 

e.g., −1.0 × 108  m s2⁄ , such extremely high acceleration is hardly observed in the actual crack 

propagation and arrest behaviors. For example, the acceleration measured in crack propagation 

experiments to evaluate the local fracture stress was  .1 × 107  m s2⁄  at most in Chapter 3. The 

measured crack velocity histories in previous studies suggest that the maximum accelerations 

were approximately −1.0 × 107  m s2⁄  [39], −9.0 × 106  m s2⁄  [40], − .5 × 106  m s2⁄  

[34], and − .3 × 106  m s2⁄  [41]. Although these accelerations are just examples and depend on 

experimental conditions and materials, it can be said that the accelerations are usually less than 

±1.0 × 107  m s2⁄  and seldom exceed ± .5 × 107  m s2⁄  [42,43]. Therefore, it is reasonable to 

consider the actual unsteady effects as being weaker than those shown in Fig. 4-17, and so the 

variation of the local tensile stresses due to unsteady effects are no more than 2–3%.  

Although the variation depends on the reference crack velocity (because the degree of plastic 

region growth is determined by the crack velocity, as mentioned in Section 4.4.2), the variation is 

only 2.3% when the reference crack velocity is 1,500 m/s (see Fig. 4-20). The crack velocity 

seldom exceeds 1,500 m/s [34]. According to the above discussion, because it is difficult to 

distinguish such variation from errors in local stress evaluations, considering the accuracy of 

dynamic elastic-viscoplastic analyses in FEM, it is reasonable to regard the unsteady effects as 

sufficiently small to be practically negligible in elastic-viscoplastic analyses.  

Therefore, when the constitutive law does not change, the local tensile stress 𝜎𝑦𝑦  at the 

characteristic distance from a propagating crack can usually be described as 

𝜎𝑦𝑦 = 𝑓( , 𝜎app, 𝑉, 𝑇) (4-7) 

Namely, when brittle crack propagation and arrest behaviors are simulated, instantaneous 

temperature and crack velocity at the time of interest have to be considered and their histories do 

not have to be incorporated.  

However, it is worth noting that extremely high acceleration can occur in so-called duplex crack 

arrest tests. Specimens employed in duplex tests are composed of a crack running plate and a test 

plate [33]. Because the crack running plate is much more brittle than the test plate, the crack 
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velocity can suddenly decrease when the crack enters the test plate from the crack running plate 

[11]. Therefore, unsteady effects may influence the local tensile stresses in duplex crack arrest 

tests when the toughness of the two plates are much different. 

 

4.5.2.  Maximum stress velocity 

In Section 4.3.2, the monotonic relationship between the crack velocity and the local tensile stress 

observed in linear elastic solids could not be found in elastic-viscoplastic solids. Instead, Fig. 4-

8 indicates that the crack velocity which provides the maximum local tensile stress is determined 

by the crack length and the applied stress. This crack velocity is called as the “maximum stress 

velocity” here. One example of this maximum stress velocity is shown in Fig. 4-22 for an applied 

stress of 360 MPa and a temperature of  0℃. As noted in Section 4.3.2, this maximum stress 

velocity is determined by the balance of the strain rate and the energy available to the crack tip 

field. As shown in Fig. 4-22, when the crack length is short, the plastic zone is small and the 

energy available for the crack tip field is dominant, and so the maximum stress velocity is lower. 

Namely, the circumstances around the crack tip is similar to the elastic condition. As the crack 

length becomes longer and the crack tip plastic zone grows, the strain rate contributes to the 

determination of the maximum stress velocity and the higher crack velocity becomes the 

maximum stress velocity.  

According to some previous crack arrest experiments, it has been reported that there is a lower 

limit crack velocity for brittle crack propagation in steel [34,44,45]. Namely, the crack velocity 

of a brittle crack suddenly drops to zero from the lower limit crack velocity at the crack arrest 

event. The existence of this lower limit crack velocity was known in crack arrest experiments, 

although the reason for this lower limit remains unclear from the perspective of the energy balance 

approach [45]. However, based on the local fracture stress criterion, the existence of the lower 

limit crack velocity can be explained by the maximum stress velocity. Therefore, the existence of 

the maximum stress velocity supports the validity of the local fracture stress criterion as the theory 

explaining brittle crack propagation and arrest behavior in steel. 
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Fig. 4-22 Maximum crack velocity (𝜎app = 360 MPa, 𝑇 =  0℃) 

 

4.6.  Conlusion 

In this chapter, a series of systematic finite element analyses were conducted to investigate the 

factors governing the local tensile stress in the vicinity of a rapidly propagating crack tip. This 

chapter aims to deepen the understanding of the local fracture stress criterion for brittle crack 

propagation and arrest behaviors in steel through investigations of the local tensile stress 

amplitude. 

Steady state crack propagation was first analysed to investigate the influence of the SIF, crack 

velocity, temperature, and temperature gradient. It was found that, even for the same SIF, the local 

tensile stresses vary according to the combination of the crack length and applied stress. These 

differences are caused by the accumulation of plastic strain in the vicinity of the crack tip. This 

finding may provide new perspectives for interpreting past crack arrest experiments, because 

conventional studies assumed that the same SIF provided the same local tensile stress [10]. The 

crack velocity is important in considering the local tensile stresses, but the monotonic relationship 

between the crack velocity and the local tensile stress found in elastic solids is not valid in elastic-

viscoplastic solids. This is because the plastic strain rate influences the local tensile stresses in 

rate-dependent elastic-viscoplastic solids. Therefore, there is a “maximum stress velocity” which 

provides the maximum local tensile stress when all other conditions are equal. The existence of 

this maximum stress velocity corresponds to the lowest crack velocity for brittle crack 

propagation in steel found by previous experiments as noted above. Temperature was also found 

to influence the local tensile stresses. Temperature was a critical factor in determining the local 

tensile stress and the rate of change in tensile stress with respect to crack length. However, the 

temperature gradient has no effect on the local tensile stresses.  

In addition to steady state crack propagation, the influence of unsteady effects in both linear elastic 
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and elastic-viscoplastic solids were also investigated. This is the first systematic evaluation of the 

unsteady effects with respect to local tensile stresses. The results showed that the crack velocity 

history changed the local tensile stress remarkably in elastic solids, but the unsteady effects were 

practically negligible in the typical crack propagation process in elastic-viscoplastic solids 

because the contribution of the energy influx and outflow to the local tensile stress was small. 

However, because extremely high crack acceleration influences the local tensile stress, unsteady 

effects could influence the crack behavior in duplex crack arrest tests which is usually composed 

of two types of steels. These results on unsteady effects in elastic-viscoplastic solids were 

considered for the first time and shown to be significantly important to interpret actual crack 

behaviors. 

The systematic crack propagation analyses conducted in this study showed that the local tensile 

stress in the vicinity of a rapidly propagating crack tip in rate-dependent elastic-viscoplastic 

homogeneous materials like steel was governed by the crack length, applied stress, crack velocity, 

and temperature. Furthermore, findings based on the relationships identified by the above 

analyses between the local tensile stresses and the macroscopic crack behavior will be beneficial 

for understanding brittle crack propagation and arrest behaviors in steel based on the local fracture 

stress criterion. 
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Chapter 5 Brittle crack propagation/arrest 

behaviors under high stress intensity factor 

and isothermal conditions 

 

5.1. Introduction 

As noted in previous chapters, the local fracture stress criterion is promising concept to explain 

brittle crack propagation and arrest behaviors in steel. According to the numerical model based 

on the local fracture stress criterion, the growth of unbroken shear lip is a key factor of so called 

“Long brittle crack problem” [1–3]. This problem is that the brittle crack can be arrested under 

extremely high stress intensity factor conditions even when the stress intensity factor (SIF) is 

higher than 𝐾ca at the temperature. Although this problem has been interpreted as the saturation 

of SIF [4], the cause of the problem had not been explained. This “Long brittle crack problem” is 

also important from the perspective of engineering because the required brittle crack arrest 

toughness is determined based on “Long brittle crack problem”. According to literatures, the steel 

plates for large container ships is required to have 𝐾ca at the design temperature >

190 MPa√m (6,000Nmm−3/2) when the plate thickness is smaller than 80 mm [5] although the 

supposed SIF in actual ship structures is much high. This requirement is justified by crack arrest 

phenomena called as “Long brittle crack problem” and the cracks with higher SIF were actually 

arrested in large size crack arrest experiments when 𝐾ca  was larger than 190 MPa√m . 

Therefore, considering that the requirement is related to “Long brittle crack problem” and the 

required value depends on plate thickness, examination of brittle crack propagation and arrest 

behaviors under high SIF conditions is important to legislate rational requirements [6]. 

According to the model, the crack arrest at high SIF conditions is explained by the rise of closure 

effect makes the SIF smaller so as to make the crack arrested, or the strong plastic constraint is 
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lost along the crack front through thickness due to increasing SIF. The model assumed that the 

thickness of unbroken shear lips 𝑡sl is expressed as   

𝑡sl =
𝑘sl

6𝜋
(

𝐾app

𝜎YS(𝑇, 𝜀̇)
)

2

𝑓sl(𝑉) (5-1) 

where 𝐾app is stress intensity factor due to the applied stress (= 𝜎app√𝜋𝑎), 𝜎YS(𝑇, 𝜀̇) is the 

yield stress at temperature 𝑇 and strain rate 𝜀̇, 𝑓sl(𝑉) is a function to express shear lip 

thickness coefficient determined by crack velocity 𝑉, and 𝑘sl is a constant, set to 2. Namely, 

shear lip thickness is determined by stress intensity factor. The numerical mode noted that 

“Long brittle crack problem” was caused by shear lip thickness growth due to rise of stress 

intensity factor. 

In addition, the 𝐾ca − 𝑇 relationship predicted by the model is composed of a lower curve and 

upper curve, which are connected at a bending point as shown in Fig. 5-1 although conventional 

studies thought that 𝐾ca − 𝑇 relationship is approximated by an exponential function (which is 

almost equal to “lower curve” in Fig. 5-1). However, the existence of the bending point and 

upper curve is concerned because they have not been examined experimentally in detail. 

 

 

Fig. 5-1 𝐾ca − 𝑇 relationship example 

 

Although the numerical model showed above crack behaviors under high SIF conditions, crack 

behaviors under high SIF conditions have not been clear. In fact, some literatures investigated 

the crack behaviors under high SIF conditions. However, these experiments often employed 

duplex crack arrest test specimen shown in Fig.5-2 [4,7,8]. Duplex type specimen includes weld 

and is composed of a crack running plate and a test plate, which causes material discontinuity 
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and has residual stress. Because residual stress strongly influences brittle crack arrest 

phenomena [9,10], duplex type tests are not suitable to examine only SIF effect. And, duplex 

type test is usually conducted to judge whether a brittle crack is arrested or not at predetermined 

SIF [11] and thus it is not intended to investigate the crack behaviors in detail.  

Accordingly, because such studies may be influenced by some additional factors such as 

residual stress, mismatch of strength and so on in duplex type tests [10], their experimental data 

are not suitable for investigation of crack behaviors under high SIF conditions in detail. Thus, 

detail investigation of crack behaviors under high SIF is meaningful to investigate whether Eq. 

(5-1) is reasonable or not in order to develop a new simulation model attempting to explain 

brittle crack propagation and arrest behaviors. Although some experiments carried out using 

wide specimen with temperature gradient and without welded section, temperature gradient also 

makes the interpretation of experimental results complicated [12] because temperature strongly 

influences crack behaviors [7]. 

Plate 

width

W

Applied stress
Impact Energy Ei

Crack running plate

(brittle)

Test plate

Weld

Crack

 

Fig. 5-2 Duplex type specimen 

 

Because of importance of brittle crack behaviors under high SIF condition from the scientific 

and engineering perspectives, this chapter experimentally investigated brittle crack propagation 

and arrest behaviors under high SIF conditions based on preliminary calculation using the 

numerical model. The experiments were conducted in wide specimen to increase SIF under 

isothermal conditions. The experimental conditions were determined using the model so as to 
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make SIF is always larger than 𝐾ca and reached the upper curve. SIF transition in these 

experiments is schematically illustrated in Fig. 5-3. According to the model prediction, the crack 

is arrested when SIF reaches the upper curve. 

 

 

Fig. 5-3 SIF transition in wide specimen 

 

The experimental temperatures were kept isothermal except a region near crack initiation (this 

region had to be lower temperature to cause brittle fracture). The experiments under high SIF 

were carried out by 2,000 ton test rig in Amagasaki Unit, Nippon Steel & Sumikin Technology 

Co. Ltd. 

 

5.2. Preparation of experiments 

5.2.1. Material 

A ferrite-pearlite steel with 30 mm thickness was employed for this chapter. This steel was a 

normalized and did not experience TMCP or other techniques to generate a strong anisotropic 

texture in its microstructure. Thus, the steel was dealt with an isotropic material. The chemical 

composition is shown in Table 5-1. The fundamental mechanical properties are shown in Table 

5-2. This steel is same as the steel employed in literature [13]. 
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Table 5-1 Chemical composition of the steel employed (mass%) 

C Si Mn P S 

0.14 0.41 1.45 0.017 0.003 

 

Table 5-2 Mechanical properties of the steel employed 

Thickness [mm] 
Yield stress at room 

temperature [MPa] 

Tensile strength at room 

temperature [MPa] 
vTs [℃] 

30 364 540 -40 

 

5.2.2. Specimen and experimental environment 

Although, in order to test higher SIF condition, it is desirable to make the specimen width 

longer, due to limitation of original plate configuration, the specimen width was set to 1,500 

mm. The specimen was joined to tab plates by welding. Two specimens were prepared for this 

chapter. The first and second experiments are called as Wide2016 and Wide2017, respectively. 

Figure 5-4 shows both the specimen and the tab plates. Three tab plates (named A, B, and C, 

respectively as shown in Fig. 5-4) with different thickness were joined by welding to constitute 

the large tab plate. Because the tab plates were once separated after Wide2016 and connected 

against for Wide2017, the detail configurations of tab plates were different in Wide2016 and 

Wide2017. There was side groove on one side of the specimens to make crack propagation 

straight. An initial machine notch was also processed to cause brittle fracture. The configuration 

of the notch was same as that usually employed in the temperature gradient crack arrest test 

[11]. To avoid stress reflection effect, the distance between pin holes should be kept long 

enough [14]. The distance was set to about 6,000 mm, which was the maximum value of the test 

rig.   
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Fig. 5-4 Specimen and tab plate 

 

Because the force capability of the test rig was about 16 MN and the static yield stress at room 

temperature of the steel employed was 364 MPa, the applied stress was set to 315 MPa (the 

force was about 14.2 MN). The steel for tab plates was HT60 grade, which was much stronger 

than the specimen steel. 

Although it was desirable to keep whole of the specimen isothermal, there were temperature 

gradients between the top of the specimens and 280 mm from the top to cool a region where 

brittle fracture was initiated. Temperature distributions were measured by thermocouples. The 

temperatures were controlled using liquid nitrogen and compressed spray system in the cooling 

bath (Fig. 5-5). Strain gauges were also glued on the surface of the specimens and they were 

connected to the high speed acquisition systems, which were same as those employed in 

Chapter 3. The interval between strain gauges was about 30 mm in Wide2016 and 19 mm in 

Wide2017 in the region whose distance from the top of the specimen was shorter than a half of 

the specimen width. In the latter half of the specimen width, the interval was longer because of 

the limitation of data recording. The last strain gauge was glued at 1,200 mm from the top. 
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Cooling bath

Specimen

 

Fig. 5-5 Specimen and cooling bath 

 

5.2.3. Preliminary model calculation 

As noted in Section 5.1, the experimental conditions were decided so that the SIF of the brittle 

crack was always larger than the lower curve and reached the upper curve. Therefore, although 

the upper curve had to be calculated by the model, the brittle crack arrest toughness of the 

employed steel was needed to conduct the model calculation. This was obtained by the 

temperature gradient crack arrest tests. The experimental procedure of the temperature gradient 

crack arrest tests is shown in WES2815 [11]. The results of these temperature gradient crack 

arrest tests are shown in Table 5-3. Totally, 9 crack arrest data were obtained. 3 of them were 

carried out by Shimada et al.(No.1, 2, and 3 in Table 5-3) [15], and Tonsho et al. (No.4, 5, and 6 

in Table 5-3)[16], respectively. 3 new experiments (No. 7, 8, and 9 in Table 5-3) were newly 

carried out by this study in Kashima Unit, Nippon Steel & Sumikin Technology. The Arrhenius 

plot of the results is shown in Fig. 5-6. 

To predict the upper curve and lower curve by the conventional model [1], it is needed to 

identify the local fracture stress, which is a unique fitting parameter in the model, beforehand 

[1]. This local fracture stress was identified to 4,410 MPa from one of the 𝐾ca − 𝑇 

relationships shown in Fig. 5-6. The predicted curve is also shown in Fig. 5-6. This curve was 

predicted by a series of calculation assuming temperature gradient crack arrest test with 

standard width (500 mm) under a remotely applied stress from 90 to 500 MPa. 
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Table 5-3 Results of temperature gradient crack arrest tests 

No. 
Applied 

stress [MPa] 

Temperature 

gradient [℃ m⁄ ] 

Temperature at 

crack arrest [℃] 

Crack arrest 

length [mm] 
𝐾ca [MPa√m] 

1 102 300 -18.5 230 96 

2 205 300 -0.8 230 192 

3 131 300 -12.9 245 129 

4 178 300 -10 225 150 

5 178 300 -1.0 323 179 

6 200 300 10.9 315 199 

7 115 300 -10.0 293 132 

8 300 300 8.79 302 355 

9 315 300 13 338 422 

 

It is worth noting that there was inconsistency between the model calculation and the 

experimental results in higher temperature and higher 𝐾ca conditions although they agreed well 

in lower temperature and lower 𝐾ca conditions in Fig. 5-6. This inconsistency appeared as the 

location of the bending point. Namely, although the bending point was found in the model 

prediction, three experimental points were located in the region where the temperature was 

higher than the bending point. The location of the bending point and crack behaviors around the 

bending point remains controversial in the papers in which the model was proposed [1,2]. 

Because these experimental data which did not consist with the model prediction were under 

high SIF conditions, the following investigations would provide relevant findings to these 

deviation. Therefore, the local fracture stress was set to 4,410 MPa in subsequent calculations.  
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Fig. 5-6 𝐾ca − 𝑇 relationship of the employed steel with model calculation 

 

5.2.4. Determination of experimental conditions 

Using the local fracture stress identified in Section 5.2.3, the model calculation was carried out 

to decide the experimental conditions. These calculations assumed the expected SIF transitions 

and temperature distributions in the specimen shown in Section 5.2.2. Thus, the isothermal 

temperature began from 280 mm from the top of the specimen and the input applied stress was 

315 MPa according to Section 5.2.2. The detail calculation procedure is shown in the literature 

[1]. The isothermal temperatures were set to 2 ~ − 25 ℃ to predict the crack arrest length for 

each temperature. The predicted crack arrest lengths were shown in Fig. 5-7. 

 

 

Fig. 5-7 Crack arrest length prediction 
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[14,17]. Therefore, from the perspective of conservative thought, the experimental temperatures 

were determined so as that the predicted crack arrest length were not longer than 600 mm 

because the stress wave reflected at the pin reached the crack path when the crack length 

reached 600 mm if it was assumed that the crack velocity was 600 m s⁄ . This calculation 

considered that the distance between pins was about 6 m and the stress wave velocity is 

approximately 6,000 m s⁄ . In addition, it was desirable for the brittle crack ran a certain 

distance in the isothermal region. Therefore, because the temperature was gradient from the top 

of specimen to 280 mm, the predicted crack arrest length was desirable to be longer than 300 

mm for the experimental temperature. 

According to Fig. 5-7 and above limitation of the predicted crack arrest length, the experimental 

temperatures were set to −3 and − 13 ℃ because the predicted crack arrest lengths under both 

temperatures were longer than 300 mm and shorter than 600 mm. The SIFs at crack arrest were 

predicted as 312 and 415 MPa√m under −3 and − 13 ℃, respectively. 

 

5.3. Experiments under high SIF conditions 

5.3.1. Experimental procedure 

The experimental procedure is below; 

(1) Specimen was cooled to the target isothermal temperature. At this step, the specimen was 

made isothermal. 

(2) The temperature was kept for 30 minutes after the temperature became isothermal. 

(3) The remote stress was statically applied until it reached 315 MPa. 

(4) The temperature around the region near the initial notch tip was additionally cooled to 

scheduled temperature (about −90℃) to cause brittle fracture by impact energy as small as 

possible. At this step, the temperature gradient was made from the top to the beginning of the 

isothermal region. 

(5) The temperature distribution was kept for 10 min. 

(6) Brittle fracture was initiated by impact and the brittle crack started to propagate. 
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Although the stress is usually applied after the temperature distribution including temperature 

gradient is completely made, the applied stress was loaded before the further cooling, not to 

cause brittle fracture naturally, before the applied stress became the scheduled magnitude. The 

impact energy was set to 2,000 J, which followed the requirement in WES2815 [11] and was the 

minimum amount in the employed impact machine. 

The target temperature distributions are shown in Fig. 5-8. Ten thermocouples per one side of 

the specimen were installed to measure the temperature at each point. The lowest temperature 

was set to −90℃ around the initial notch tip. Although the temperature gradients were 

basically same in both Wide2016 and Wide2017, the gradient was steeper in Wide2016 just 

before the temperature became isothermal. 

 

 

Fig. 5-8 Target temperature distributions 

 

5.3.2. Experimental results 

The experimental results of Wide2016 and Wide2017 are shown in Table 5-4. The static SIF 

was evaluated by the static finite element analysis in Section 5.3.3. 

