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ABSTRACT

Unloading compliance (UC) method and normalization method (NM) are two of the most

commonly  used  methods  for  determining  the  fracture  toughness  of  materials.  However,

considerable  differences  often  exist  in  the  fracture  toughness  determined  by  these  two

methods, which solicits a new method to determine the fracture toughness accurately. In this

paper, the compliance of crack length differences as measured by the crack length difference

ratio Si is discovered, analysed and verified by experiments. Based on this compliance, a new

accurate method, known as AJR, is developed and verified by test results. Factors that exhibit

the advantages of the developed new AJR method are also investigated. It is found that the J-

R curves determined by the new AJR method are more accurate than those determined by UC

and NM. The new AJR method should  be the first  choice  for  steels  with  a  