Although the Static SIF at crack arrest in Wide2016 was much larger than 𝐾ca at the test 

temperature, the crack was arrested as predicted by the model calculation. On the other hand, 

although the model predicted that the brittle crack was arrested under −13℃, the crack went 

through the specimen in Wide2017. After the experiment of Wide2016, the ligament was broken 

by causing brittle fracture under tensile loading after the temperature was cooled to −196 ℃. 
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Table 5-4 Experimental results 

 
Applied 

stress [MPa] 

Test 

temperature 

[℃] 

𝐾ca at test 

temperature 

[MPa√m] 

Crack arrest 

length [mm] 

Static SIF  

at arrest 

[MPa√m] 

Wide2016 315 -3.0 184 303 364 

Wide2017 315 -13.9 146 Propagate N.D. 

The measured temperature distributions are shown in Fig. 5-9. Although there were some 

deviations of the measured temperature from the target temperatures, the temperatures were 

almost kept as scheduled. 

 

(a) Wide2016 

 

(b) Wide2017 

Fig. 5-9 Temperature distributions 
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The fracture surfaces obtained in the experiments were shown in Fig. 5-10. In Fig. 5-10(a), 

which is a fracture surface of Wide2016, the shear lip started to grow after the crack reached the 

isothermal region and the crack was arrested. Fig. 5-10(b) showed the fracture surface of 

Wide2017. Around about 680 mm from the top of the specimen, the crack deviated from the 

original straight path. The crack was slant from 680mm to 740 mm and became straight after it 

reached 740 mm. After that, the crack propagated in straight path until it reached the end of the 

specimen width.  

Crack velocities in both experiments were determined from strain transition data obtained by 

strain gauges. The obtained strain data were shown in Fig. 5-11. As same as the procedure in 

Chapter 3, the strain peaks were regarded to mean that the crack propagated just side of the 

strain gauge at that time. After the peak was found in each strain transition, the strains were 

scaled out in some strain gauges. This may be explained by the destruction or spallation of 

strain gauges because the strain gauges whose data were scaled out were located in the latter 

part of specimen width where the crack tip plastic zone was large. 

 

Crack arrest position
Arrest length: 303mm

Side groove

 

(a) Wide2016 

 

(b) Wide2017 

Fig. 5-10 Fracture surface 
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Fig. 5-12 is the relationship between the crack length and time. In Wide2016, only 4 gauges 

successfully detected the crack passing near the gauges because the crack was arrested in 

relatively shorter length. On the other hand, a lot of strain gauges could detect the crack passing 

near the gauges in Wide2017 because the crack was not arrested. The relationship between the 

crack length and time was almost linear in Wide2017 as shown in Fig. 5-12. Namely, because 

the crack velocity is a slope of this relationship, the crack velocity was almost constant in 

Wide2017. This crack velocity was approximately 486 m s⁄ . Any strain gauge was glued in the 

region where the distance from the top of the specimen was longer than 1,200 mm. 

As noted above, the Wide2017 result that the crack was not arrested defied the prediction in 

Section 5.2.4. Therefore, as the detail investigation of the result of Wide2017, finite element 

analyses were carried out to obtain the detail SIF transition. 

 

100 130 175 190

Strain gauge position [mm]

 

(a) Wide2016 

200 219 238 257

Strain gauge position [mm]

270 296 315 334

353 372 391 410

429 448 467 486

505 524 543 562

581 600

 

(b) Wide2017 (0~600 mm) 
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(c) Wide2017 (600 mm~1200 mm) 

Fig. 5-11 Strain data example 

 

 

Fig. 5-12 Crack length-time relationship obtained by strain gauges 
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5.3.3. Finite element analysis 

To obtain SIF transitions, stress wave reflection had to be take into account in FEM. Dynamic 

elastic condition was assumed because these analyses aimed to calculate SIF transition. 

The stress wave reflection mainly causes at pins, but the stress wave also reflects at the 

boundary of different thickness plates. As shown in Fig. 5-4, the tab plate thicknesses were not 

uniform and thus had to be considered in FEM. Finite element analyses were conducted using 

implicit dynamic analysis in Abaqus 6.14 [18]. 

The finite element model was 2D plain strain. The model is shown in Fig. 5-13. It was a half 

model that the crack path corresponded to the symmetry line. The differences of tab plate 

thickness were taken into account by using the element thickness. All elements were full-

integration quadrilateral elements. The element size along the crack path, 𝑑, was set to 1 mm. 

In order to consider the stress wave reflection, the fixed displacement was provided. Although 

the displacement was provided to the specimen via pins, to include contact between pins and 

inner of the pin hole of the specimen model may worsen the convergence of the analyses. 

Therefore, the fixed displacement was directly provided to the nodes around the pin holes. The 

amount of the displacement was determined so that the average tensile stress of the crack path 

reached 315 MPa. Although the stress field around the pins was different from that when the 

pins was accurately modelled, it was reasonable to consider that the stress distribution along the 

crack path was not influenced because the pin hole was far from the crack path. 

The crack propagation was represented using nodal force release technique in generation phase 

analysis where the crack velocity was input. As noted in Section 5.3.2, the crack velocity after 

the crack length reached 200 mm. It was needed to assume the initial crack velocity from the 

specimen top to 200 mm from the top because there were no strain gauge data in that range. 

This initial crack velocity was assumed to be 1,000 m/s. Although the analysis with other initial 

crack velocity was also carried out, the change of the crack velocity influenced the result only a 

little. 
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Fig. 5-13 Finite element analysis 

 

At the first of the analysis, the forced displacement was statically applied. The tensile stress 

distribution under this static loading is shown in Fig. 5-14. The applied stress was not uniform 

along the crack path. The stress was higher around the center and lower near the edge of the 

crack path. This non-uniform stress distribution was caused because the specimen width was 

wider than that of tab plate A and B, and the distance between the pin and the crack path was not 

long enough. Therefore, the SIF was expected to be different from SIF calculation using 

𝜎app√𝜋𝑎 where 𝜎app and 𝑎 are the applied stress and the crack length, respectively. The SIF 

at crack arrest in Wide2016 shown in Table 5-4 is obtained by static finite element analysis 

using the mode of Fig. 5-13 to take the above non-uniform tensile stress distribution into 

account. After this static loading, the generation phase crack propagation analysis was carried 

out by releasing the nodal constraint following the prescribed crack velocity. 

It is known that the local stress field near the crack tip has 1/√𝑟 singularity in a rapidly 

propagating crack tip as same as in a stationary crack tip [19]. The dynamic SIF was determined 

from the crack tip local tensile stress field as conducted in previous studies [13,20]. And then, 

using the coefficient to express dynamic effect, the static SIF was calculated from the dynamic 

SIF. This coefficient is explained in Chapter 2 in detail. These SIFs are shown in Fig. 5-15 from 

200 mm to 1,450 mm. The SIFs monotonically increased at first, but they became the maximum 

values when the crack length was 1,055 mm and started to decrease. These transitions were 

caused because the reflected stress wave reached the crack path. According to Fig. 5-15, the 

maximum static SIF was 637 MPa√m when the crack length reached 1,055 mm. This SIF is 
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larger than the predicted arrest SIF (415 MPa√m). Even if the SIF became smaller than above 

FEM value due to crack deviation, the static SIF at crack deviation (the crack length was 680 

mm) was 545 MPa√m, which is also larger than the predicted arrest SIF. Therefore, if the 

model correctly represented the actual crack behaviors, the brittle crack should be arrested even 

under Wide2017 condition. This result indicated the necessity of the model modification 

according to the experimental result. 
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Fig. 5-14 Tensile stress distribution under the initially loading 

 

 

 

Fig. 5-15 SIF transition of Wide2017 calculated by FEM 
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5.4. Model modification 

To reconsider the formulation in the model, shear lip was focused on because shear lip 

formation was considered a key to explain Long brittle crack problem. As noted in Chapter 1, 

the formulation related to shear lip of the model was not supported by detail experimental or 

numerical investigations. Therefore, each formulation might be inappropriate to reproduce shear 

lip effects. The shear lip effect can be divided to two factors: closure stress and shear lip 

thickness. Although the closure stress evaluation method similar to the model has been 

employed in other studies [21,22], formulation of shear lip thickness can merely be found in 

literature. Thus, this section focuses on the shear lip thickness.   

The calculated SIF in Fig. 5-15 was used to simulate Wide2017 by the conventional model. Fig. 

5-16 shows the shear lip thickness in this model simulation of Wide2017. In this calculation, the 

SIF shown in Fig. 5-15 was used as SIF transition for the model calculation. As mentioned in 

Section 5.3.3, the tensile stress along the crack path was not uniform, so the arrested crack 

length in this calculation differed from the crack arrest length predicted in Section 5.2.3. The 

crack was arrested because the shear lip thickness reached the plate thickness in this simulation. 

Comparison of this result with Fig. 5-10(b) clearly points out that the shear lip thickness was 

much overestimated in the conventional model calculation.  

The shear lip thickness was evaluated by Eq. (5-1) in the conventional model calculation. This 

equation was developed based on an idea that the degree of the plastic constraint relaxation was 

correlated to the plastic zone size of the crack tip. Because the plastic zone size is determined by 

the crack’s SIF, the shear lip thickness was expressed by Eq. (5-1). However, considering that 

the plastic zone size should be related to the amplitude of the crack tip stress field, it is 

reasonable to regard that the 𝐾app is not appropriate to represent the crack’s SIF. On the other 

hand, the effective SIF, which is a difference between the 𝐾app and the closure effect, is 

suitable to express the amplitude of the crack tip stress field. Therefore, the Eq. (5-1) is 

modified as  

𝑡sl =
𝑘sl

6𝜋
(

𝐾eff

𝜎YS(𝑇, 𝜀̇)
)

2

𝑓sl(𝑉) (5-2) 

where 𝐾eff is the effective SIF. 
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Fig. 5-16 Shear lip thickness predicted by the conventional model in Wide2017 condition 

 

The modified model using Eq. (5-2) was used to carry out a series of simulations of the 

temperature gradient crack arrest tests, Wide2016, and Wide2017. As same as in the calculation 

of the conventional model explained in Section 5.2.3, the local fracture stress was identified to 

4,450 MPa. The simulated results are shown in Fig. 5-17.  

As shown in Fig. 5-17, it is worth noting that the bending point moved to the higher temperature 

and higher 𝐾ca region in the model calculation. As a result of it, the simulated 𝐾ca − 𝑇 curve 

(blue line in Fig. 5-17) agreed well with the experimental 𝐾ca − 𝑇 relationship obtained by the 

temperature gradient crack arrest tests. The simulated SIF at crack arrest under Wide2016 

condition was relatively similar to the experimental result. On the other hand, the crack was not 

arrested in the modified model simulation under Wide2017 condition. This result consisted with 

the experimental result of Wide2017. The reason why the crack was not arrested in the modified 

model simulation is because the shear lip could not growth as predicted by the conventional 

model because the shear lip growth makes SIF decrease, which lead to thinner shear lip. 

As noted above, the modified model successfully simulated the experimental result although the 

conventional model could not reproduce some of the experimental results such as Wide2017 and 

the bending point location. Therefore, considering the above reason about relationship between 

SIF and shear lip thickness and this model simulation results, Eq. (5-2) should be employed as a 

formula to express the shear lip thickness in subsequent studies. 
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Fig. 5-17 Calculation results of the modified model 

 

5.5. Discussion 

5.5.1. Crack arrest SIF of Wide2016 

As noted in Section 5.4, the modified model successfully reproduced Go/NoGo results of 

Wide2016 and Wide2017. However, there was difference between SIF at arrest in the 

experiment and model simulation of Wide2016. It is hard to conclude the reason why this 

difference was observed, but it is worth noting that the impact energy was ignored in the finite 

element analysis to evaluate SIF at crack arrest shown in Table 5-4. The model calculation did 

not also consider the impact effect. As noted in Section 5.3.1, the brittle crack was initiated by 

impact device. The impact energy was set to 2,000J in both Wide2016 and Wide2017. Although 

this impact energy was much smaller than the limitation defined by WES2815, 50% increase of 

SIF is expected at most even when the impact energy is in the range of the limitation [11]. 

Although considering that the crack arrest length was larger than 300 mm and the applied stress 

was 315 MPa, the increase rate of SIF is expected to be relatively smaller compared to the usual 

temperature gradient crack arrest test [23–25], it is reasonable to regard that the actual SIF at 

crack arrest in Wide2016 was higher than the value shown in Table 5-4. Therefore, the 

overestimation of the simulated result of SIF at crack arrest in the modified model corresponds 

to the above consideration of impact effect. On the other hand, the SIF at crack arrest predicted 

by the conventional model was lower than the experimental SIF at crack arrest in Wide2016. 

This is also unreasonable considering the above impact effect.  

 

 

50

100

200

400

3.4 3.5 3.6 3.7 3.8 3.9 4.0

Temp. Grad. Arrest

Test
Conv. Model

Mod. Model

Wide2016(Exp.)

Wide2016 (Mod.

Model)
Wide2016 (Conv.

Model)

1000/𝑇[𝐾−1]

C
ra

ck
 a

rr
es

t 
to

u
g
h

n
es

s 
[M

P
a

m
]



 

 

Chapter 5                                        

184 

 

5.5.2. Required 𝑲𝐜𝐚 

In fact, the results that the crack was arrested under −3 ℃ but was not arrested under 

−13 ℃ consists with the conventional finding that the long brittle crack is arrested when 𝐾ca at 

the test condition is larger than 190 MPa√m in the steel plate whose thickness is not larger 

than 75 mm [3]. Considering that 𝐾ca at −3 ℃ was almost 190 MPa√m, the crack arrest in 

Wide2016 corresponded to the conventional findings.  

According to the modified model, SIF decreasing due to shear lip growth and SIF increasing 

due to crack length extension can be in harmony or increasing SIF can precede under lower 

temperature because shear lip growth prevents the shear lip from growing further. Namely,  

Therefore, the crack cannot be arrested under lower temperature in the modified model. From 

the perspective of this finding, the 𝐾ca required to cause brittle crack arrest under Long brittle 

crack problem conditions is related to judgment whether the shear lip growth precedes or not. 

Thus, the conventional regulation which requires enough 𝐾ca at the design temperature is 

reasonable from the perspective of above idea about relationship between shear lip growth and 

crack length extension. 

In fact, the required 𝐾ca depends on plate thickness [6]. In thicker plates, higher 𝐾ca is 

required. Based on the above idea on required 𝐾ca, this dependency on the plate thickness is 

essential because the closure effect due to same shear lip thickness is lower at the thickness 

center in the thicker plates than in thinner plate [1]. Namely, thicker shear lip is required to 

arrest the brittle crack in thicker plates. As the result, the required 𝐾ca becomes higher for 

thicker plates.  

 

5.6. Conclusion 

In order to investigate brittle crack propagation and arrest behaviors under high SIF conditions, 

two experiments were carried out using wider specimens under isothermal conditions. The 

experimental conditions were designed based on the upper curve of 𝐾ca − 𝑇 relationship 

proposed by the model based on the local fracture stress criterion. SIFs were designed to be 

always larger than the lower curve of 𝐾ca − 𝑇 relationship based on the model calculation. 

Two experiments using wider specimens were called Wide2016 and Wide2017, respectively. By 

a series of the model calculations, the applied stress and temperatures were determined. The 

applied stress was set to 315 MPa in both experiments, The isothermal experimental 
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temperatures were −3 and − 13 ℃, respectively. These temperatures were determined based 

on the crack arrest length under various temperatures in the wider specimen predicted by the 

model. 

Two experiments showed that the crack was arrested under −3 ℃ as predicted the model, but 

the crack went through the specimen under −13 ℃ contrary to the model prediction that the 

crack was arrested under −13 ℃. Finite element analyses were carried out and showed that the 

maximum SIF in Wide2017 was much larger than the SIF needed for crack arrest in the 

prediction.  

Based on the inconsistency between the experiments and the model calculation, the formula of 

shear lip thickness in the model was focused to modify the model. Although the conventional 

model assumed that the shear lip thickness was governed by applied SIF, the modified model 

considered that the shear lip thickness was expressed by effective SIF based on the idea of 

plastic constraint relaxation. This modified model successfully simulated Go/NoGo of 

Wide2016 and Wide2017. In addition, although the conventional model could not accurately 

predict 𝐾ca − 𝑇 relationship in higher temperature and higher 𝐾ca region, the modified model 

prediction consisted with the experimental results of 𝐾ca − 𝑇 relationship in higher 

temperature and higher 𝐾ca region. These results of the modified model simulation strongly 

support the hypothesis Long brittle crack problem can be explained by the shear lip formation to 

cause closure effect. 

As noted above, a series of experiments in this chapter provided new findings of the model 

formulation, especially shear lip formulation. However, shear lip thickness including crack 

velocity coefficient, 𝑓sl(𝑉), still based on invalid assumption and the necessity of detail 

examination of shear lip thickness formulation still remains. In addition, although the closure 

stress was not discussed in this chapter, the previous studies including the conventional model 

employed elastic perfect-plastic deformation to calculate the closure stress. This also remains to 

be investigated in detail. Therefore, in next chapter, these factors related to shear lip will be 

investigated and discussed. 
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Chapter 6 Shear lip closure stress and its 

formation 

 

6.1.  Introduction 

Formation of unbroken shear lip is an important factor for brittle crack propagation and arrest 

behaviors in steels. Unbroken shear lip works to decrease the SIF of the crack until it is broken in 

ductile manner. This contribution is called as closure effect and the stress working on the unbroken 

shear lip is called as the closure stress. The closure effect has been widely known to contribute to 

the crack arrest and considered by previous studies [1–4]. However, the closure stress and shear 

lip thickness have merely been investigated in detail. 

In the conventional model based on the local fracture stress criterion [5], the closure stress was 

regarded to be equal to the yield stress considering the temperature and strain rate based on an 

assumption that the shear lip deformation was perfectly plastic. This assumption on deformation 

is not realistic because the strain rate was assumed to be 104 s−1 in the unbroken shear lips, 

which is higher than the strain rate near the crack tip. Thus, the assumed strain rate also deviated 

from the actual crack behaviors. Other studies which modelled the closure stress also employed 

similar unrealistic strain rate ( 103~104 s−1 ) of unbroken shear lip deformation [6,7]. 

Accordingly, it is needed to quantitatively evaluate the closure stress to accurately model the 

closure effect caused by the unbroken shear lip.  

On the other hand, the thickness of shear lip has not been appropriately modelled as pointed in 

Chapter 5 in spite of its importance. In Chapter 5, the formulation of shear lip thickness was 

modified to consider effective SIF, but the crack velocity coefficient was not investigated. This 

crack velocity coefficient was determined from a distribution of plastic strain in thickness 

direction of each crack velocity against the static case in the conventional model [5], and thus 

such crack velocity dependency was not supported experimentally. In particular, it is unknown 
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whether the shear lip thickness has crack velocity dependency in the first place. Although there 

have been some studies to measure shear lip thickness in brittle crack propagation in steels [8–

11], their methods to measure the thickness were not mentioned and their data were not enough 

to evaluate relationships between the shear lip thickness and other parameters such as SIF and 

crack velocity.  

In fact, previous literatures also mentioned shear lip thickness associated with brittle fracture 

initiation toughness [12–14]. They indicated that shear lip thickness was related to plastic zone 

size near the crack tip, which was determined based on the small scale yielding concept [12,14–

17]. The formulation of shear lip thickness in the conventional model was based on this idea 

which originated from the above measurements of shear lip thickness observed in the brittle 

fracture initiation test such as Charpy impact test. However, as noted above, the systematic 

measurements of shear lip thickness during brittle crack propagation have not been carried out. 

As discussed above, instead of their importance in brittle crack propagation and arrest behaviors, 

formulations of closure stress and shear lip thickness have hardly progressed. Therefore, this 

chapter shows quantitative evaluation of the closure stress using 3D finite element analyses and 

systematic experiments to investigate and formulate shear lip thickness in brittle crack 

propagation in steels. 

 

6.2. Closure stress 

6.2.1. Calculation of closure effect 

The closure stress works as shown in Fig. 6-1. The closure effect due to the closure stress working 

on the unbroken shear lips is expressed in the form of SIF as [5] 

𝐾cl = ∫
√2𝜎cl

(𝜋|𝑥|)3/2 {1 + (
𝑧
𝑥)

2
}
𝑑Ωsl

Ωsl  (6-1) 

where 𝐾cl is the closure effect, Ωsl is the region of the shear lip, and 𝜎cl is the closure stress. 

This equation was derived by integrating the closure stress 𝜎cl  working on (𝑥, 𝑧) over the 

unbroken shear lip region.  
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Crack front

Uncracked shear lip

𝑥

 

𝑧

 

 

 

Fig. 6-1 Closure stress working on the unbroken shear lip 

 

As noted above, the closure stress was assumed to be equal to the yield stress at high strain rate 

103~104 s−1 in previous studies without any detail investigation. Therefore, this study 

systematically analyzed the influence of the crack length, crack velocity, the unbroken shear lip 

thickness, the applied stress, and the temperature against the closure stress. Because the closure 

stress is regarded to be equal to the maximum principal stress working on the unbroken shear lips, 

a series of finite element analyses were conducted to evaluate the maximum principal stress in 

the unbroken shear lip. In these analyses, crack propagation was represented by the nodal force 

release technique, and the unbroken shear lip was expressed by leaving the unreleased nodes near 

the surface behind the crack tip which most advanced in the thickness center. The region of 

unbroken shear lip is defined prior to the analysis. 

In this calculation, the cleavage surface and unbroken shear lips were supposed as shown in Fig. 

6-2. The crack front was straight and the plate thickness was set to 50 mm. This is because these 

analyses assumed steel N employed in Chapter 3 and 7. The constitutive law was also same as 

that of steel N. The cleavage surface and unbroken shear lips were expressed by rectangles for 

simplification. The shear lip thickness,  sl, was a variable and constant during an analysis for 

simplification. In addition, ductile fracture of the end of unbroken shear lip was not considered to 

make the finite element analysis easy. Therefore, the unbroken shear lip length, 𝑙sl, was always 

equal to the crack length, 𝑎. 
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Crack front

Unbroken shear lip

Cleavage surface50mm

Propagation

 

Fig. 6-2 Supposed fracture surface of the finite element model 

 

6.2.2.  Finite element analyses to evaluate the closure stress 

6.2.2.1.  Finite element model and analysis conditions 

The employed finite element model is shown in Fig. 6-3. This model is an infinite 3D model 

which was extended from the infinite 2D model employed in Chapter 2 and 4. The analyses were 

carried out in dynamic implicit conditions. The all element was 3D hexahedral full-integration. 

This model corresponds to a quarter model of the infinite plate with a center crack. Therefore, the 

thickness of the model was 25 mm. 
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(a) Overview 
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(b) 𝑥 −   view 
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(c) 𝑥 − 𝑧 view 

Fig. 6-3 Finite element model 

 

The element size in 𝑥 direction along the crack path was set to 0.8 mm. Although it is desirable 

to employ fine meshes in finite element analyses, the element size was set to 0.8 mm considering 

that the numerical cost restricts the element size. The element division in the thickness direction 

was also shown in Fig. 6-3(c). Because the accuracy of the analyses is relatively low when the 

crack length is much short, the closure stress was evaluated when the crack length was from 80 

to 200 mm. In the analyses, the crack velocity, 𝑉, the unbroken shear lip thickness, the applied 

stress, 𝜎app  were variables to change for the analysis condition. The temperature, 𝑇 , was 

basically set to −10 ℃. The closure stress was calculated from the reaction force distributing the 

unbroken shear lips. In addition, equivalent plastic strain was also evaluated in the unbroken shear 

lips. 
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6.2.2.2. Analysis results 

The unbroken shear lip formation in the finite element analyses is shown in Fig. 6(a). Although 

the crack front advances, the unbroken shear lip remains an unbroken ligament. One example of 

the maximum principal stress in the analysis, which corresponds to the closure stress, is shown in 

Fig. 6-4(b). Although the closure stress is not uniformly distributed in the unbroken shear lip as 

shown in Fig. 6-4(b), the mean value of the maximum principal stress in the unbroken shear lip 

was regarded to represent the closure stress of a certain analysis condition. 
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(a) Unbroken shear lip in finite element analyses 
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(b) Maximum principal stress distribution in finite element analysis 

Fig. 6-4 Maximum principal stress distribution in finite element analysis 
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The closure stresses calculated from the finite element analyses are shown in Fig. 6-5. They 

clearly showed that the closure effect hardly depends on the crack velocity, but is strongly 

influenced by the shear lip thickness and the applied stress. Namely, when the shear lip thickness 

is thinner and the applied stress is larger, the closure stress becomes larger. According to these 

trends, the assumption that the closure stress depended only on the temperature in the 

conventional model [5], does not consist with the actual closure stress. 

Because the stress is generally related to strain, the closure stress is considered to be related to the 

equivalent plastic strain. The maximum plastic strains in the unbroken shear lips are shown in Fig. 

6-6. These strain data are under same conditions of those shown in Fig. 6-5. Fig. 6-6 shows that 

the closure stress is associated with the plastic strain. In other words, the closure stress is larger 

in the condition in which the plastic strain is larger. 

 

Numerical conditions

 

(a) Influence of crack velocity (𝑇 = −10 ℃, 𝜎app = 184 MPa) 

 

Numerical conditions

 

(b) Influence of the unbroken shear lip thickness (𝑇 = −10 ℃, 𝜎app = 184 MPa) 
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Numerical conditions

 

(c) Influence of the applied stress (𝑇 = −10 ℃,  sl = 6 mm,𝑉 = 600 m/s) 

Fig. 6-5 Closure stress against finite element analysis variables 

 

Numerical conditions

 

(a) Influence of crack velocity (𝑇 = −10 ℃, 𝜎app = 184 MPa) 

 

Numerical conditions

 

(b) Influence of the unbroken shear lip thickness (𝑇 = −10 ℃, 𝜎app = 184 MPa) 
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Numerical conditions

 

(c) Influence of the applied stress (𝑇 = −10 ℃,  sl = 6 mm,𝑉 = 600 m/s) 

Fig. 6-6 Plastic strain in the unbroken shear lips 

 

Here, using the above finite element analysis results shown in Fig. 6-5 (b), (c), Fig. 6-6 (b), and 

(c), the closure stresses were organized against the maximum equivalent plastic strain in the 

unbroken shear lips as shown in Fig. 6-7. The same plastic strain generates the almost same 

closure stress and thus the unique relationship can be roughly found between the closure stress 

and the plastic strain in Fig. 6-7 although there are some scatters. This finding is a useful to 

formulate the closure stress from the crack behaviors. 

 

Numerical conditions

 

Fig. 6-7 Relationship between the closure stress and the plastic strain in the unbroken shear lips 

under 𝑇 = −10 ℃ and 𝑉 = 600 m/s 
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6.2.3.  Closure stress approximation 

As noted above, the closure stress was not quantitatively investigated and the previous studies 

had no choice but to regard the yield stress at much high strain rate (103~104 s−1) as the closure 

stress. Therefore, the closure stress has been regarded as independent on the factors other than the 

temperature. However, as shown in Section 6.2.2.2, the closure stress is influenced by the shear 

lip thickness and the applied stress in addition to the temperature. Accordingly, although it is 

needed to formulate the closure stress based on the above findings, it is difficult to derive the 

closure stress analytically. Thus, by focusing on the relationship between the plastic strain and the 

closure stress as shown in Fig. 6-7, it was attempted to make approximation functions the closure 

stress from the results of the finite element analyses. In fact, to express the closure stress by the 

plastic strain in the unbroken shear lips is convenient because the strain in the unbroken shear lip 

is calculated in the conventional model using opening displacement behind the crack tip [5].  

Here, although some relationships between the closure stress and the plastic strain were obtained 

as shown in Fig. 6-7, a series of analyses explained in Section 6.2.2.1 to evaluate the closure stress 

for each numerical condition were carried out more to add the data. In these analyses, the applied 

stress was set to from 37 MPa to 350 MPa, and the shear lip thickness was set to from 2 mm to 

15 mm. Because the crack velocity hardly influences the closure stress as noted in Section 6.2.2.2, 

the crack velocity was basically set to 600 m s⁄  in the all analyses of this section.  

Considering that the plastic strain is associated with the amplitude of the closure stress, the 

reference stress, which is expressed by the plastic strain, was employed to evaluate the closure 

stress. This reference stress is expressed as 

𝜎ref = 𝜎YS(𝑇, 𝜀̇) (1 +
𝜀p

0.02
)
𝑛

 (6-2) 

where 𝜎YS(𝑇, 𝜀̇) is an yield stress at temperature 𝑇 and strain rate 𝜀̇, 𝜀p is plastic strain, and 

𝑛 is a hardening exponent. Namely, Eq. (6-2) means a stress-strain relationship expressed by the 

Swift equation [18]. 

The closure stress and the plastic strain were obtained from these analyses, and the relationships 

between the closure stress and the reference stress were made for each analysis. These 

relationships under −10 ℃ were shown in Fig. 6-8.  
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Fig. 6-8 Approximation of relationship between the closure stress and the reference stress under 

−10 ℃ (black dashed line: approximated curve) 

 

In these relationships, the strain rate in Eq. (6-2) was set to 100 s−1 for simplicity because the 

actual strain rate in the analyses were almost in the order of 101~102 s−1. Although there are 

some separations of each relationship, it can be said that the closure stress has a unique 

relationship with the reference stress and thus it is well expressed by the reference stress. 

Therefore, the closure stress was approximated by the reference stress as  

𝜎cl = 1.42 {360(1 +
𝜎ref(𝑇, 𝜀̇, 𝜀p) − 𝜎ref(𝑇, 𝜀̇, 0)

0.050
)

𝑛(𝑇)

+ 0.3(𝜎ref(𝑇, 𝜀̇, 𝜀p) − 750)} − 150 

(6-3) 

where 𝑛(𝑇) is a parameter depending on the temperature. 𝑛(𝑇) = 0.101 under −10 ℃,. Here, 

it is worth noting that the form of Eq. (6-3) does not have any physical meaning. It is just an 

equation approximating the relationship shown in Fig. 6-8.  

Same procedures as above were applied to other temperatures and it was shown that form of Eq. 

(6-3) could be applied to the other temperatures. Although the shear lip is sometimes observed in 

much low temperature in the brittle fracture surface of higher crack arrest toughness steels [2,19], 

the studied temperatures were −40, −30, −20, −10, 0, 10 ℃ because the shear lip is usually 

observed in usual steels like steel N when the temperature is higher than −30~ − 20 ℃ in brittle 

crack propagation [20,21]. 

As the result, only 𝑛(𝑇) and the reference stress were changed by the temperature and other 

values could be regarded as constants. The values of 𝑛(𝑇) is shown in Fig. 6-9. 𝑛(𝑇) is a 
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monotonically decreasing against temperature. These findings about the closure stress is used in 

next section, and the simulation model development in Chapter 7. 

 

 

Fig. 6-9 𝑛(𝑇) for each temperature 

 

6.3. Shear lip thickness 

6.3.1. Conventional formulation 

The shear lip thickness is also an important factor to determine the amplitude of the closure effect. 

Although there have not been attempts to measure the thickness systematically, some studies 

pointed out the thickness was related to the plastic zone size near the crack tip [5,22]. Following 

them, Chapter 5 expressed the shear lip thickness in one side is expressed based on the small scale 

yielding concept as  

 sl =
𝑘sl
6𝜋

(
𝐾eff

𝜎YS(𝑇, 𝜀̇)
)
2

𝑓sl(𝑉) (6-4) 

where 𝐾eff  is the effective SIF, 𝑘sl  is a coefficient set to 2, and 𝑓sl(𝑉)  is a coefficient 

depending on the crack velocity, which was proposed by the conventional numerical model of 

brittle crack propagation and arrest behaviors in steels [5]. Excluding 𝑓sl(𝑉), the expression of 

shear lip thickness similar to Eq. (6-4) can be found in previous literatures [12–14].  

The crack velocity coefficient, 𝑓sl(𝑉), was derived by a series of 3D dynamic elastic-viscoplasitc 

finite element analyses in the conventional model [5]. Fig. 6-10 shows the schematic illustration 

to determine the crack velocity coefficient. Here, the shear lip thickness at the static condition, 

 sl
𝑉=0 was expressed as 
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 sl
𝑉=0 =

2

6𝜋
(

𝐾eff
𝜎YS(𝑇, 𝜀̇)

)
2

 (6-5) 

Here, 𝜀𝑧𝑧
sl  is the plastic strain at the boundary between the shear lip and cleavage fracture surface. 

In the static cases, the boundary is located from  sl
𝑉=0 in the thickness direction from the surface. 

According to the conventional model [5,23], the depth from the surface at which the plastic strain 

in thickness direction satisfy 𝜀𝑧𝑧
sl  at each crack velocity correspond to the shear lip thickness. For 

example,  sl
𝑉=400 is the shear lip thickness at 𝑉 = 400 m/s in Fig. 6-10. Namely,  sl

𝑉=400/ sl
𝑉=0 

is the crack velocity coefficient, 𝑓sl(400). Thus, the conventional model supposed that the plastic 

strain represented the state of the plastic constraint. The previous study carried out a series of 

finite element analyses to obtain 𝑓sl(𝑉) for each crack velocity for the wide range of SIF. One 

of these results are shown in Fig. 6-11 [5]. The results indicated that the lower crack velocity 

made the shear lip thicker although the coefficient was not uniquely determined. The conventional 

model approximated the model as  

𝑓sl(𝑉) = cos (
𝜋

2

𝑉

𝑉R
)
23.9

 (6-6) 

where 𝑉R  is the Rayleigh wave velocity, which is the theoretical upper limit of fast crack 

propagation in solid [24]. 

 

 

Fig. 6-10 Schematic illustration to decide the crack velocity coefficient [5] 
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Fig. 6-11 Crack velocity coefficients and the approximation [5] 

 

Although above formulation of the shear lip thickness is the first attempt to consider the crack 

velocity effect in brittle crack propagation in steels, there is no any experimental evidence to 

support the trend of shear lip thickness on the crack velocity. Therefore, to make shear lip 

thickness formulation supported by the physical meaning and experimental results, this section 

carried out systematic experiments and analyses of brittle crack propagation accompanying with 

the shear lip formation. 

 

6.3.2. Shear lip formation experiments 

Although Chapter 3 carried out crack propagation experiments preventing the shear lip from 

forming, it was needed to form shear lips in the experiments of this section. Thus, the experiments 

were carried out under relatively high temperatures (−30~− 10 ℃). In addition, the applied 

stress when the brittle fracture started to run should be controlled because the shear lip thickness 

is expected to be thin or zero when the SIF is much low. So, on the contrary to the use of 

embrittlement bead to cause natural brittle fracture initiation without impact in Chapter 3, the 

impact was needed to employ to cause brittle fracture initiation under the aimed applied stress. 

The experiments were designed by considering these circumstances. 

 

6.3.2.1. Specimen and experimental procedure 

The employed steel was steel N explained in Chapter 3. The overview of the specimen is shown 

in Fig. 6-12. The configuration basically followed a specimen for the temperature gradient crack 

arrest test [25]. It was also similar to the specimen of steel N shown in Chapter 3. The specimen 
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was composed of a test plate and a dummy plate as shown in Fig. 6-12(a). This dummy plate was 

used to prevent the test rig from getting damage due to rapid change of the load, which was caused 

by fracture of specimens. The dummy plate was 5 mm apart from the test plate. Although it is 

desirable to keep higher temperature to promote shear lip formation, the top of the specimen had 

to be kept low temperature to make the brittle fracture initiation easy. Therefore, there was the 

temperature gradient from the specimen top to 210 mm from the top. To prevent shear lip 

formation in the temperature gradient region, the side groove was processed in the region. This 

side groove is expressed in Fig. 6-12(b). The shear lip formation was evaluated only in the 

isothermal region, which started from 210 mm from the specimen top. The temperatures were 

controlled by same method as explained in Chapter 3. Fig. 6-12(c) shows the photo of the 

specimen with strain gauges, which were used to measure crack velocities. 

These experiments were conducted by the 10MN test rig in Kashima Unit, Nippon Steel & 

Sumikin Technology. The distance between pins was set to follow WES2815 [25], which was 

long enough not to cause the stress wave reflection effect. 

As explained above, the impact was used to cause brittle fracture. The impact energy was set to 

1,200 J, which was the minimum value of the employed impact machine. In addition, because the 

impact effect was relatively large until the crack length was shorter than 150 mm, the crack 

behaviors before it entered the isothermal region were not considered. 

The isothermal temperatures were set to −30,−20, and − 10 ℃ under the same applied stress. 

In addition, at −10 ℃, three levels of the applied stress were tested to change SIF. The crack 

velocity was also measured by the strain gauges, which were glued on the plate surface. However, 

it is worth noting that the strain gauge in these experiments could not detect crack tip position in 

the thickness center because of the unbroken shear lips and crack front tunneling although the 

strain gauges could be used to obtain the crack velocity in the thickness center in the side grooved 

specimen explained in Chapter 3 [8].  
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Fig. 6-12 Specimen 
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6.3.2.2. Experimental results 

The experimental results are shown in Table 6-1. Totally, five experiments were conducted. SL1, 

SL2, and SL5 were under same temperature (−10 ℃). The applied stress was maximum in SL5 

and minimum in SL1. Although as noted above, the impact was basically used to cause brittle 

crack initiation, the crack was naturally initiated to propagate in SL2 while the applied stress was 

increasing before the impact was applied. The measured average temperature was the mean value 

of the temperatures in the isothermal region. Four thermocouples were attached to this isothermal 

region in addition to three thermocouples in the temperature gradient region. After the experiment 

ended, the dummy plate and the tab plates were cut from the test plate. The fracture surfaces 

obtained in each experiment are shown in Fig. 6-13.  

 

Table 6-1 Experimental conditions 

No. Initiation Measured average temp. [℃] Load [kN] Remotely applied stress [MPa] 

SL1 Impact -10.4 4310 174 

SL2 Natural -10.2 5093 205 

SL3 Impact -31.6 5079 205 

SL4 Impact -21.3 5090 206 

SL5 Impact -11.4 6200 251 

 

The crack velocities for each experiment were obtained from the time of the strain peak of each 

strain gauge. It should be paid attention to that these corresponded to mean velocities of the 

cleavage crack fronts as noted in Section 6.3.2.1. The relationships between the crack tip and time 

are shown in Fig. 6-14. The time of first observed peak was set to zero. These relationships were 

approximated by polynomials and differentiated to obtain the crack velocities. These crack 

velocities were used to evaluate the displacement behind the crack tip in Section 6.3.4 to calculate 

plastic strains in the unbroken shear lip. 
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Fig. 6-13 Fracture surface of experiments. 
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Fig. 6-14 Crack tip position-time relationship from strain data 

 

6.3.3.  Shear lip thickness measurement 

In fact, there are no established methods to measure the shear lip thickness. There have been some 

literatures to attempt to measure shear lip thickness which formed not only during brittle crack 

propagation in steel but also in other fracture phenomena. The methods were not explained in 

detail in those literatures [8,9,26–28] although the optical measurement was conducted [13]. 

Therefore, the method to measure shear lip thickness was firstly examined. 

At first, the most fundamental method is a visual measurement with ruler, which was usually 

conducted [13]. However, such measurement cannot be expected to have high accuracy, and, 

because the fracture surface has 3D configuration, such 2D method is not suitable to accurately 

evaluate the fracture surface including shear lip thickness. Using image processing from the 

fracture surface images as shown in Fig. 6-13 is a similar method and not suitable because of 

same reason. Therefore, the 3D measurement tools were promising to measure the shear lip 

thickness accurately. Aikawa et al. measured shear lip thickness which formed in a temperature 

gradient crack arrest test using a lazer 3D measurement system [29]. Although this method could 

reproduce the trend of shear lip thickness along the crack length, its resolution was doubtful to be 

enough to quantitatively measure the shear lip thickness. In addition, measurement speed of such 

system was very low. Therefore, the other 3D measurement tool was looked for, and the non-

contact 3D configuration measurement tool, called One-shot machine [30], was employed.  

Each specimen was cut to three small blocks with about 60 mm width and the surface 3D image 

was measured by the One-shot machine, VR-3000&3200 [30]. Because the visual field of the 

machine was smaller than each block’s surface, some 3D images were measured respectively, and 

they were automatically integrated in the 3D image processing software. One example of the 

integrated 3D image of a block is shown in Fig. 6-15. The morphology including surface 
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roughness can be clearly observed in Fig. 6-15 by using the One-shot machine. 

And then, the cross section morphology was obtained from the 3D image to evaluate the cleavage 

fracture thickness,  cl as shown in Fig. 6-15.  cl was determined based on the idea that the 

ductile fracture surface of shear lip tilted 45° against the flat cleavage fracture surface. This 

evaluation of the cross section morphology was conducted at 2~4 mm intervals. This process was 

conducted using a VR-3000 G2 analysis software. 

 

Cleavage region

Shear lip
Measured line

Fracture surface profile

 

Fig. 6-15 3D image and the cross section morphology 

 

Because of the plastic deformation due to brittle crack propagation, the specimen plate became 

thinner than the original condition near the crack path. Thus, it was concerned that the direct 

measurement of the shear lip may underestimate the thickness [31]. Therefore, the shear lip 

thickness,  sl, was expressed as  

 sl =
 −  cl
2  (6-7) 

where   is an original thickness (50 mm).  

These measurements were carried out from 210 to 330 mm from the top of the specimens 

considering that the finite width effect may become too much when the crack tip approached to 

the end of the test plate. The measured shear lip thicknesses were shown in Fig. 6-16. The shear 

lip vanished after the crack length reached about 310 mm in SL3. These were the shear lip 

thickness data for the first time. Then, these shear lip thickness is used to formulate the shear lip 
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thickness in next section by interpolating the shear lip thickness against the crack length although 

the shear lip thickness data were discretely obtained. 

 

 

Fig. 6-16 Measured shear lip thickness 

 

6.3.4.  Formulation of shear lip thickness 

This section aims to formulate the shear lip thickness using the above experimental data. The 

detail procedure is shown below; 

(1) Effective SIFs for each measured shear lip thickness were calculated considering the closure 

effect. To calculate the closure effect due to the unbroken shear lip, strain values across the 

unbroken shear lip were evaluated to determine the closure stresses and the location where 

the unbroken shear lip broke due to shear. 

(2) From the experimental data, the shear lip thickness at the static case,  sl
𝑉=0, was calculated 

by Eq. (6-5) for each experimental shear lip thickness.  sl
𝑉=0 was used to calculate  sl

ratio, 

which is a ratio of the experimentally measured shear lip thickness against  sl
𝑉=0. 

(3) By using the calculated effective SIFs, the crack velocities at the thickness center were 

evaluated against the measured shear lip thickness from the response surfaces of local tensile 

stresses constructed. 

(4)  sl
ratio for the crack velocity at the thickness center was calculated using the crack velocity 

determined in Step (3) 

(5)  sl
ratio  obtained in Step (4) were approximated to propose a new formulation for crack 

velocity coefficient.  
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6.3.4.1.  Calculation of effective SIFs 

As noted in Section 6.3.1, the shear lip thickness has been often expressed based on the plastic 

zone size of the crack tip [12,13]. Therefore, the plastic zone size based on the small scale yielding 

concept was calculated for each crack length. The effective SIF was needed to calculate the plastic 

zone size. This procedure corresponds to Step (1). 

As shown in Chapter 5, the effective SIF should be considered to relate the SIF and the shear lip 

thickness. Thus, the effective SIFs were calculated for each experiment. The effective SIF, 𝐾eff, is 

calculated as  

𝐾eff = 𝐾app − 𝐾cl (6-8) 

where 𝐾app is the static SIF due to the applied stress and crack length, and 𝐾cl is the closure 

effect defined in Eq. (6-1). Here, 𝐾app was calculated by using 3D elastic finite element analyses 

considering the dummy plate and side-groove. To calculate 𝐾cl, the shear lip thickness, length, 

and the closure stress have to be known. Although the shear lip thickness is known as shown in 

Fig. 6-16, the shear lip length at a certain crack length could not be determined from the fracture 

surfaces. In addition, although the closure stress is calculated from plastic strain in the unbroken 

shear lips to use the approximated formula of the closure stress proposed in Section 6.2, plastic 

strain was not also obtained from the fracture surfaces. Thus, the same procedure as the 

conventional model [5] was used to determine the plastic strain in the unbroken shear lips for 

evaluation of the shear lip end and closure stress in the unbroken shear lips.  

In this procedure, a displacement behind a crack tip 𝛿 in crack opening direction is considered. 

𝛿 is calculated under a closure stress by the equation proposed by Embley and Sih [32]. Because 

𝛿 is a function of the crack velocity, the crack velocities measured in Section 6.3.2.2 were used 

to determine 𝛿 . Because the crack velocity suitable for calculating 𝛿  corresponds to the 

averaged velocity of the crack front, the crack velocities measured in Section 6.3.2.2 are 

appropriate to use here. The unbroken shear lip can be schematically illustrated as shown in Fig. 

6-17. Assuming unbroken shear lip shows 45° shear deformation to break in ductile manner, the 

strain in the unbroken shear lip, 𝜀sl, is simply written as 

𝜀sl =
𝛿

2 sl
 (6-9) 
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The strain distribution in the unbroken shear lip can be derived from Eq. (6-9). Here, because 

elastic strain is relatively small after it starts plastic deformation, this strain distribution was 

regarded to correspond to the plastic strain. Thus, the closure stress distribution can be evaluated 

using 𝜀sl. In addition, the unbroken shear lip is broken in ductile manner at which 𝜀sl satisfies 

𝜀sl = 𝜀cr (6-10) 

where 𝜀cr is a failure strain which was set to 0.1 following the previous studies [5,33]. The 

unbroken shear lip length for each crack length was determined to satisfy Eq. (6-10). This means 

that the unbroken shear lip contributes to the closure effect until the strain in the unbroken shear 

lip reaches 0.1. 

Accordingly, the above procedure enabled to determine the closure stress distribution and shear 

lip length. Namely, the closure effect could be calculated using Eq. (6-1). In addition, it is worth 

noting that the impact energy is not negligible even when the experiments followed the regulation 

in WES2815 [25]. Although the impact energy employed was small enough to follow the 

regulation, SIFs were expected to be 1.5 times at most according to WES2815 [25]. Because the 

impact effect depends on crack velocity, applied stress, and the crack length in addition to the 

amount of the impact energy itself, the effect cannot be simply calculated [34]. Therefore, this 

study considered that the impact made the applied SIF 1.3 times according to the previous studies 

[34–36]. This reason will be discussed in detail in Chapter 7. Of course, such impact energy was 

not introduced to SL2 because the impact was not used to initiate the brittle fracture in SL2. By 

following above procedure, the effective SIFs of the five experiments were calculated as shown 

in Fig. 6-18. These SIFs were applied to evaluate  sl
𝑉=0 by using Eq. (6-5) as noted in Step (2). 
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Fig. 6-17 Schematic illustration of shear lip shear deformation 

 

 

Fig. 6-18 Effective SIFs 

 

6.3.4.2. Crack velocity coefficient 

Next, Step (3) was carried out. Here,  sl
𝑉=0 could be obtained by using Eq. (6-2) and the effective 

SIFs shown in Fig. 6-18 and thus  sl
ratio, which is the ratio of the experimentally measured shear 

lip thickness against  sl
𝑉=0, was calculated at each SIFs. However, the crack velocity has to be 

known at a certain SIF to determine 𝑓sl(𝑉). Because the crack velocity to express 𝑓sl(𝑉) is the 

crack tip velocity at the thickness center based on the previous model [5], the crack velocities 

obtained in Section 6.3.2.2 were not appropriate because these were the averaged velocities of the 

crack fronts. Thus, the crack velocity at the thickness center was evaluated using the response 

surface of the local tensile stresses made in Chapter 7. Although the detail procedure and 

characteristics of this response surface will be noted in Chapter 7, the local tensile stress 𝜎𝑦𝑦 at 

the characteristic distance from the crack tip can be expressed as 
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𝜎𝑦𝑦 = 𝑓(𝑉, 𝑇, 𝑎, 𝜎app
eff ) (6-11) 

where 𝑉, 𝑇, 𝑎, and 𝜎app
eff  are crack velocity, temperature, crack length, and the applied stress 

which reflects the effective SIF, respectively. Based on the local fracture stress criterion, 𝜎𝑦𝑦 

always equal to the local fracture stress, 𝜎F, during crack propagation. 𝜎F of steel N is 2,070 

MPa as noted in Chapter 3. Because temperature, crack length, and the applied stress which 

reflects the effective SIF are known in all experiments in this chapter, the crack velocity was 

derived by solving Eq. (6-11) about the crack velocity. The obtained crack velocities while the 

shear lip existed are shown in Fig. 6-19. The crack velocity is not changed a lot during crack 

propagation in each experiment. This is because increase rate of the local tensile stress against 

SIF becomes much smaller after SIF reaches a certain value as noted in Chapter 4. In addition, 

 sl
ratio is shown in Fig. 6-20 against SIF. The data shown in Fig. 6-20 are the shear lip thickness 

experimentally measured in Section 6.3.3. The overall trend that the shear lip thickness is thicker 

in lower crack velocity is elucidated experimentally for the first time and consisted with the 

prediction of the previous studies [5,21]. This process to obtain Fig. 6-20 corresponds to Step (4). 

 

 

 Fig. 6-19 Crack velocity at the thickness center 
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Fig. 6-20  sl
ratio 

 

According to the above procedure, Step (5) was carried out to construct relationships between 

each experimental   sl
ratio and the estimated crack velocity. These relationships are show in Fig. 

6-21(a) with the conventional crack velocity coefficients and the approximation. The 

experimental  sl
ratio  are roughly included in the conventional crack velocity coefficients 

calculated from 3D finite element analyses, and thus, it can be said that the conventional method 

to determine the crack velocity coefficient in particular, about the trend against the crack velocity, 

was reasonable. In addition, Fig. 6-21(a) indicates the idea that the shear lip thickness is related 

to the plastic zone size is appropriate to be applied also to brittle crack propagation and arrest 

behaviors in steels. 

However, the conventional approximation overestimated the experimental  sl
ratio , so here, 

experimental  sl
ratio is approximated by the same form of the function anew. The approximation 

with the experimental data is shown in Fig. 6-21(b). The approximation function, 𝑓sl(𝑉), is 

expressed as  

𝑓sl(𝑉) = cos (
𝜋

2

𝑉

𝑉R
)
28.6

 (6-12) 

where 𝑉R is the Rayleigh wave velocity. This approximation is the first expression to evaluate 

shear lip thickness based on the experimental results of brittle crack propagation in steels. 
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(a) Experimental data with the conventional approximation 

 

(b) New approximation 

Fig. 6-21 Crack velocity coefficient of the shear lip thickness 

 

6.4.  Discussion 

According to Section 6.2, the closure stress depends on the plastic strain. This means that the 

thicker unbroken shear lip has lower closure stress. When closure stresses are constant regardless 

of the plastic strain distribution as assumed in previous studies [5], the closure effect is a little 

overestimated in the thicker unbroken shear lip compared to the present formulation of the closure 

stress. 

As noted above, the shear lip thickness can be expressed by a combination of the plastic zone size 

of the crack tip and the crack velocity coefficient. This study analyzed the experimental data and 

made the function to express the crack velocity effect to the shear lip thickness as shown in Fig. 

6-21. Fig. 6-21 does not include the experimental data whose crack velocity is lower than 

400 m/s, and therefore the approximation was carried out without the experimentally obtained 

shear lip thickness data whose crack velocity is lower than 400 m/s. However, as previously 

pointed in Chapter 4, the brittle crack hardly continues to propagate to keep its velocity lower 
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than 400 m/s [37,38]. This phenomenon can be explained from the local fracture stress criterion 

because the local tensile stress at a certain temperature and SIF becomes maximum when the 

crack velocity is 400~700 m/s as discussed in Chapter 4. This means that the shear lip thickness 

data when the crack velocity is lower than 400 m/s is difficult to obtain in the crack propagation 

experiments. And, because of the same reason, to simulate actual brittle crack propagation and 

arrest behaviors, the lack of the data whose crack velocity is lower than 400 m/s does not matter 

practically.  

As shown in Fig. 6-21(a), the experimentally obtained crack velocity coefficients were 

approximated included in the conventional FEM range, which was evaluated from 𝜀𝑧𝑧 

distribution along the crack front. Although its physical basis of such evaluation has not been 

clarified, the amplitude of plastic deformation is associated with the amplitude of the plastic 

constraint in the thickness direction. Thus, the same plastic strain expresses the same amplitude 

of the plastic constraint along the crack front. Therefore, to determine the crack velocity effect, 

the conventional approach, which looked for the same 𝜀𝑧𝑧 positions for each crack velocity, is 

considered as an appropriate way to determine the shear lip thickness. 

On the other hand, it is worth noting that based on the local fracture stress criterion, the shear lip 

region is the region where the local fracture stress cannot be satisfied because the plastic constraint 

is lower near the surface. Therefore, the above approach which related the shear lip thickness to 

the size of the plastic region is an indirect and may be not applicable to the steel plates with 

gradient mechanical properties in thickness direction [39]. However, because there is no method 

to accurately evaluate the shear lip thickness based on the local fracture stress criterion, the above 

approach based on the experimental data is useful and meaningful to characterize the shear lip 

formation. 

 

6.5.  Conclusion 

The unbroken shear lip which forms during brittle crack propagation in steels has not been 

investigated despite of its importance. The previous studies had no choice but to depend some 

assumptions, some of which were unrealistic. Therefore, in addition to Chapter 5 which modified 

the formulation of the shear lip thickness using effective SIF based on the experimental 

observation, systematic analyses on shear lip contributions were conducted in this chapter to 

appropriately model shear lip effect for accurate and physically-reasonable simulation of brittle 

crack propagation and arrest behaviors. 
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The contents of this chapter is divided to two studies because the shear lip contribution is 

attributed to two factors: the closure stress and the shear lip thickness. One is to investigate the 

characteristics of the closure stress by using 3D dynamic elastic visco-plastic finite element 

analyses as shown in Section 6.2. This section also modelled the closure stress based on a series 

of the analyses. On the other hand, Section 6.3 showed the study which attempted to formulate 

the shear lip thickness based on the crack propagation experiments accompanying with the shear 

lip formation.  

In Section 6.2, a series of finite element analyses were carried out and showed that the closure 

stress is independent on crack velocity, and the contribution of other factors such as the applied 

stress can be introduced to evaluate the closure stress by focusing on the plastic strain. This section 

also showed that the closure stress can be expressed by the reference stress, which was derived 

using plastic strain. Following these findings, the approximated function to evaluate the closure 

stress was proposed in this section.  

On the other hand, Section 6.3 measured the shear lip thickness from the fracture surface obtained 

in brittle crack propagation experiments by the One-shot 3D measurement machine. The 

measured results were used to relate the shear lip thickness with the plastic region size expressed 

by effective SIF based on the small scale yielding concept. The crack velocity coefficients were 

derived from these relationship for each experimentally obtained data. In this procedure, the 

effective SIF was calculated from the applied SIF, the unbroken shear lip length, and thickness. 

These crack velocity coefficients for each crack velocity were approximated by a function 

depending on the crack velocity. This approximation was carried out by referring the previous 

formulation of the shear lip thickness using the crack velocity.  

Above two studies were first attempts to provide the characteristics and the contributions of the 

shear lips to brittle crack propagation and arrest behaviors in steel from the systematic 

experiments and numerical analyses. To model the closure stress and the shear lip thickness in 

this chapter will be applied to the numerical model development to simulate brittle crack 

propagation and arrest behaviors in steel, which will be explained in Chapter 7. 
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Chapter 7 Development of a numerical 

model to simulate brittle crack propagation 

and arrest behaviors in steel 

 

7.1.  Introduction 

The theories based on the local fracture stress have developed to explain brittle crack 

propagation and arrest behaviors in steel from 1995 to 2016 [1–5]. Although the conventional 

model recently showed simulated results which agreed well with the experimental results, each 

element models in the conventional model were not physically meaningful and not supported by 

the detail investigations, and in particular, the identified local fracture stresses in the 

conventional simulations were far from the supposed value. This study aimed to refine the 

theory to explain brittle crack propagation and arrest behaviors in steel based on a series of 

experiments and numerical analyses described above.  

From Chapter 3 to Chapter 6, a series of experiments and numerical analyses have been carried 

out. These studies showed  

(1) The local tensile stresses at the characteristic distance, which corresponds to the local 

fracture stress, are almost constant. This result strongly supports the validity of the local fracture 

stress criterion. In addition, the brittle crack arrest toughness of a steel is determined by not only 

the local fracture stress, but also constitutive law. (Chapter 3) 

(2) The local tensile stress can be expressed by a function of the crack length, applied stress, 

temperature, and crack velocity. Unsteady effect is practically negligible (Chapter 4) 

(3) By regarding the shear lip thickness is governed by the effective SIF, whether the crack can 

be arrested or not is appropriately simulated based on the local fracture stress (Chapter 5) 
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(4) The closure stress can be calculated by the reference stress, which considers the plastic strain 

of the unbroken shear lip. In addition, the shear lip thickness can be expressed by the plastic 

region size and the crack velocity (Chapter 6) 

These findings can replace the assumptions in the conventional model, which were not 

supported by physical background [1,5]. Therefore, this chapter develops a new simulation 

model to predict brittle crack propagation and arrest behaviors in steel based on the local 

fracture stress criterion. The validity of this model is tested by comparison with the temperature 

gradient crack arrest test results. Through this validation process, the validity of the local 

fracture stress evaluated in Chapter 3 is also tested by comparing the experimentally evaluated 

value in Chapter 3 and the identified value in the model simulation. 

 

7.2.  Model development concept 

According to previous studies, brittle crack propagation and arrest behaviors in steel can be 

expressed based on the local fracture stress criterion by three element models as schematically 

shown in Fig. 7-1: (i) the local stress near the crack tip, (ii) the closure effect of the unbroken 

shear lip, and (iii) shear lip thickness. To evaluate the local tensile stress in the model, 

systematic finite element analyses were carried out to make response surfaces to relate the local 

stress with macroscopic parameters. Second, the closure effect is evaluated by using the 

approximation formula of the closure stress proposed in Section 6.2. And then, the shear lip 

thickness is determined using the formulation proposed in Section 6.3. 

Based on the local fracture stress criterion, the critical condition of brittle crack propagation is 

expressed as 

𝜎F = 𝜎𝑦𝑦(𝑟c): continue to propagate 

𝜎F > 𝜎𝑦𝑦(𝑟c): arrest 

(7-1) 

where 𝜎𝑦𝑦(𝑟c) is the local tensile stress at the characteristic distance, 𝑟c, from the crack tip, 

and 𝜎F is the local fracture stress. According to Chapter 3, the local fracture stress is set to 

constant value depending of the material. 𝜎𝑦𝑦 depends on the material’s constitutive law, so the 

constitutive law of the material used in crack arrest experiments for model validation should be 

employed to evaluate 𝜎𝑦𝑦. 
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Here, the model employs two assumptions following the conventional model: (a) the crack front 

shape is straight, and (b) the critical condition is evaluated at the thickness center [5]. Although 

the crack front curvature cannot be accurately predicted, the fracture surface observation 

indicated that the crack front curvature was not remarkable and SIF reduction due to 3D effect 

was dominantly caused by the unbroken shear lips [5]. And, (b) is employed because the stress 

state except the thickness center is not known and thus the local stress along the crack front 

cannot be evaluated by the response surface made by parametric finite element analyses 

although the thickness center is regarded to be plain strain.  

In addition, because this model development aims to establish theoretical explanation of brittle 

crack propagation and arrest behaviors in steel, the developed model does not suppose its 

application to the steels with complex textures, which are recently developed to improve its 

brittle crack arrest toughness [6–8].  

From next section, the above three factors are respectively modelled based on the findings 

shown in previous chapters. And then, these are integrated to the numerical model simulating 

brittle crack propagation and arrest behaviors. 

Cleavage surface
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Fig. 7-1 Model concept 
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7.3.  Element models 

7.3.1.  Local tensile stress 

The local tensile stress in the vicinity of a rapidly propagating crack tip is the most important 

factor in the local fracture stress criterion. According to Chapter 4, the local tensile stress 𝜎𝑦𝑦 

at the characteristic distance 𝑟c from the crack tip is expressed as 

𝜎𝑦𝑦(𝑟c) = 𝑓(𝜎app, 𝑎, 𝑇,  ) (7-2) 

where 𝜎app, 𝑎, 𝑇,   are the applied stress, the crack length, the temperature, and the crack 

velocity, respectively. 

As noted in Chapter 2 and 4, it is difficult to evaluate the local tensile stress without any 

numerical methods like finite element method. Although the conventional models evaluated the 

local tensile stress by combination of some analytical solutions, such simplified method 

overestimated the local tensile stress and provided an unrealistic value [1,5]. Therefore, the local 

tensile stresses were evaluated to make the response surface using a series of finite element 

analyses. The response surface was made by interpolating the local tensile stresses evaluated in 

each numerical condition by finite element analyses. By modifying the mesh generator 

explained in Chapter 2 and 4, finite element models for crack propagation analyses were 

constructed. Fig. 7-2 shows an example of the finite element model made by the mesh 

generator. The model is 2D semi-infinite and the crack was supposed to be edge crack. The 

model was infinite in the crack propagation direction and applied stress direction to exclude the 

stress wave reflection effects. This is because the model simulation supposed the temperature 

gradient crack arrest test in that the single edge crack specimen is employed. This experiment 

will be noted in detail later. The crack propagation is expressed by generation phase nodal force 

release technique. 
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Fig. 7-2 Finite element model 

 

Because to make the response surface accurately required a lot of analysis results, the fine mesh 

zones were located at a certain interval along the crack path in the finite element models as 

shown in Figs. 7-2(b) and (c). The local stresses were evaluated when the crack tip reached the 

center node along the crack path of this zone. The minimum mesh size of this zone,  , was set 

to 0.05 mm, and the minimum mesh size along the crack path except the fine mesh zone was set 

to 0.8 mm. The elements of which the finite element model was composed were fully 

integration and plain strain. Finite element analyses were carried out under implicit dynamic 

elastic viscoplastic condition using Abaqus 6.14 [9]. 

The constitutive law of steel N, which was shown in Chapter 3, was input to the analyses. 

Numerical conditions are shown in Table 7-1. The yield stress at static and room temperature 

conditions of steel N is 368 MPa, so the applied stresses were smaller than 368 MPa in all 

analyses. Because the model validation will be conducted for the normal width temperature 

gradient crack arrest test, the maximum crack length was set to 500 mm. The temperatures 

around the crack arrest temperature were emphatically employed in the analyses. Similarly, the 

crack velocities which have been frequently observed in actual crack propagation were 

primarily analyzed. The finite element model in each analysis was set to isothermal. The 

characteristic distance was set to 0.15 mm according to Chapter 3. 
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Table 7-1 Numerical conditions 

Variable 𝜎app [MPa] 𝑎 [mm] 𝑇 [℃]   [m/s] 

Value 
60, 114, 184, 

242, 300, 300 

15, 30, 45, 60, 90, 

100, 120, 150, 200, 

250, 300, 350, 400, 

450, 500 

-90, -60, -30, 

-20, -10, 0, 10 

100, 200, 300, 400, 450, 

500, 550, 600, 650, 700, 

800, 1200 

 

The obtained local stresses from a series of finite element analyses were linearly interpolated to 

make the response surfaces. Fig. 7-3 shows examples of the response surfaces. The overall trend 

of the local stress against the four parameters consisted with that shown in Chapter 4. As noted, 

these response surfaces were applied in Section 6.3 to determine the crack velocity in the 

thickness center. 
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(a) Temperature and crack velocity vs. local stress 
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(b) Applied stress and crack length vs. local stress 

Fig. 7-3 Response surfaces 

 

7.3.2.  Closure effect 

As it is widely known, the unbroken shear lip, which is a region where the cleavage crack 

cannot continue to propagate in, forms near the surface. The closure effect is caused by this 

unbroken shear lip until it is broken in ductile manner to become shear lip. 

The closure stress was discussed in Section 6.2 and the procedure to calculate follows the 

conventional model [5]. The closure stress works on the unbroken shear lip as schematically 

illustrated in Fig. 7-4. The effective SIF, 𝐾eff, is expressed as 

𝐾eff = 𝜎app√𝜋𝑎 − 𝐾c  (7-3) 

where 𝐾c  is the closure effect expressed in terms of stress intensity factor. 

Then, 𝐾c  is calculated as 

𝐾c = ∫
√2𝜎c 

(𝜋| |)3/2{  (  ⁄ )2}𝛺sl

d𝛺 
(7-3) 

where 𝛺s  is the area of unbroken shear lip and 𝜎c  is the closure stress. In the model 

calculation, the closure effect was calculated by rectangular integration. 
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Fig. 7-4 Schematic illustration of closure stress calculation 

 

𝜎c  is formulated by approximating results of a series of 3D finite element analyses in Section 

6.2. One example is shown in Fig. 7-5. The approximated formula is written as 

𝜎𝑐𝑙 =  .42 {360(  
𝜎ref(𝑇, 𝜀̇, 𝜀𝑝) − 𝜎ref(𝑇, 𝜀̇, 0)

0.050
)

𝑛(𝑇)

 0.3(𝜎ref(𝑇, 𝜀̇, 𝜀𝑝) − 750)} −  50 

(7-4) 

where 𝜎𝑟𝑒𝑓(𝑇, 𝜀̇, 𝜀𝑝) is a reference stress calculated from Swift’s equation at the temperature 

𝑇, strain rate 𝜀̇, and plastic strain 𝜀𝑝. The strain rate was set to  00 𝑠−1. 𝑛(𝑇) is coefficient 

determined for each temperature, 𝑇, shown in Fig. 7-6. To obtain 𝑛(𝑇) for arbitrary 

temperature, the discretely obtained value of 𝑛(𝑇) was linearly interpolated against 

temperature. 

The mode employed same procedure to evaluate the plastic strain as explained in Section 6.3. 

Namely, the plastic strain, 𝜀𝑝, was calculated as 

𝜀p =
𝛿

2 s 
 (7-5) 

where 𝛿 is the crack opening displacement behind the crack tip, and  s  is the shear lip 

thickness. Although the conventional model used this plastic strain only as indicator which 

decided the unbroken shear lip length, this present model utilized the plastic strain to evaluate 
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the closure stress. The crack opening displacement, 𝛿, is calculated by a method proposed by 

Embley and Shih [10]. Fig. 7-7 shows the closure stress for plastic strain for each temperature. 

Basically, the closure stress is larger in lower temperature. 

 

 

Fig. 7-5 Approximation of relationship between the closure stress and the reference stress under 

− 0 ℃ (black dashed line: approximated curve) 

 

 

Fig. 7-6 Hardening coefficient of closure stress for each temperature 
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Fig. 7-7 Closure stress for each temperature 

 

Because the unbroken shear lip is regarded to break in ductile manner, it is required to set 

failure criterion in ductile manner of the unbroken shear lip. Although the ductile fracture is 

simulated by some numerical methods [11–13], they make the numerical cost too large, and are 

much complicated to introduce in the present theoretical simulation model. Therefore, as a 

simple criterion, the critical strain concept was employed in this present model, following past 

studies on ductile fracture and the conventional models [1,5,14,15]. Thus, the unbroken shear lip 

breaks in shear fracture when the plastic strain in the unbroken shear lip reaches the failure 

strain, 𝜀f. Namely, the fracture condition of unbroken shear lips is expressed as  

𝜀p = 𝜀f (7-6) 

Here, the failure strain was set to 0.1 following the previous study [5]. 

 

7.3.3.  Shear lip thickness 

The formulation of shear lip thickness was described in Section 6.3. According to a series of the 

experiments and their analyses, the shear lip thickness,  s , can be expressed by  

 s =
𝑘s 
6𝜋
(

𝐾eff
𝜎YS(𝑇, 𝜀̇)

)
2

𝑓s ( ) (7-7) 

where 𝑘s , 𝜎YS(𝑇, 𝜀̇), and 𝑓s ( ) are constant set to 2, yield stress at temperature 𝑇 and strain 

rate 𝜀̇, set to  0−3 s−1, and function to express crack velocity coefficient. Eq. (7-7) depends on 

the idea that the depth of surface region where the plastic constraint becomes small enough not 

0.0

200.0

400.0

600.0

800.0

1,000.0

1,200.0

0.00 0.02 0.04 0.06 0.08 0.10

Plastic strain in unbroken shear lips

C
lo

su
re

 s
tr

es
s

[M
P

a]



 

 

 Chapter 7 
 

231 

 

to cause cleavage fracture is twice the plastic region of the crack tip [1]. This idea is also 

supported by the experimental results in Section 6.3. 

𝑓s ( ) is derived by approximating the experimental results as shown in Fig. 7-8. The 

experiments named SL1 , 2, 3, 4, and 5 were described in Section 6.3 in detail. 𝑓s ( ) is 

expressed as  

𝑓s ( ) = cos (
𝜋

2

 

  
)
28.6

 (7-8) 

where    is Rayleigh wave velocity. 

 

 

Fig. 7-8 Crack velocity coefficient of the shear lip thickness 

 

7.4.  Model formulation 

7.4.1.  Model integration 

By integrating the element models to express each physical phenomenon shown in Section 7.3, 

the present simulation model is formulated. This model is described by simultaneous equations 

composed of two equations expressed as  

𝜎F = 𝑓(𝜎eff, 𝑎, 𝑇,  ) (7-9) 

 s =
2

6𝜋
(

𝐾eff
𝜎YS(𝑇, 𝜀̇)

)
2

𝑓s ( ) (7-10) 
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where 𝑓(𝜎eff, 𝑎, 𝑇,  ) is the function composed of the response surfaces made in Section 7.3.1 

and unknown variables are the crack velocity and the shear lip thickness at the crack tip. This 

formulation composed of two equations is simpler than that of the conventional model, whose 

simultaneous equations were composed of four equations and four unknown variables.  

Because SIF cannot express the local tensile stresses, the applied stress and the crack length are 

separately introduced in this model although the closure effect is expressed in terms of SIF. 

Therefore, the effective applied stress, 𝜎eff, and the effective crack length, 𝑎eff, are introduced 

for convenience instead of 𝜎app and 𝑎. These are used to express the change of SIFs due to 

impact effect, finite width correction, and the closure effect. 𝜎eff is expressed as 

𝜎eff = 𝐹𝜎app (7-11) 

𝑎eff is expressed as 

𝑎eff =
𝐾eff

𝜎eff√𝜋
 (7-12) 

Therefore, 𝜎eff reflects the impact effect and 𝑎eff considers the finite width correction and the 

closure effect for convenience. 

 

7.4.2.  Simulation procedure 

The model simulation procedure is shown in Fig. 7-9. The input parameters are the plate 

thickness  , width  , temperature distribution, applied stress 𝜎app, initial crack length 𝑎0, 

crack length increment ∆𝑎, and the local fracture stress 𝜎F, which is an adjustable parameter 

determined by one of the experimental data. The unbroken shear lip length 𝑙s  is set to 0 at the 

beginning of calculation. 

In actual crack propagation in specimens, finite width correction has to be considered [16]. The 

model employed so called tangent formula to express SIF change due to the finite width 

correction.  

The initial crack length is usually set to 150~200 mm. Although it is desirable to keep the initial 

crack length as short as possible to simulate actual crack propagation, the initial crack length 

does not influence the simulation results when the temperature until the initial crack length is 
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low enough to generate only negligible unbroken shear lips. Therefore, the initial crack length is 

basically set to 150 mm, but it was set to up to 200 mm as necessary because there are some 

cases that the fracture condition cannot be satisfied at the short initial crack length.  
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(6) Local fracture stress         
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Fig. 7-9 Simulation procedure 

 

The temperature distribution is described by a temperature of the specimen top 𝑇0 and a 

temperature gradient ∆𝑇/∆ . Although the temperature from the top to 150 mm is usually set to 

lower temperature to cause brittle fracture initiation easily in actual tests [17], the temperature 

gradient was set to uniform because the crack propagation during the top to 150 mm was not 

simulated in this present study.  
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The simulation is discretized by the crack length increment. Namely, the simultaneous equations 

composed of Eqs. (7-9) and (7-10) is solved at every crack length. The crack length increment 

was set to 0.2 mm. When the solutions of the unknown variables are found, the crack length is 

updated by adding the crack length increment to the original crack length for the next step 

calculation. When one or both of the unknown variables are not found to satisfy the 

simultaneous equations, the crack is regarded to be arrested. When this model simulation is 

applied to actual experimental data, it is required to identify the local fracture stress beforehand. 

As same as in the conventional simulation model [5], the local fracture stress is a fitting 

parameter to characterize the crack arrest toughness of the simulated steels. Because there is no 

changeable parameters other than the local fracture stress in this model, this is a unique 

parameter of the simulated steel. 

 

7.5.  Validation 

In order to investigate the validity of the above proposed model, the model simulation was applied 

to the actual 𝐾ca − 𝑇 relationship and crack arrest tests. As noted in Chapter 2, the crack arrest 

toughness is strongly related to not only the local fracture stress, but also the steel’s constitutive 

law. Considering that the constitutive law of steel N was used in Section 7.3.1 because it was 

known in detail, and the crack arrest toughness data of steel N were fully accumulated, the crack 

arrest data of steel N were employed to validate the simulation model in this section. In addition, 

steel N is suitable for the validation because the steel N was normalized and did not have particular 

microstructures like anisotropy. The mechanical properties and chemical compositions are shown 

in Chapter 3. 

As noted in Chapter 1, there are some methods to evaluate brittle crack arrest toughness of steels. 

This section employed temperature gradient crack arrest test and so called Arrhenius type 𝐾ca −

𝑇 relationship [17] for model validation because this evaluation method is widely employed. 

 

7.5.1.  Temperature gradient crack arrest test 

Temperature gradient crack arrest test is schematically illustrated in Fig. 7-10. The temperature 

is controlled to have the fixed temperature gradient, which is around 300 ℃ m⁄ . Brittle crack is 

initiated by impact and runs under remotely applied stress. Brittle crack arrest toughness 𝐾ca is 

evaluated from the experiments by using the expression called the tangent formula as 
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𝐾ca = 𝜎app√𝜋𝑎arrest√
2 

𝜋𝑎arrest
tan

𝜋𝑎arrest
2  

(7-13) 

where 𝑎arrest is the crack arrest length. 𝐾ca − 𝑇 relationship is expressed by using Eq. (7-13) 

and reciprocal number of the temperature at crack arrest 𝑇k. 𝐾ca − 𝑇 is usually expressed by 

Arrhenius type function and thus 𝐾ca is approximated as  

𝐾ca = 𝐾0exp (
𝐶

𝑇k
) (7-14) 

Where 𝐾0 and 𝐶 are fitting parameters. According to linear fracture mechanics, the crack 

propagation/arrest is judged by the comparison between a crack tip 𝐾 and the steel’s 𝐾ca. 

Therefore, in the region below the curve approximated by Eq. (7-14), the crack should be 

arrested. On the other hand, when SIF is located in the region above the curve, the crack cannot 

be arrested and continue to propagate according to linear fracture mechanics. In addition, 

WES2815 tolerates the error of ± 5% of 𝐾ca − 𝑇 relationships [17]. 

One example of specimen joined to tab plates is shown in Fig. 7-11. The distance between the 

pin holes is kept longer than three times the specimen width to avoid reflected stress wave 

effect. Specimen width is frequently set to 500 mm. The pin hole and tab plate configurations 

depend on a test rig. 

Plate 
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W

Arrest length

aarrest

Applied stress
Impact Energy Ei

Arrest temp.

Tk
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: High

 

Fig. 7-10 Temperature gradient crack arrest test 
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Fig. 7-11 Specimen with tab plates for temperature gradient crack arrest tests 

 

The temperature gradient crack arrest tests of steel N were carried out in the round robin test for 

standardization of temperature gradient crack arrest test as WES2815 [17,18]. Therefore, 

although the specimens were basically similar to that shown in Fig. 7-11, the detail 

configurations were different and depended on which test rig was used to evaluate it. Therefore, 

the detail procedures of the tests such as temperature control were different from each other. 

According the result of a series of the round robin tests, the differences among the experimental 

procedure did not influence the experimental results [19]. 

The test results are shown in Table 7-2. The plate thickness was 50 mm and the specimen widths 

were set to 500 mm in all tests. The temperature gradient and impact energy were not uniform, 

but it followed a regulation in WES2815. Fig. 7-12 shows the 𝐾ca − 𝑇 relationship of steel N, 

which is shown in Table 7-2. This relationship agreed well with the Arrhenius type 

approximation. 
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Table 7-2 Crack arrest results of steel N [16] 

Mark 
𝜎app 

[MPa] 

Impact 

energy 

[J] 

Temp. 

gradient 

[℃ m⁄ ] 

Crack arrest 

length 

[mm] 

Crack arrest 

temperature 

[℃] 

 ,000 𝑇k⁄  
𝐾ca 

[MPa√m] 

1 200 1040 280 185 -0.8 3.67 162 

2 110 1040 300 254 -14 3.86 111 

3 220 1040 340 234 5.8 3.59 209 

4 80 1040 320 247 -20 3.95 79 

5 112 1078 310 252 -4.4 3.72 113 

6 186 1078 310 221 1.1 3.65 170 

7 80 1078 270 243 -16.8 3.90 78 

8 148 1999 300 247 -2.2 3.69 147 

9 256 2999 330 241 5.4 3.59 249 

10 99 1744 310 248 -8.6 3.78 98 

11 296 2999 300 223 9.4 3.54 272 

12 190 2940 300 293 3.9 3.61 218 

13 120 2940 300 264 -9.8 3.80 125 

14 155 2940 250 280 4.3 3.61 170 

15 80 2940 330 319 -9.8 3.80 100 
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Fig. 7-12 𝐾ca − 𝑇 relationship of steel N 

 

7.5.2.  Impact effect 

To interpret crack arrest experiments, impact effect is not negligible. Although double tension 

system is sometimes employed in brittle crack arrest tests not to cause impact effects, brittle 

fracture initiation by double tension [20–22] is lack of certainty and frequently leads to failure 

of experiments. Accordingly, to easily initiate brittle crack in crack arrest tests, impact is usually 

used in temperature gradient crack arrest test [17]. 

A systematic experiments and simulations by Kaneko and his co-workers showed that the 

variation of 𝐾ca − 𝑇 relationship is within the range of ± 5% error, which was acceptable to 

WES2815, when the dynamic SIF at crack arrest with impact is not larger than 1.5 times 

dynamic SIF without impact at crack arrest [23–25]. They also noted that the impact effect 

during crack propagation depended on crack velocity, applied stress, crack length, and the 

impact energy. One example of dynamic SIF transition with and without impact is shown in Fig. 

7-13 [23], which was evaluated by 2D linear elastic finite element analyses. These impact 

effects were considered by multiplying the applied SIFs by impact coefficients. Thus, the SIF 

when the impact load is applied is expressed in infinite plates as 

𝐾app = 𝐹𝜎√𝜋𝑎 (7-15) 

where 𝐹 is an impact coefficient to express amplitude of SIF increase due to the impact load. 

When the plate is finite, 𝐾app is expressed as 

𝐾app = 𝐹𝜎app√𝜋𝑎 (
2 

𝜋𝑎
tan

𝜋𝑎

2 
)
1/2

 
(7-16) 
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Fig. 7-13 Example of impact effect [23] 

(𝜎app = 0.3𝜎YS,  = 600 m s⁄ , Impact energy: 40 J per thickness ) 

 

As shown in Table 7-2, the impact energies employed in the experiments which are used to 

validate the present model are not uniform. Furthermore, as indicated by Fig. 7-13, the impact 

effect varies during crack propagation. Therefore, because it is practically difficult to determine 

the value of 𝐹 in each test as noted above, the impact coefficients were uniformly set to 1.3 in 

the simulation regardless of the test conditions shown in Table 7-2. This value of the coefficient 

was determined based on the assumption that the error of the 𝐾ca − 𝑇 relationship is caused by 

the change of impact effect. According to this assumption, the maximum impact effect as long 

as WES2815 allows causes the maximum overestimation of 𝐾ca − 𝑇 relationship. Namely, 

when the maximum impact coefficient (=  .5) in WES2815 is applied, apparent 𝐾ca becomes 

0.85 times according to WES2815 [17]. In this case, the average 𝐾ca − 𝑇 relationship appears 

when the impact coefficient is approximately 1.3 (≒ 0.85 ×  .5). Therefore, the impact 

coefficient in the model simulation was usually set to 1.3. 
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7.5.3.  Model simulation 

At first, the present model simulation was applied to 𝐾ca − 𝑇 relationship shown in Fig. 7-12. 

Input information for the model simulations is shown in Table 7-3. The temperature of the 

specimen top was set to −90 ℃. The temperature gradient was set to 300 ℃ m⁄ . The applied 

stresses were set to in the range of 86-230 MPa at 1~5MPa interval. The local fracture stress 

was identified by making the simulated 𝐾ca same as the experimental 𝐾ca in Mark 15. The 

identified value was 2,035 MPa, which was almost equal to the local fracture stress 

experimentally evaluated in Chapter 3. Fig. 7-14 shows the simulation results where the above 

identified local fracture stress was applied. The simulated 𝐾ca − 𝑇 relationship agreed well 

with the experimental relationship although the experimental data have some scatters, which 

may be due to impact effect or other experimental procedures. As noted, WES2815 allows 

± 5 % errors in evaluation of brittle crack arrest toughness [17].  

 

Table 7-3 Input data for model simulations 

Applied stress 

𝜎app [MPa] 

Temperature Initial crack length 

𝑎0 [mm] 

Local fracture stress 

𝜎F [MPa] 𝑇0 [℃] ∆𝑇 ∆ ⁄  [℃ m⁄ ] 

86~230 (31 levels) -90 300 150~200 2,035 

 

 

Fig. 7-14 Model simulation results with the test results (𝐾ca − 𝑇 relationship) 
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Each test was also simulated by the present model. The numerical condition of the simulation 

for each test followed each experimental condition shown in Table 7-2. Although the impact 

effect at the crack arrest varied in each experimental condition, the impact coefficient was 

uniformly set to 1.3 in all simulation because it was difficult to identify the impact effect in each 

test. As noted in Section 7.5.1, the top of specimen was in the lower temperature to cause brittle 

fracture. However, because the temperature distribution until the initial crack length did not 

influence the simulation results, the temperatures of the specimen top were determined from the 

temperature gradient and the temperature at the crack arrest length. 

Figure 7-15 shows relationships between each experimental and simulated crack arrest lengths. 

The dashed line means that the simulated crack arrest length agrees perfectly with the 

experimental crack arrest length. Because any initial crack length to satisfy the fracture 

condition could not be found in Mark 4 and 7, the model simulation results are blank in Mark 4 

and 7. These non-occurrences of initial brittle fracture in the simulations indicate that the local 

fracture stress was coincidently lower or the impact effect was larger than that supposed in the 

simulations. In particular, the impact effect should be larger when the crack length is shorter. In 

the experiments of Mark 4 and 7, the critical conditions were satisfied during the impact effects 

were larger and the cracks were arrested as the impact effects became small in the experiments. 

Therefore, by providing appropriate transitions of the impact effects along crack propagation, 

the model may be also able to reproduce the crack behaviors of Mark 4 and 7. However, such 

transitions cannot be known, so this section does not care the results of them.  
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Fig. 7-15 Simulated and experimental crack arrest lengths 
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Apart from Mark 4 and Mark 7, considering that the maximum gap of the crack arrest lengths 

was -29.6 mm in Mark 10, the simulated crack arrest lengths agreed well with the experimental 

crack arrest lengths. In particular, the previous studies to model brittle crack propagation and 

arrest behaviors including the conventional model showed larger gaps between the experiments 

and simulations than the present simulations [4,26–28]. The differences of the simulated and 

experimental results shown in Fig. 7-15 are due to some reasons. One main reason is the scatter 

of the local fracture stress. Although the scatter of brittle crack arrest toughness is supposed to 

be relatively smaller than brittle crack initiation toughness, the local fracture stress is not 

perfectly uniform due to steel microstructures. The above simulations supposed the local 

fracture stress is constant, which is not necessarily realistic assumption and caused the 

differences of the crack arrest lengths between the experimental and simulated results. However, 

considering that the 𝐾ca − 𝑇 relationship as shown in Fig. 7-14 is the averaged result of the 

experiments, the consistency between the experiments and simulation of Fig. 7-14 indicated the 

validity of the proposed simulation model. And the impact effect assumption is also a main 

reason to cause the difference because the impact effect is assumed to be uniform in all 

experiments although it should depend on experimental conditions and the crack behaviors such 

as crack velocity history. However, considering that it is practically difficult to incorporate 

accurately both of the local fracture stress scatters and the impact effect difference, the 

agreement between the experimental and simulated results in Figs. 7-14 and 7-15 is enough to 

validate the present simulation model. 

 

7.6.  Discussion 

7.6.1.  Local fracture stress criterion 

A series of above studies showed the local fracture stress criterion can uniformly explain brittle 

crack propagation and arrest behaviors by just one parameter, the local fracture stress. The 

numerical model simulations shown in this chapter successfully reproduced the experimental 

results accurately. The model simulation incorporated the shear lip formations and their closure 

effects in addition to the local tensile stress in the vicinity of the crack tip. These modellings 

were based on systematic investigation using crack propagation experiments and finite element 

analyses. These detail and sophisticated modellings were physically-meaning and therefore the 

model was much refined compared to the conventional numerical model.  
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The local fracture stress identified in Section 7.5.3 was 2,035 MPa, which is almost equal to the 

experimentally evaluated local fracture stress of steel N in Chapter 3 although the identified 

value was a little bit smaller than the experimentally evaluated value. This consistency strongly 

supports the validity of the present model simulation. This very small gap between the 

experimental one and the identified one may be attributed to the errors of the crack velocity 

evaluation, finite element analyses, and scatters of the material microstructures. On the other 

hand, the local fracture stress of steel N was identified as about 4,500 MPa by the conventional 

model. This inconsistency between the identified value by the conventional model and the 

experimentally evaluated value suggests the model formulation of the conventional model is 

inappropriate and cannot reproduce the actual crack behaviors. 

The characteristics of the local fracture stress had been conventionally controversial as noted in 

Chapter 1. However, in addition to the experimental evaluation of the local fracture stress in 

Chapter 3, this chapter shows the simulation using the local fracture stress which is independent 

on the temperature and strain rate successfully reproduced the experimental results. This 

strongly supports such idea of the local fracture stress. It is worth noting that the local fracture 

stress evaluated in Chapter 3 can be applied to the model simulation supposing temperatures 

higher than those in the experiments of Chapter 3 although the 𝐾ca − 𝑇 relationship was 

evaluated under the temperatures higher than DBTT and the experimental conditions in Chapter 

3 were basically lower than DBTT. Thus, above model simulation results were supportive for 

the discussion in Section 3.5.4.  

The characteristic distance is a controversial problem in the local fracture stress criterion. 

Originally, the characteristic distance corresponded to the distance at which the local stress 

reached the critical value in cleavage fracture initiation [29], but its physical meaning is not 

clear. Although the employed characteristic distance (0.15 mm) originated from the 

experimental results in Chapter 3, and a half of that of the conventional model [5]. However this 

value is in the range of the characteristic distances employed by previous literatures [27,30]. In 

fact, Prabel et al. did not provide the characteristic distance meanings of fracture mechanics [27] 

as same as the conventional model. Berdin determined the characteristic distance based on 

element division of the finite element model [30]. Although, originally, the characteristic 

distance is a size of the process zone where the fracture occurs, such it is difficult to identify the 

process zone size in brittle crack propagation behaviors [1,31]. The characteristic distance and 

other similar spatial idea in cleavage fracture initiation have been related to microstructural 

characteristics, such as the size distribution and volume fraction of carbide [32,33]. These 

characteristic distances in cleavage fracture initiation is related to the weakest linkage idea (for 
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example, Weibull stress is one of such ideas [34]), which is not valid in cleavage crack 

propagation behaviors. Furthermore, although the local maximum stress point can be often 

found near the initial notch tip to investigate cleavage crack initiation [35,36], the local stress 

was monotonically increasing as the evaluation point approached to the crack tip in rapid crack 

propagation as long as analyses of this study.  

As above discussion indicated, it is hard to deal the characteristic distance in cleavage crack 

propagation as same idea in cleavage fracture initiation. Furthermore, the present experiments 

and numerical analyses are not enough to conclude the physical meaning of the characteristic 

distances in cleavage crack propagation. However, based on fracture mechanical view, the local 

fracture stress criterion may be understood as the two parameter fracture mechanics. Namely, 

the combination of the local fracture stress and the characteristic distance express the amplitude 

of the resistance against cleavage crack propagation. Similarly, the combination of the local 

tensile stress and the characteristic distance corresponds to the amplitude of crack driving force. 

This idea is supported by that change the characteristic distance from 0.1 to 0.2 mm did not 

influence the overall trend in Chapter 3. On the other hand, the characteristic distance may be 

related to the microstructure, especially grain size. Although the employed steels’ grain sizes in 

Chapter 3 were similar, such relationship between the grain size and the characteristic distance 

can be examined using the steels with extremely different grain sizes, which is, for example, 

200 μm.  

 

7.6.2.  𝑲𝐜𝐚 − 𝑻 relationship 

As shown in Fig. 7-14, the 𝐾ca − 𝑇 relationship called as Arrhenius plot was successfully 

reproduced by the developed simulation model based on the local fracture stress criterion. Here, 

the local fracture stress in the model was a unique parameter independent on any other 

parameter such as strain rate and temperatures. Arrhenius plot is usually evaluated in the range 

of −30~ 0 ℃ because the design temperature of container ships is usually − 0 ℃. Such 

temperature range is higher than the temperature for the local fracture stress evaluation in 

Chapter 3. As noted in Section 7.5.3, the identified local fracture stress in above simulations was 

almost same as the experimentally evaluated value. This consistency indicated that the local 

fracture stress which experimentally evaluated under lower temperature condition is available 

for the higher temperatures which are used for temperature gradient crack arrest tests. This trend 

consists with the independency of the evaluated local fracture stress in Chapter 3 on the 

temperature. Accordingly, it can be said that such independency of the local fracture stress on 
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temperature can be applicable to the higher temperature. This finding is important to develop 

easier and simpler method to evaluate the local fracture stress because it is usually difficult to 

cope with both cleavage crack initiation and arrest under high temperatures.  

It is widely known that 𝐾ca − 𝑇 relationship can be approximated by Eq. (7-14). Because this 

approximation is similar to so called Arrhenius equation, 𝐾ca − 𝑇 plot is called as Arrhenius 

plot. By transforming Eq. (7-14), the 𝐾ca − 𝑇 relationship can be approximated by the 

temperature 𝑇, 

𝐾ca = 𝐾0exp (−
𝐶1
𝑇
) (7-17) 

where 𝐾0 and 𝐶1 are fitting parameters. The value of 𝐶 corresponds to −𝐸A 𝑅⁄ , where 𝐸A 

is the activation energy and 𝑅 is the gas constant [37]. Here, 𝐸A is calculated as 𝐸A = 𝐶1𝑅 

and thus 𝐸A ≒ 2.77 ×  0
4  J mol⁄  for steel N. This is 0.287 eV. 

However, it is hard to relate brittle crack arrest toughness to activation energy and related idea, 

which is based on chemical kinetics. Akita and Ikeda mentioned such Arrhenius type 

relationship was found in the relation of plastic dissipation surface energy and the temperature 

for the first time [38]. Koshiga et al. pointed out brittle crack arrest toughness had Arrhenius 

type relationship with the temperature for the first time [39]. However, these studies did not 

pointed out the physical meaning of Arrhenius type relationship in brittle crack arrest and only 

mentioned about convenience of using Arrhenius type expression of brittle crack arrest 

toughness. Therefore, it is reasonable to consider the applicability of Arrhenius type expression 

to 𝐾ca − 𝑇 relationship does not provide any thermodynamics meaning, and it is just a 

technique to interpret the experimental result statistically. On the other hand, if the role of 

Arrhenius plot in brittle crack arrest is discussed daringly, it can be pointed out the yield stress 

contributes to the local tensile stress, shear lip thickness, and closure stress. Because strain rate 

effect can be integrated with the temperature effect against yield stress [40], the activation 

energy of above 𝐾ca − 𝑇 relationship may be able to be related to the sensitivity of the yield 

stress on the temperature. 
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7.6.3.  Fracture surface simulation 

In order to focus on the simulation of fracture surfaces, two experiments were picked up as the 

representatives. To choose the examples, the experiments where the crack re-initiation was 

found were excluded because crack re-initiation made the crack arrest point obscure and 

fracture surface until the first crack arrest cannot be identified. In addition, because shear lip is 

influenced by SIF, the representative examples at which SIFs at crack arrests were the 

maximum and minimum values were chosen. Although the maximum SIF at the crack arrest 

was the maximum in Mark 11, the gap between the simulation and experiment was relatively 

larger. Thus, instead of Mark 11, Mark 9 was chosen because the SIF at crack arrest in SIF was 

maximum except Mark 11. The minimum SIF at the crack arrest was Mark 10. These 

experimental fracture surfaces are shown in Fig. 7-16. As clearly shown in the difference 

between Figs. 7-16(a) and (b), the shear lip thickness was thicker in Mark 9, which experienced 

higher SIF.  

 

Crack arrest position
(241 mm)

 

(a) Fracture surface of Mark 9 

Crack arrest position

(248 mm)
 

(b) Fracture surface of Mark 10 

Fig. 7-16 Experimental fracture surfaces of Mark 9 and 10 

 

This trend is successfully simulated in Fig. 7-17, which shows the simulated fracture surfaces of 

Mark 9 and 10. Especially, the shear lip is merely found in the experimental fracture surface of 
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Mark 10 except just before the crack arrest. This is also shown in the simulated fracture surface 

shown in Fig. 7-17(b). On the other hand, because the shear lip formation is influenced the SIF, 

the impact effect transition is needed to accurately simulate shear lip formation history. 

However, because the impact coefficient is uniformly set to a constant, the simulated shear lip 

formation histories are not perfect in this chapter. 

 

 

(a) Simulated fracture surface of Mark 9 

 

(b) Simulated fracture surface of Mark 10 

Fig. 7-17 Simulated fracture surfaces of Mark 9 and 10 

 

In addition, Fig. 7-18 shows the unbroken shear lip lengths of Mark 9 and Mark 10. The 

unbroken shear lip lengths gradually increased, but the fracture of the unbroken shear lip 

occurred in the calculations according to Fig. 7-18. This increasing unbroken shear lip length 

can be attributed to strain reduction due to thicker shear lip thickness because the strain is 

defined as Eq. (7-5). Fig. 7-19 shows SIF transitions calculated by the tangent formula shown in 

Eq. (7-13) with impact and the model simulation against crack length. Although the simulated 

effective SIF of Mark 10 was almost same as the SIF calculated by tangent formula, which is 

shown in Eq. (7-13), the simulated SIF of Mark 9 deviated from the tangent formula and led to 

be arrested due to the closure effects of unbroken shear lip. Thus, the experimental crack arrest 

of Mark 9 cannot be explained without the closure effect of the unbroken shear lips. 
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Fig. 7-18 Unbroken shear lip length 

Mark 9 simulation

Mark 10 simulation

Mark 9 tangent formula

Mark 10 tangent formula

 

Fig. 7-19 SIF transition 

 

7.7.  Conclusion 

This chapter developed a new simulation model to explain brittle crack propagation and arrest 

behaviors in steel, based on the results and findings obtained from Chapter 3 to Chapter 6. The 

developed simulation model was based on the local fracture stress criterion and incorporated 

closure effects of the unbroken shear lips. The thickness of shear lips was determined by the 

formula experimentally proposed in Section 6.3. The closure stress was also determined from a 

series of analyses in Section 6.2. The local stress near the crack tip was evaluated using the 

response surfaces which related the crack velocity, applied stress, crack length, and temperature 

to the local tensile stress. The model considered the impact effect based on previous studies, and 

the simulated results agreed well with the experimental 𝐾ca − 𝑇 relationship. In addition, the 

simulated crack arrest lengths also consisted with the experimental crack arrest lengths. It is 

worth noting that the local fracture stress identified in the simulations almost consisted with the 

experimentally evaluated local fracture stress. This consistency could not be reproduced by the 

conventional model and strongly supported the validity of the local fracture stress evaluated in 

Chapter 3. 
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According to the above results, the proposed simulation model was validated quantitatively. It 

means that the proposed model could make the fundamental mechanism of brittle crack 

propagation and arrest behaviors clear through the comparison of the simulations and 

experiments including the value of the local fracture stress. This consistency has not been 

achieved by the conventional studies, and therefore the proposed simulation model is regarded 

to reproduce actual fracture phenomena appropriately. 

It is worth noting that some issues remains to be solved in brittle crack propagation and arrest 

behaviors in steel. Microstructural factors are one of the most important issues. Chapter 8 will 

investigate the microstructural effect to the local fracture stress using a simplified evaluation 

method. And, to provide microscopic meanings to the local fracture stress is hard, but should be 

solved. Previous literature considered the microscopic energy absorption as resistance against 

cleavage crack propagation in microscopic view [41,42]. Thus, it is needed to interpret the local 

fracture stress by relating it to the energy dissipation near the crack tip. And one of the other 

important issues is to develop the generic simulation of brittle crack propagation and arrest 

behaviors in steel. Because the proposed model in this chapter aimed to develop a theory to 

explain brittle crack propagation and arrest behaviors, its applicable range is limited. For 

example, it can be only applied to plate specimens. Therefore, the complicated configuration 

specimen cannot be dealt with by the simulation model and it is needed to use other numerical 

method such as finite element method which can be applied to broader range. As the steel N was 

uniform, the local fracture stress can be evaluated only at the thickness center. However, in 

order to analyze brittle crack propagation and arrest behaviors in the steels which have 

complicated microstructure distribution, the developed model has to be modified because the 

local fracture stress is not uniform in thickness direction in such steels [6]. Because such case is 

difficult to analyze in the present simulation, the numerical method is also required. Thus, new 

numerical method which can deal with complicated geometry has to be developed to carry out 

crack propagation and arrest simulation based on the local fracture stress criterion in the range 

of realistic numerical costs.  
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Chapter 8 Experimental investigation of 

grain size effect to cleavage crack 

propagation resistance in ferrite-pearlite 

steel 

 

8.1.  Introduction 

Controlling the steel microstructure is an effective methodology to develop steel plates with 

higher brittle crack arrest toughness. To use additional elements, such as nickel, is also an effective 

way [1], but it makes the steel cost higher [2]. Thus, to control microstructure of steel is a hopeful 

method and practically employed to develop higher crack arrest steel in relatively lower cost [3]. 

One of most fundamental factors of steel microstructures is grain size, which is known to strongly 

influence the strength and brittle crack initiation toughness [4,5]. Therefore, grain size is also 

expected to contribute to brittle crack arrest toughness.  

Some previous studies took care of grain size effect against cleavage crack propagation and arrest 

behaviors in steel. In Bullock and Smith [6], although they noted that increasing grain size made 

the crack propagation easier and more difficult to arrest the crack from Charpy impact test, they 

could not evaluate the crack arrest toughness because they focused on just the crack arrest lengths 

in spite of differences of crack initiation load. Furukimi et al. carried out a series of temperature 

gradient crack arrest experiments using some steels whose grain sizes were different [7]. However, 

because the chemical compositions of them were not same and the steels were made by thermo 

mechanical control process (TMCP), which generated texture in steel microstructures, their 

evaluation included some factors other than the grain size and did not appropriately consider the 

grain size effect on brittle crack arrest toughness. Ohmori et al. evaluated brittle crack arrest 
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toughness of various grain size steels using Double Cantilever Beam (DCB) specimen [8]. 

However, the chemical compositions of their steels were different, so the grain size effect could 

not be appropriately extracted from their data. 

The simulations in Chapter 7 show brittle crack propagation and arrest behavior in steel is a 

complicated phenomenon composed of cleavage crack propagation and plastic deformation and 

ductile fracture of unbroken shear lips. Thus, 𝐾ca and other indicators of brittle crack arrest 

toughness include both cleavage crack arrest and unbroken shear lip behaviors without distinction. 

Thus, the previous studies explained above could not separate the resistance against cleavage 

crack propagation from brittle crack arrest toughness to evaluate grain size effect. Thus, their 

results included the contribution of the closure effect due to the unbroken shear lips. 

Now then, the microstructural effect against the local fracture stress is important issue from 

engineering perspective because it is a critical factor to determine brittle crack arrest toughness of 

steels as shown in Chapter 3. Because the local fracture stress is an indicator to express cleavage crack 

propagation resistance, to use this indicator is appropriate to evaluate grain size contribution to only 

cleavage crack propagation resistance. Accordingly, this chapter will explain grain size contribution 

to cleavage crack propagation resistance by experimentally evaluating the local fracture stress of some 

levels of grain size steels.  

 

8.2.  Materials 

In order to appropriately evaluate the grain size effect against the local fracture stress of steels, 

the chemical compositions should be uniform in employed steels. In addition, ferrite-pearlite 

steels were desirable because they are relatively simpler than other types of microstructures such 

as bainite and martensite. The employed steels were prepared based on these considerations.  

Table 8-1 shows the chemical compositions. The chemical compositions were almost constant. 

The mechanical properties of these steels are shown in Table 8-2. The original plate thickness of 

all the employed steels were 30 mm. The steels were named as S1, S2 and S3 in the order of their 

average grain size. The average grain sizes were measured by EBSD. Fig. 8-1 shows grain size 

distributions of the employed steels. Fig. 8-2 shows the optical observations of microstructures of 

the steels. They were observed after they were polished and etched with 2 % nital. Grain 

orientations were obtained by EBSD to examine the existence of the textures in the steels, which 

shown as polar figures in Fig. 8-3. These polar figures show the employed steels did not have the 

texture and can be regarded as isotropic. 
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Table 8-1 Chemical compositions of employed steels 

 C Si Mn P S Al N 

S1 0.1 0.2 1.51 0.01 0.003 0.027 0.0031 

S2 0.1 0.19 1.5 0.01 0.003 0.028 0.0029 

S3 0.1 0.2 1.5 0.01 0.003 0.028 0.003 

 

Table 8-2 Mechanical properties of S1, S2, and S3 

  
Yield stress at room 

temperature [MPa]  

Tensile strength at room 

temperature [MPa] 
FATT[℃] 

Average grain 

size[μm]  

S1 325 458 -72.7  17.7 

S2 319 459 -48.1  24.9 

S3 279 439 -48.2  41.9 

 

 

Fig. 8-1 Grain size distributions 
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Fig. 8-3 Polar figure 
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8.3.  Local fracture stress estimation 

8.3.1.  Estimation procedure 

Because accurate evaluation of the local fracture stress explained in Chapter 3 is time consuming 

and requires a lot of cost, it was hard to apply such evaluation to the three steels. Therefore, a 

simplified method was carried out, focusing on the characteristics of the local fracture stress that 

the local fracture stress is a material constant and independent on temperature, SIF, and crack 

velocity. Fig. 8-4 shows the schematic illustration of the simplified method to evaluate the local 

fracture stress criterion. Namely, in the crack arrest experiments under bending, the crack arrest 

event occurs after decreasing of SIF even though the peak of SIF can be found [9,10]. And, the 

crack velocity just before crack arrest should be equal to the maximum stress crack velocity, which 

was explained in Chapter 4. Therefore, because the local tensile stress is not practically influenced 

by the crack acceleration as shown in Section 4.4, the local tensile stress at the crack arrest length 

when the crack velocity is the maximum stress crack velocity can be regarded to consist with the 

local fracture stress as schematically illustrated in Fig. 8-4. 

 

 

Fig. 8-4 Schematic illustration of a simplified method to evaluate the local fracture stress 

 

To employ the above simplified method, it was desirable to conduct experiments under low 

temperature and low SIF. This was because the shear lip formation and remarkable crack front 

tunneling should be prevented as long as possible. Both of the crack initiation and crack arrest had to 

be compatible under these conditions. Therefore, although there were some widely used methods such 

as compact crack arrest (CCA) test [11] and three point bending (3PB) tests [12], DCB tests were 

employed to conduct the above method. Under CCA and 3PB tests, the SIFs usually become larger 

and approach to SIFs found in temperature gradient crack arrest test. In addition, these method were 
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difficult for the crack initiation and arrest to be compatible. On the other hand, the crack was relatively 

easier to be arrested even under low temperature in DCB tests.  

 

8.3.2.  Specimen and experimental procedure 

The employed specimen configuration is shown in Fig. 8-5. The specimen thickness was 8 mm, 

and the width was set to 76 mm. The crack propagation direction was perpendicular to the rolling 

direction. A chevron notch was also processed on the specimen in order to make cleavage fracture 

initiation easier and help the initiated crack path become straight because the crack is generally 

likely to deviate from straight crack path in DCB specimens [12,13]. An initial notch was 

processed by electrical discharge machining and the notch tip root was 0.25 mm. 

The crack arrest experiment is schematically illustrated in Fig. 8-6. By pushing the wedge from 

above, the pins moved in the direction to open the initial notch. The load and displacement of the 

wedge were measured. In addition, the clip gauge was used to record crack opening displacement 

at the top of the specimen for validate finite element analyses. Because the duration from the 

crack initiation to arrest was extremely short, the specimen could be regarded to be fixed-

displacement condition during crack propagation. 
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Fig. 8-5 Specimen configuration 
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Fig. 8-6 Schematic illustration of the experiment 

 

The crack arrest experiments were carried out under −50~ − 90 ℃ in order to prevent the 

remarkable shear lip from forming as noted above. The temperatures, which was measured by a 

thermocouple glued on the specimen surface, were controlled by using dry ice and ethanol, in 

addition to liquid nitrogen. After the temperature reached the aimed temperature, that temperature 

was kept for 5 minutes to make the whole of the specimen isothermal. 

In some cases, the cleavage crack was not initiated or propagated through the specimen width. 

Such experiments were invalid. In the tests where the crack was arrested, the crack lengths were 

measured from the fracture surfaces after the ligament was broken under −196 ℃. Here, just 

before loading under −196 ℃, the load was applied to some extent under room temperature to 

make a ductile crack advance from the cleavage arrest crack front to help identification of the 

crack arrest point. However, because such pre ductile crack extension was not enough to make 

the finding of the crack arrest point easy, heat tint method was employed to pigment the cleavage 

fracture surface obtained in above experiment [14]. Heat tint method is a technique to pigment 

surfaces after the end of the experiment by oxidizing in an electric furnace as shown in Fig. 8-

7(a). The temperature in the furnace was kept 330 ℃ for 20 minutes to make the fracture surface 

browned [15]. The fracture surface after heat tint and ligament fracture is shown in Fig.8-7(b). 

The browned region corresponded to the fracture surface obtained in the experiment. The crack 

arrest length was obtained by finding the most advance point of the fracture surface. 
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(a) Specimens in an electronic furnace 

Cleavage crack
surface browend
by heat tint

Crack arrest length

 

(b) Fracture surface after heat tint 

Fig. 8-7 Heat tint technique 

 

8.3.3.  Experimental results 

The experimental results are shown in Table 8-3. In some cases, the crack was not arrested or the 

crack was not initiated. In addition, the experiments where the crack deviated from the straight 

crack path was also regarded to be invalid. These invalid cases were excluded from Table 8-3. As 

the overall trend, the crack was arrested in the shorter length in the steel with coarser grains. The 

obtain crack arrest length of each experiment was applied finite element analyses explained below. 
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Table 8-3 Experimental results 

Steel Mark Temp [deg.] Crack arrest length [mm] Maximum load [kN] 

S1 
S1-1 -70 70 22.1 

S1-2 -75 74 19.2 

S2 
S2-1 -70 67 16.3 

S2-3 -80 75 17.8 

S3 

S3-1 -50 42 18.6 

S3-2 -60 40 18.0 

S3-3 -70 53 18.1 

 

8.3.4.  Estimation of the local fracture stress 

The procedure to estimate the local fracture stress was explained in Section 8.3.1. The obtained 

crack arrest length and the recorded displacement were input to finite element analyses using 

Abaqus 6.14 [16]. Fig. 8-8 shows the finite element model employed in this study. The model was 

divided by hexahedral elements which was full-integration solid except the tip of a chevron notch 

tip. The chevron notch tip was difficult to divide by hexahedral elements and thus partly divided 

by tetrahedron elements. The model was a quarter model considering symmetry. The pin was 

modelled by rigid body to help convergence. The mesh size along crack path was set to 0.1 mm 

except in the chevron notch. 

Although, in the actual experiments, the pins were moved by the wedge, the contact between the 

pin and the wedge was hard to consider in finite element analyses from the perspective of 

convergence. Thus, referring some literatures [17,18], the wedge was not modelled and the forced 

displacement was directly applied to the pin. The contact between the pin and the specimen was 

considered. The provided displacements to the pins were calculated from the recorded 

displacement of the wedge.  
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(c) 𝑦𝑧 view of specimen 

Fig. 8-8 Finite element model 

 

At the first step of the analyses, the forced displacement of the pin was statically applied. After 

the displacement reached the aimed value, the crack propagation analyses were carried out 

dynamically. Dynamic crack propagation was expressed by so-called nodal force release 

technique in generation phase analyses by implicit HHT method. Examples of the analyses are 

shown in Fig. 8-9. As explained in Chapter 3, the accurate evaluation of the local fracture stress 

needs to use the experimentally measured crack velocity as input information. However, the 

supposed maximum stress crack velocity was input in this simplified method. According to the 

parametric analyses carried out in Chapter 4, the maximum stress crack velocity depended on the 

conditions such as temperature and SIF. In lower temperature and lower SIFs, the maximum stress 

crack velocity becomes lower. Because the experimental conditions were low temperature and 
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low SIF as shown in Table 8-3, the maximum crack velocities were supposed to be 

100~300 m s⁄ . The crack velocity which could provide the maximum local tensile stress was 

regarded to be the maximum stress crack velocity. The characteristic distance was set to 0.15 mm 

according to Chapter 3. The mean of the local tensile stresses at 0.15 mm from the crack front 

was regarded to be the local fracture stress. 
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(a) Whole of model during crack propagation 
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(b) Stress distribution near the crack front 

Fig. 8-9 Finite element analysis examples 
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The local fracture stresses estimated from above procedure are shown in Fig. 8-10. Although the 

estimated local fracture stresses for each steel have a scatter, the estimated values for each steel 

are almost constant considering even the accurate evaluation in Chapter 3 had scatters to some 

extent.  

 

 

Fig. 8-10 Estimated local fracture stress 

 

8.4.  Discussion 

As shown in Section 8.3.4, the estimated local fracture stresses, which corresponded to cleavage 

crack propagation resistance, were larger in coarser grain steels than in finer grain steels. Because 

the chemical compositions of all the employed steels were almost same and they did not have 

remarkable texture as noted in Section 8.2, this trend of cleavage crack propagation resistance 

basically reflected the grain size effect.  

Above trend does not consist with grain size effect to cleavage fracture initiation toughness. In 

ferrite-pearlite steels, the cleavage fracture initiation process is generally composed of three steps: 

(a) microcrack formation at pearlite colony, (b) propagation into ferrite matrix, and (c) 

propagation across ferrite grain boundary [19,20]. During these steps, grain boundary works to 

prevent the initiated microcrack from propagating to neighbor grain. Therefore, the smaller grain 

size steel has higher resistance against cleavage crack initiation because the crack encounters the 

grain boundary in shorter crack length in fine grain microstructures [21]. 

On the other hand, the absorbed energy due to cleavage fracture surface formation is relatively 

small compared to the total energy absorbed during cleavage crack propagation. The tear ridge 

(Fig. 8-11), which is a ligament broken in ductile manner between the cleavage facets, plays a 

dominant role to absorb energy [22–25]. Namely, the plastic deformation and ductile fracture of 
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the ligaments between cleavage faces are main mechanism to absorb energy during cleavage crack 

propagation in ferrite-pearlite steels. The energy absorbed by tear ridge formation was reported 

to be larger in coarser grain steel due to contribution of thickness of tear ridge (𝑐ℎ in Fig. 8-11(b)) 

[26]. 

Above findings were observed also in this study. Fig. 8-12(a) shows the cross section of the 

cleavage fracture surface of S2 under −196 ℃. The red lines are cleavage planes, which were 

distinguished by Euler angle obtained by EBSD data and the regions surrounded by white circle 

are tear ridges. Karnel Average Misorientation (KAM) map of same cross section as Fig. 8-12(a) 

is shown in Fig. 8-12(b). It is widely known that KAM value is correlated to plastic strain [27,28], 

and thus Fig. 8-12(b) shows tear ridge experienced more strain than cleavage planes, which means 

that the plastic work in the tear ridge was larger than that in cleavage planes. 

Tear ridge

Cleavage plane

 

(a) SEM image of a tear ridge 

 

(b) Schematic illustration of tear ridge 

Fig. 8-11 Tear ridge formation between cleavage planes [29] 
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Tear ridge Cleavage plane

(a) Cross section of cleavage fracture surface

(b) KAM map of cross section

 

Fig. 8-12 Cross section observation of cleavage fracture surface 

 

Effective surface energy during cleavage crack propagation in bcc steels was calculated by 

incorporating above tear ridge formation [26]. The effective surface energy corresponds to the 

cleavage crack propagation resistance in microscopic view. This calculation was conducted by 

evaluating tear ridge formation on the cleavage fracture surface, which was simulated by a 

numerical model focusing on steel microstructures [30]. This calculation was conducted for three 

levels of average grain size. The calculation result is shown in Fig. 8-13, where the effective 

surface energy was larger in coarser grain steel although the data have some scatters due to grain 

and grain size distribution in the calculation zone. This trend was attributed to that plastic work 

until tear ridge fracture was governed by the gap between cleavage planes [26]. 

 

 

Fig. 8-13 Effective surface energy for each average grain size [26] 
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In fact, some previous studies discussed grain size effect to crack propagation across neighbor 

grains. Stec and Faleskog showed the cleavage crack is hard to go through the grain boundary 

when it attempted to propagate to the neighbor grains in fine grain microstructures [31]. In 

addition, Qiao and his coworkers carried out a series of studies to calculate resistance against 

cleavage crack propagation across the grain boundaries [32,33]. However, these study did not 

consider tear ridge formation, and thus they could not appropriately deal with cleavage crack 

propagation behaviors associated to macroscopic brittle crack arrest event. 

Although the above study showed that the local fracture stress was estimated to become higher in 

coarser grain steels, it is needed to pay attention to the differences between brittle crack arrest 

toughness and the local fracture stress. The local fracture stress corresponds to only the cleavage 

crack propagation resistance, but the brittle crack arrest toughness is composed of not only the 

cleavage crack propagation resistance, but also other phenomena, such as shear lip closure effects. 

In particular, the closure stress is expected to be higher in fine grain steels because the yield stress, 

which strongly influences closure stress, is usually higher in finer grain steels [34]. Therefore, the 

brittle crack arrest toughness may show other dependency on the grain size, and then, it is 

expected to be a subsequent study. 

 

8.5.  Conclusion 

In order to investigate the grain size contribution to the cleavage crack propagation resistance in 

ferrite-pearlite steels, a series of experiments and finite element analyses were carried out. By 

focusing on that the local fracture stress expresses only the cleavage crack propagation resistance, 

the stress was employed as an indicator of experimentally measured cleavage crack propagation 

resistance. Three steels with different grain size and same chemical compositions were prepared, 

and they did not have remarkable texture in their microstructures. 

Because the accurate evaluation of the stress requires a lot of cost and time, a simplified method 

was adopted to estimate the local fracture stress. This simplified method was an approach which 

input the experimentally obtained crack arrest length in the DCB crack arrest tests to the finite 

element analyses assuming the maximum stress crack velocity. Although this method was much 

simplified and rough, the estimated local fracture stresses under different temperatures were 

almost constant for each steel, which consisted with the trend shown by Chapter 3. The estimation 

showed that the local fracture stress was larger in coarser grain steels than in finer grain steels. 

This trend was also found in the numerical approach which simulated tear ridge formation and its 
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energy absorption [26]. The calculated absorbed energy was larger in coarser grain steels than 

finer grain steels. 

The above trend did not consist with that of cleavage crack initiation toughness. This was 

explained by focusing on the differences in the resistance mechanism. In cleavage crack 

propagation, tear ridge is a dominant factor of energy absorption. This absorbed energy due to 

tear ridge can be expressed by the function of the gap between the cleavage planes. 

This chapter showed the relationship between the grain size and the local fracture stress although 

the simplified estimation of the local fracture stress was carried out. This is the first trial to 

examine grain size contribution to the local fracture stress. It is worth noting that the other 

characteristics of steel microstructures, such as texture, should be investigated from the 

perspective of contribution to the local fracture stress in the subsequent works. In particular, this 

study does not consider the influence of grains themselves and grain boundaries. Considering that 

characteristics of grain boundary is reported to influence brittle crack arrest toughness [35], more 

detailed investigation on microstructures is expected as the future research. 
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Chapter 9 High speed observation of rapidly 

propagating cracks in 3D structures 

 

9.1.  Introduction 

Structural crack arrest design is an important technique to achieve required brittle crack arrest 

performance as same as material crack arrest design [1]. Originally, large structures with double 

integrity was designed to arrest the brittle crack running in weld by appropriately deploying base 

metals working as crack arrestor which have higher brittle crack arrest toughness [2,3]. On the 

other hand, a technique to use structural factor to arrest the running brittle crack has been focused 

on in order to reduce use of high performance steels which essentially needs higher cost [4]. This 

technique has been called as structural crack arrest design and practically applied to the ships. 

According to literatures on structural crack arrest design, the crack behaviors in the structural 

crack arrest design can be categorized to four types. The first one is crack propagation through 

the structure. Namely, the crack is not arrested in this case. The second one is the crack arrest in 

the weld bead in fillet welding joint. This case can be found when the employed welding metal 

has better performance, but it can be also attributed to the relaxation of the plastic constraint. In 

the weld bead in fillet welding [5], the thickness becomes thinner than the base metal plate. Thus, 

the plain strain region becomes small and the unbroken shear lip rapidly grows to arrest the crack. 

The third one is the crack arrest just after the crack entered the flange. This case was observed in 

the experiments using the higher grade steel for flange [6,7]. Thus, this case is attributed to the 

higher local fracture stress of the flange steel although the compressive residual stress also works 

to arrest the crack. The last one is the crack arrest after the crack propagates in the flange to some 

extent. The crack front shape contributes to the crack arrest in the last case. It was reported that 

the crack was arrested by the crack front shape effect even when the employed steel did not have 

higher crack arrestability [6,8]. Thus, the crack front shape effect is valuable to investigate 
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because to effectively use the crack front shape effect can reduce cost of steels. 

Although a series of analyses have been carried out to clarify the performance of structural crack 

arrest design [9–11], the detail mechanism to arrest brittle cracks are still unclear due to some 

reasons. One reason is difficulty to measure brittle crack behaviors in 3D structure such as T-joint 

and cross joint. Strain gauges and crack gauges, which are usually used to measure the crack 

behaviors, can only deal with cracks in 2D. The other reason is about simulation. Although the 

local fracture stress criterion has been incorporated by some simulation models including that 

proposed in Chapter 7, such simulations have supposed only plate specimen and not considered 

3D structure. This is because the crack front effect and interaction between the crack and 

structures are much complicated to deal with in the above simplified simulation. As pointed out 

in the end of Chapter 7, it is needed to implement the local fracture stress criterion in application 

phase finite element analyses to accurately deal with 3D structures.  

According to the reason mentioned above, the mechanism of crack arrest in the structural crack 

arrest design has been still unclear. On the other hand, the crack front shape in the 3D structure 

was focused on [12,13]. Handa et al. pointed out the crack front shape becomes semi-elliptical 

after the crack entered the flange and thus SIF at the crack front becomes smaller [12,13]. They 

carried out finite element analyses assuming crack front shape from the fracture surface after 

crack arrest and showed the SIF decreased by the crack front shape change. Although such 

suggestion is noteworthy, the actual crack front shape during crack propagation could not be 

observed in steels. Thus, it is needed to directly observe the crack front shape in 3D structure to 

validate above suggestion. Accordingly, this study employed PMMA, which is transparent elastic 

brittle material, instead of steel to observe the crack front because the steels are not transparent. 

PMMA has been widely employed for rapid crack propagation studies and findings from them 

have provided valuable knowledge to study brittle crack propagation and arrest behaviors in steel 

[14–16]. Although, of course, PMMA’s deformation behavior is different from steels, the 

fundamental behaviors of rapid crack propagation are useful to understand brittle crack 

propagation in steels which has been often approximated as linear elastic fracture mechanics due 

to the higher strain rate near the crack tip [17,18].  

In fact, 3D effect related to crack front shape has been examined in the context of fracture 

mechanics [19,20]. In particular, the crack front shape during crack propagation was observed by 

Nishioka et al. [21,22]. They employed PMMA plate specimen for the observation of crack front 

shape and singularity of the plate surface although the 3D structure like cross joints were not dealt 

with in the literatures. Thus, referring to above works, specimens simulating cross-joint structural 
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arrest design were made from PMMA. The crack fronts running in the specimens were observed 

by high speed camera. 

 

9.2.  Experiments 

9.2.1.  Materials and specimens 

PMMA, which is polymethyl methacrylate, was employed in this chapter as noted above. Fig. 9-

1 shows the chemical structural formula of PMMA. PMMA is almost linear elastic and brittle at 

room temperature, although it shows a little nonlinearity just before it is broken in stress-strain 

curve [23–25]. The crack tip field in this material has been regarded to be elastic during rapid 

crack propagation [26,27]. The representative example of the mechanical properties of PMMA is 

shown in Table 9-1. 

CCH2

CH3

COOCH3

n

 

Fig. 9-1 Chemical structural formula of PMMA 

 

Table 9-1 Mechanical property of PMMA 

Tensile strength[MPa] 
Charpy absorbed 

energy [kJ m2⁄ ] 

Young's 

modulus [MPa] 

density 

[kg m3⁄ ] 

Rayleigh wave 

velocity [m s⁄ ] 

74 17 3200 1170 954 

 

The specimen configuration is shown Fig. 9-2. A specimen is composed of three parts; upper and 

lower web, and flange. The webs and the flange were joined by solvent bonding in some 

specimens, but some specimens were hewn from one thick PMMA plate, whose thickness was 50 

mm. Two types of the specimen were employed in this study. One is a specimen simulating full-

penetration welding between the webs and a flange in Fig. 9-2(a). The other one is simulating the 

fillet welding in Fig. 9-2(b). As noted above, welding technique was not employed in this study, 
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and thus the residual stress and microstructural change due to welding were not considered in this 

study [28]. Both types of welding are actually applied to shipbuilding [13], but it is known that 

fillet welding with un-welded section has the higher crack arrestability than the full penetration 

welding [12,29]. The rectangular hole of the specimen shown in Fig. 9-2(b) corresponded to the 

un-welded section of the actual cross-joint structure with fillet welding joint. Therefore, the 

specimens shown in Fig. 9-2(b) corresponded to scenario 1 in the structural crack arrest design 

[10]. The specimen shown in Fig. 9-2(b) was also used for the experiments simulating full-

penetration welding. 

As shown in Fig. 9-2, the specimens were designed for DCB type crack arrest test. Although it 

was desirable to employ tensile type crack arrest test because the actual structural crack arrest test 

employs tensile type specimens, jigs for tensile tests prevented the high speed camera from 

observing crack fronts. Therefore, DCB type specimens were prepared to secure the field of view 

of the high speed camera. Fig. 9-3 shows a schematic illustration of the experiment using the 

specimen shown in Fig. 9-3. The green surface in Fig. 9-4 is especially etched to be transparent 

for high speed camera observation although other surfaces were also etched. Jigs and pins were 

designed not to prevent the camera from watching the crack propagation. The specimen surfaces 

were etched to make them clearer for the high speed camera to observe the crack fronts easily. 

Fig. 9-4 shows one example of the specimen photo, which is the type of specimen shown in Fig. 

9-2(b). 
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(a) Specimen simulating full-penetration joint 
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(b) Specimen simulating fillet welding joint 

Fig. 9-2 Specimen configurations 
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Fig. 9-3 Schematic illustration of experiments 

 

 



 

 

Chapter 9                                         

276 

 

 

Flange

Lead connected to 
high spped camera

Upper web

Initial notch

 

Fig. 9-4 Specimen photo 

 

9.2.2.  Experimental procedure 

Figure 9-5 shows a photo of the experimental set up. The wedge was used to move the pins to 

open the initial notch until the fracture was initiated. These jigs and the experimental procedure 

were same as those in Chapter 8. The high speed camera, SHIMADZU HPV-2, was located as 

shown in Fig. 9-4. Four lights were used to light up the specimen. Fig. 9-6 shows the specimen 

under lighting. 

Although the maximum frame speed of SHIMADZU HPV-2 is 106 s1, this camera can record only 

100 frames. Considering that the crack velocity in PMMA is expected to be slower than that in steels, 

the frame speed was set to 2.5 × 105 s−1 . Thus, the record duration was 400 μs . The camera 

observation was initiated by external signal from the crack gauge glued on the expected crack path. 

Namely, the record was initiated just after the crack gauge was broken by crack propagation. This 

trigger system was same as that employed for crack velocity measurement in Chapter 3, 5, and 6. 

However, the record duration of the camera was much shorter than that of oscilloscope employed in 

Chapter 3, 5, and 6. All experiments were carried out under static loading and room temperature 

condition. The load-displacement relationship of the wedge was measured. 



 

 

 Chapter 9 
 

277 

 

High speed camera

Light equipment
Wedge

 

Fig. 9-5 Experimental set up 

Specimen

Push

 

Fig. 9-6 Specimen set up under lighting 

 

9.2.3.  Experimental result 

The experimental results are shown in Table 9-2. The specimens are categorized to two types in 

terms of bond types, solvent bonding or cut-off from one plate. The specimens are also 

categorized to two types in terms of joint types, full-penetration and fillet. The load-displacement 

relationship were linear until the fracture was caused, so all the specimens were broken in linear 

elastic manner. The crack arrest positions are also written in Table 9-2. The crack arrest positions 

can be categorized to three types. One is the crack arrest in the fillet. This crack arrest position 

was observed in the fillet-welding specimen. The second one is the crack arrest in the stiffener. 

The example of the specimen after crack arrest shown in Fig. 9-7 is categorized to this type. The 

last type is the crack arrest in the lower web. This type means that the crack cannot be arrested by 

the joint. In fact, the re-initiation of the arrested crack was observed in some experiments. 

According to the high speed camera images, the crack was arrested in the flange in B3, but the 

specimen after the experiment was completely broken in such cases. This was because the crack 
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was reinitiated after the end of high speed camera observation due to the residual movement of 

the jig. And, even though the crack arrest position was in the lower web in A2, the crack arrest 

was relatively early in A2 compared to A3. The crack arrest positions were in the flange when the 

flange thickness was 13 mm. On the other hand, the crack arrest positions were in the lower web 

when the flange thickness was 5 mm although the fracture loads were different. 

 

Table 9-2 Experimental results 

No. 
Bond 

type 
Joint type 𝑡f[mm] 

Notch root 

[mm] 

𝑝1 

[mm] 

Fracture 

load [kN] 

Arrest 

position 

A1 
Solvent 

bonding 
Full-penetration 13 0.6  2.9 Flange 

A2 
Solvent 

bonding 
Full-penetration 10 1  3.45 

Lower 

web 

A3 
Solvent 

bonding 
Full-penetration 5 1  3.64 

Lower 

web 

A4 
Solvent 

bonding 
Full-penetration 13 0.8  2.9 Flange 

B1 cut-out Full-penetration 13 0.9  2.4 Flange 

B2 cut-out Full-penetration 5 0.9  3.2 
Lower 

web 

B3 cut-out Full-penetration 13 1.0  3.38 Flange 

B4 cut-out Full-penetration 13 0.9  3.08 Flange 

C1 cut-out Fillet 13 0.9 3 2.97 Flange 

C2 cut-out Fillet 13 0.9 3 2.19 Flange 

C3 cut-out Fillet 13 0.9 6.5 3.2 Fillet 

C4 cut-out Fillet 13 0.9 8 2.42 Fillet 

C5 cut-out Fillet 13 0.9 4 2.82 Flange 

C6 cut-out Fillet 13 0.9 6 2.46 Fillet 
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Crack path

Arrest crack tip

 

Fig. 9-7 Specimen after crack arrest (A1) 

 

The fracture surface became foggy except just before the crack arrest. This characteristic fracture 

surface is typically observed in the fracture of polymers [30]. This foggy fracture surface is caused 

by the surface roughness, and determined by crack velocity and stress intensity factor [31–33]. 

When the crack velocity and stress intensity factor are low, the fracture surface approaches to 

transparent. Namely, because the transparent fracture surface is hard to distinguish in the high 

speed camera images, the observation may not be able to accurately capture the crack arrest event. 

In order to clarify the crack propagation and arrest behaviors in 3D structures, high speed camera 

images were investigated in detail. B2 and B3 were chosen as the representative cases because 

their fracture loads were similar but the crack arrest positions were different. 

Figure 9-8 shows the images of crack propagation in B2. Time zero second corresponded to the 

initiation of the high speed camera observation. At 76 μs from the observation beginning, the 

crack tip entered the flange from the upper web. The most advancing point of the crack front 

reached the lower web at 100 μs. Because the crack front became tunneling after it entered the 

flange, the crack propagated in the 𝑥 direction in the flange only a little until it reached the lower 

flange. The crack front reached the surface of the lower web at about 108 μs. Thus, after 108 μs, 

the crack front became through crack in the flange and lower web. This crack continued to 

propagate after it entered the lower web and it almost propagated through the web. On the other 

hand, Fig. 9-9 shows the crack propagation images of B3. The images shown in Fig. 9-9 are in 



 

 

Chapter 9                                         

280 

 

the range from the crack arrival at the flange to the crack arrest in 𝑦 direction. The crack was 

arrested in the flange, so the crack front shape remained a half of rugby ball shape even after it 

was arrested. After the crack was arrested in the 𝑦 direction, the crack continued to propagate in 

the flange in 𝑥 direction. By using image processing software, ImageJ [34], the crack fronts until 

it entered the lower web were analyzed. The center point of the boundary between the upper web 

and the flange was set to (0, 0) and the coordinates of some points along the crack front were 

captured by ImageJ and plotted in Figs. 9-10 and 9-11 for B2 and B3, respectively. Due to the 

reflection and deflection of light at the surface, the crack front shape near plate surfaces were 

ambiguous and difficult to identify [21]. Thus, because the plots were obtained by looking for the 

crack front points which could be distinguished easily, the intervals between the plots are not 

constant. However, because this chapter aims to evaluate the difference between the crack front 

shapes due to the structural design, these discrete plot did not hinder the analyses below. In 

addition to discrete plots obtained by ImageJ, the plots were well approximated by quadratic 

functions, which are expressed by dashed curve in Figs. 9-10 and 9-11. In both cases, the crack 

front shapes were nearly flat just after the crack fronts entered the flange, and gradually became 

the shapes of downward convex. In the case of B3 shown in Fig. 9-11, the crack was arrested to 

keep the quadratic shape although the crack front shape became through crack after the crack 

entered the lower web in the case of B2. Because this difference of the crack front shape 

characteristic is considered to cause the difference of crack propagation/arrest behaviors, this will 

be analyzed and discussed in detail in Section 9.3.1. It is worth noting that the similar crack front 

shapes mentioned above were observed in the other experiments.  

On the other hand, the crack front shape in the specimen simulating fillet welding joint showed 

the branch of the crack front at the simulated un-welded part. Fig. 9-12 shows the crack 

propagation images of C5. The crack front was divided to two separated crack front by the 

rectangular hole at 80 μs. They kept separated fronts until 112 μs and they joined together after 

they entered the flange at 120 μs. According to the images of Fig. 9-12, the separated crack fronts 

were kept from 104 to 120 μs even after they entered the flange. Such duration while the crack 

propagates under separated crack front condition is expected to be longer when 𝑝1, which is the 

length of the rectangular hole, is longer. According to finite element analyses by Handa et al. [29], 

the separated crack front shape showed the lower stress intensity factor compared to the one crack 

front shape. Although the cracks were not arrested while they kept the separated crack front in 

this study, this study clearly showed that the crack front branch which can reduce the stress 

intensity factors occurred in the structural crack arrest design for the first time. 
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Fig. 9-8 Crack propagation images of B2 
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Fig. 9-9 Crack propagation images in B3 
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Fig. 9-10 Crack front points in B2 from high speed images 
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Fig. 9-11 Crack front points in B3 from high speed images 

 

In C3, C4, and C6 of the experiments using the specimen simulating fillet welding joint, the cracks 

were arrested in the fillet before they entered the lower web. According to the high speed camera 

observations, the cracks which were arrested in the fillet were reinitiated to propagate along the 

boundary between the flange and upper web. Namely, the crack direction was changed from the 

prior crack propagation. This is partly because the boundary between the flange and upper web 

had smaller area, which is easy for the crack to propagate. The fillets were thinner in these cases 

than in the cases where the cracks were arrested in the flange. On the other hand, the cracks were 

arrested in the flange after they went through the fillet welding parts in other experiments 

simulating fillet welding joint (C1, C2, and C5). The fillet thickness of these experiments were 

relatively thicker in the C series experiments. 
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Fig. 9-12 Crack propagation images in C5 

 

 



 

 

 Chapter 9 
 

285 

 

9.3.  Discussion 

9.3.1.  Crack front shape effect 

It is worth investigating in detail about the crack arrest mechanism in the flange as noted in 

Section 9.2.3. To focus on the crack front shape in the flange, finite element analyses were 

conducted to investigate the effect of crack front shapes to SIF. Referring the previous studies 

[13,29], the analyses were under elastic and static conditions because the analyses aimed to 

compare the SIF behaviors in different crack front shapes. 

As shown in Figs. 9-10 and 9-11, the crack front shapes in the flange can be basically 

approximated by quadratic functions. Therefore, the crack front shape in finite element models 

were expressed by quadratic functions. The employed finite element model is shown in Fig. 9-13. 

The thickness of flange was set to 13 mm. The thickness of the lower and upper webs were 13 

mm. Thus, this finite element model was a designed to simulate the specimen shown in Fig. 9-

2(a). Although the detail specimen configuration may influence the quantitative results, this finite 

element model was employed because this analysis aimed to focus on the crack front shape. 

The calculation area of Fig. 9-13(a), which is enlarged in Fig. 9-14, was divided by finest meshes, 

whose size were 0.13 mm × 0.13 mm in 𝑥 − 𝑦 view. In this calculation area, the crack front 

shape was expressed to analyze the crack front shape contribution to the SIF. The finite element 

model was quarter model considering the boundary conditions. The initial notch was also 

modelled in Fig. 9-13. The force displacement applied to the rigid pin was set to 1 mm. The 

calculations were carried out using Abaqus 6.14. 
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(b) 𝑦 − 𝑧 view 
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(c) 𝑥 − 𝑧 view 

Fig. 9-13 Finite element model 

x

y

Symmetry line
 

Fig. 9-14 Enlarged view of the calculation area (Blue area of Fig. 9-12(a)) 

 

Figure 9-15 shows the schematic illustration of the crack front shape in finite element models. 

For simplicity, the cross section of meshes were square in the flange, and the fracture surface was 

approximated by the aggregation of these square meshes like voxel method [35]. The center of 

the boundary line between the upper web and the flange was set to the origin of the coordinate 

axis. The distance between the deepest point of the crack front and the origin was expressed by 

𝑌d . The intersection point of the flange surface and the crack front was (𝑋, 0). Namely, the 

quadratic function to express the crack front shape can be expressed as 
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𝑥 =
𝑋

𝑌d
2 y2 + 𝑋 (9-1) 

The calculation was divided to two steps. At first, the forced displacement was applied to the rigid 

pin to open the notch. All the nodes along the 𝑧 symmetry line were fixed in this step. Then, the 

crack surface was simulated in the analysis. In this step, the nodes along the 𝑧 symmetry line in 

the upper web and in the crack surface area, which corresponded to the nodes included in the blue 

zone in Fig. 9-15, were released. The other nodes in the flange and lower web were not released. 

Non linearity of deformation was considered. The SIF of the deepest position of the crack front 

was evaluated because the crack propagation in 𝑦 direction is the most important to prevent the 

crack from entering the lower web. The SIF was calculated by fitting 1 √𝑟⁄  singularity to the 

stress field in front of the crack front referring to previous studies [5,13]. It was confirmed that 

the stress field was governed by the singularity. The 𝑥  coordinate of the intersection point 

between the crack front and the flange surface and the 𝑦 coordinate of the deepest point of the 

crack front (expressed as 𝑌d  in Fig. 9-15 were variables to define the crack front shape. To 

compare the numerical results, the analyses that the crack front shapes were rectangular were also 

carried out. In these cases, the lengths of the sides in 𝑥 and 𝑦 direction were set to 2𝑋 and 𝑌d, 

respectively. Thus, the length and depth of the rectangular crack were same as the quadratic 

function crack. In addition, the green dashed line in Fig. 9-15 shows a rectangular crack surface 

whose lengths of the sides in 𝑥 and 𝑦 direction were set to 2𝑋 and 𝑌d. Fig. 9-16 shows the 

differences of node constraints in finite element analyses between the quadratic function crack 

surface and the rectangular crack surface. The crack front shapes were well expressed even though 

the voxel-like method was employed. 

Figure 9-17(a) shows the SIFs calculated by the above finite element method when 𝑋 was fixed 

to 6.5 mm. In addition to the analysis results of quadratic function crack surface, SIFs for the 

rectangular crack surface represented by green dashed line in Fig. 9-15 are also shown for 

comparison. According to the high speed observations shown in Figs. 9-8 and 9-9, the crack front 

propagated in flange direction only a little just after the crack front entered the flange. The results 

of Fig. 9-17(a) reflected this finding. Because the DCB type specimen is 𝐾-decreasing specimen 

along crack propagation, it is natural that the SIFs becomes smaller when 𝑌d becomes larger. 

However, the decreasing ratio of the SIF is higher in the quadratic function case than in the 

rectangular case. Although Fig. 9-17(a) shows the case when the crack front tip did not propagate 

in 𝑥 −direction, the case when the crack propagated about 4 mm in 𝑥 −direction is shown in Fig. 

9-17(b). Even when the crack propagated in the flange direction, the SIF in the quadratic function 
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cases was lower than in the rectangular cases. Accordingly, it can be said that the quadratic crack 

front shape made the crack tend to be arrested. As shown in Fig. 9-17, the effect to decrease the 

SIFs of the quadratic function crack front becomes remarkable when the crack front reached 

deeper position in the joint. Therefore, because in the thinner flange experiments, the crack front 

shape became the rectangular (corresponded to through crack) just after it entered the flange, the 

SIF reduction effect did not work enough. Thus, the structural crack arrest design contributed to 

promote the crack arrest by reducing the SIFs in the specimen simulating full-penetration joint. 
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Fig. 9-15 Schematic illustration of fracture surface expression in finite element models 
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Fig. 9-16 Mapping of the constraint nodes (𝑋 = 6.5 mm, 𝑌𝑑 = 3.9 mm) 

 

 

(a) 𝑋 = 6.5 mm (A crack did not propagate in the flange direction) 

 

(b) 𝑋 = 10.4 mm (A crack propagated for 3.9 mm in the flange direction) 

Fig. 9-17 SIF transition against 𝑌d 
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9.3.2.  Fillet welding effect 

Even in the elastic solids, the crack front shape is not straight because the intersection point of the 

plate surface and straight crack front has weaker singularity [36]. Thus, the crack front becomes 

curve to make the singularity of the intersection point consist with 1 √𝑟⁄ . This was 

experimentally supported by Nishioka et al. for rapid crack propagation cases [21]. The thickness 

influenced the crack front shape even in PMMA according to high speed camera observations by 

Nishioka and Stan [22]. The PMMA plates with some types of thickness were used to observe the 

crack front shape, and it was pointed out that the crack front at the thickness center went in 

advance more in the thicker specimen than in thinner specimen. In addition, the stress triaxiality 

at the thickness center was higher in thicker specimens [22]. Nishioka et al. also reported that the 

dynamic SIFs were almost constant along the curved crack front during crack propagation in 

PMMA [37]. In other words, the crack front shape was determined so as to make the dynamic SIF 

along the crack front uniform in PMMA [37]. The conclusion by Nishioka and Stan indicated that 

stress state of the thickness center was similar to that of the plate surface in the thinner specimen 

[22]. Therefore, because the apparent crack fracture toughness of thinner specimen of PMMA has 

higher value, the crack is likely to be arrested in thinner plates. This phenomenon corresponds to 

literatures that mentioned the apparent fracture toughness of PMMA was larger in thinner plates 

than in thicker plates [38,39]. Consequently, the crack arrest events in fillet were explained by 

that the crack which entered the fillet was likely to be arrested because the apparent fracture 

toughness of thinner fillet was higher than the full thickness plates. 

In fact, the crack arrest in the fillets were observed in the some experiments of structural crack 

arrest design using steels to evaluate brittle crack arrest capability of the structures. For example, 

the experiments with the widest un-welded section in showed the crack arrest in the fillet welding 

shown in Fig. 9-18 [29]. Kiji et al. also reported the crack arrest event in the fillet welding when 

the un-welded section became wider [40]. Because the 3D effect is expected to work more 

remarlably in elasto-plastic solids than elastic solids because of shear lip formation, the crack 

arrest in fillet welding before it entered the flange is expected to be likely to cause in steels due 

to the loss of the plastic constraint in thinner fillet. 
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Fig. 9-18 Crack arrest in weld metal [29] 

 

9.3.3.  Transferability to steel 

It should be noted about the transferability of the obtained findings to steels because the objective 

of this study is to aim to have findings beneficial to clarify the crack arrest mechanism in the steel 

structural crack arrest design although PMMA was employed as a material for the experiments. 

The crack front shape is expected to be similar to the shape observed in this chapter in the actual 

steel structural crack arrest design. Therefore, overall principal that the crack front shape 

contributes to reduce SIFs in the flange is also expected to work in steels. On the other hand, the 

shear lip formation, which is not basically observed usually in PMMA, contributes to reduce the 

SIF also in the steel structural crack arrest design [13].  

In addition, it is indispensable that the welding factors contribute to the crack arrest [41]. Although 

the welding effect is hard to quantitatively evaluate, the residual stress works to the brittle crack 

propagation and arrest behaviors [42,43]. Kihara et al. pointed out that the compressive residual 

stress worked to arrest the brittle cracks [42]. The toughness of weld metal is known to contribute 

to brittle crack arrest [5]. The change of the microstructure due to welding may influence the 

brittle crack arrest [44]. In addition to welding effect, the anisotropic microstructure may work to 

improve brittle crack arrest. Hiramatsu et al. already showed that brittle crack arrest toughness in 

thickness direction was higher than that in C direction [45]. These features are hard to simulate 

by using PMMA specimens, so it is needed to carry out brittle crack arrest experiments simulating 

the structural crack arrest design using steels. 
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9.4.  Conclusion 

This chapter carried out a series of crack arrest experiments simulating the structural crack arrest 

design using a transparent elastic material, PMMA. High speed camera was employed to observe 

the crack behaviors in the specimens, especially the crack behaviors after it entered the flange. 

These experiments showed a clear trend that the thicker flange made the crack likely to be arrested 

even when the load applied to the specimen was higher. According to the observations, the thicker 

flange contributed to keeping the crack front the shape similar to the shape approximated by the 

quadratic function. According to static elastic finite element analyses, this quadratic function 

shape reduced the SIF at the crack tip compared to the rectangular crack front shape, which 

corresponded to a through crack. Thus, although the crack front shape becomes a rectangular just 

after it enters the flange when the flange is thinner, the crack front can keep a quadratic function 

shape for long time enough to make the SIF lower than crack arrest toughness in thicker flange 

specimens. These observations and analyses supported the hypothesis on the crack arrest 

mechanism proposed by previous literatures [13]. 

In addition, the same experiments and observations were carried out for the specimen simulating 

fillet welding joint in order to study the un-welded part effect in the structural crack arrest design. 

The crack arrest events were found in the fillet section in some experiments. This can be attributed 

to the apparent higher toughness of plain stress conditions. On the other hand, the crack front 

branch was observed in the some fillet-welding like experiments where the crack was arrested in 

the flange. This crack front branch is expected to make the SIF smaller. Thus, in the fillet welding 

joint, the crack arrest is prompted by two factors in addition to same factor observed in the full-

penetration welding. One is the stress state effect in the fillet welding, and the other is the crack 

front branch. 

According to the above study, the role of structural factor working the structural crack arrest 

design was found experimentally for the first time. The transferability of the obtained results for 

PMMA specimen was also discussed, and it can be said that the crack front effect may be greater 

in steels than in PMMA due to plastic constraint. Although the other factors due to welding also 

influence the crack propagation and arrest behaviors, this study showed how the structural factor 

contributes to the brittle crack arrest in structural crack arrest design. 
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Chapter 10 Conclusion 

10.1. Conclusions and implications 

This dissertation aims to theoretically explain brittle crack propagation and arrest behaviors in 

steels by focusing on the local fracture stress criterion. To achieve this objective, each element 

factors which constitute brittle crack propagation and arrest behaviors were investigated in detail 

by both experimental and numerical approaches to be appropriately understood. A series of these 

experimental and numerical studies were integrated to develop a new numerical physics-based 

model to simulate brittle crack propagation and arrest behaviors. After a comprehensive literature 

review of latest studies on brittle crack arrest in Chapter 1, each chapter provided below results; 

 

Chapter 2 

The verification of the local stress evaluation was carried out and it was pointed out that the 

accurate local stress evaluation was hindered by the vibration of the nodes. To retain such 

vibrations, the artificial damping method was employed based on systematic investigation on 

nodal force release technique. This method remarkably improved the accuracy of the local stress 

evaluation, especially in the application-phase method. 

 

Chapter 3 

The local fracture stress in the vicinity of the propagating cleavage crack tip was evaluated using 

the side-grooved specimens because it was needed to eliminate 3D effects. The generation-phase 

finite element analyses of the experiments showed that the local tensile stresses at the 

characteristic distance from the crack tip were almost constant regardless of the temperature, 

crack velocity, and stress intensity factor. This result strongly supported the validity of the local 

fracture stress criterion. 
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Chapter 4 

A series of finite element analyses of the local tensile stress were carried out to clarify what 

governed the local tensile stress in the vicinity of the rapidly propagating crack tip in steels. Both 

of steady-state and unsteady-state crack propagations were analyzed using generation-phase nodal 

force release technique. According to these analyses, this chapter reported that the local tensile 

stress was governed by the applied stress, crack length, temperature, and crack velocity. Unsteady 

effect was practically negligible in elastic-viscoplastic solids including steels. 

 

Chapter 5 

To investigate brittle crack propagation and arrest behaviors in steel under extremely higher stress 

intensity factor conditions, two crack arrest experiments were carried out under isothermal and 

extremely high stress intensity factor conditions. Based on the experimental results, the 

conventional model based on the local fracture stress criterion was modified to consider that the 

effective stress intensity factor governed the shear lip thickness. This modification enabled the 

model simulation to predict the crack propagation or arrest under extremely high stress intensity 

factor conditions. 

 

Chapter 6 

This chapter focused on the contribution of the shear lip to brittle crack propagation and arrest 

behaviors in steels from two perspectives. One was the closure stress of unbroken shear lips. The 

closure stress was quantitatively evaluated by 3D elastic-viscoplastic finite element analyses 

assuming virtual unbroken shear lips. These analyses showed that the closure stress was well 

described by the plastic strain. The other was the thickness of shear lips. Shear lip thickness was 

measured in brittle crack propagation experiments under some temperature and applied stress 

conditions. It showed that the shear lip thickness could be modelled using the small scale plastic 

zone size and crack velocity. 

 

Chapter 7 

This chapter integrated the obtained results described above to develop a physics-based 

simulation model of brittle crack propagation and arrest behaviors in steels based on the local 
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fracture stress criterion by incorporating the contribution of shear lips. The proposed model 

simulation showed the results which agreed well with the experimentally evaluated 𝐾ca − 𝑇 

relationship and the crack arrest length of each crack arrest experiment. And, the identified local 

fracture stress in the model simulation was almost equal to the value experimentally evaluated in 

Chapter 3. These agreement strongly validated the proposed model simulation, including the local 

fracture stress criterion.  

 

In addition to above studies, this dissertation conducted fundamental studies for crack arrest 

design. Studies on material design and structural design were noted in Chapter 8 and 9, 

respectively. 

 

Chapter 8 

The contributions of grain size, which is a fundamental feature of steel microstructures, was 

evaluated experimentally in the context of cleavage crack propagation resistance. The local 

fracture stresses were estimated using a simplified method for three ferrite-pearlite steels with 

same chemical compositions and different grain sizes. A series of experiments and analyses 

showed the local fracture stress was larger in coarser grain steel than finer grain steel. This could 

be related to the microstructural mechanics to absorb the energy during cleavage crack 

propagation. 

 

Chapter 9 

In order to investigate mechanisms to arrest a dynamically running brittle crack in the structural 

crack arrest design, a series of crack arrest experiments using PMMA specimens simulating the 

design were carried out. High speed camera was used to observe the cross section of the crack 

running in the specimens to clarify the crack front shape effect in the structures. As a result, the 

brittle cracks were likely to be arrested in the specimens with thicker flanges. The high speed 

observation showed that the crack fronts had the shapes which could be approximated by a 

quadratic function after they entered the flanges. Because such crack front shape can reduce SIF 

according to static finite element analyses, the cracks were arrested in the specimens with the 

thicker flange where the crack front could keep the quadratic function shape until it was arrested. 

In addition, the crack arrest tests simulating fillet welding were carried out and it was shown that 
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the longer un-welded section promoted the brittle crack arrest. 

 

10.2. Limitations of this study 

Although this dissertation dealt with the wide topics related to brittle crack propagation and arrest 

behaviors, it has several limitations. These limitations can provide some directions for future 

studies  

Firstly, the shear lip thickness was modelled based on the experimental measurement results in 

Chapter 6. However, the shear lip is originally a region where the local fracture stress cannot be 

satisfied, therefore such thickness can be predicted using the 3D application-phase analyses based 

on the local fracture stress criterion. And, the closure stress calculation is naturally enabled in 

such 3D application phase analyses although this study developed the approximated formulation. 

Although this study did not employ such application phase analyses because it presently required 

impractically enormous numerical costs, future developments of computing and numerical 

methods will enable such calculation in realistic numerical time. Because the proposed simulation 

model in Chapter 7 depended only simplified evaluation of the shear lip thickness based on the 

experiment, the accuracy of shear lip thickness is still concerned. However, the appropriate 3D 

application phase analyses will enable the accurate prediction of the shear lip thickness. 

The study on the structural crack arrest design also involves same problems. Although Chapter 9 

firstly showed the crack front shape during crack propagation in PMMA, reducing numerical costs 

will enables such crack front shape prediction in the application phase analyses based on the local 

fracture stress criterion. The experimentally obtained results in this study will be available to 

validate the prediction by the application phase analyses in the future. 

In addition, the microstructural effect to the cleavage crack propagation resistance has to be 

studied more. Although tear ridge formation is a critical factor to cleavage crack propagation, it 

is needed to quantitatively evaluate tear ridge formation under various conditions, especially in 

case when the microstructure has the texture. The model simulation of tear ridge formation noted 

in Chapter 8 may be available to optimize the microstructure to maximize the energy absorption. 

Actually, the simplified estimation method of the local fracture stress should be also refined. And, 

this study employed only the ferrite-pearlite steels. Therefore, the applicability of the findings to 

other microstructures, such as bainite microstructure, is expected to be clarified as the future work. 
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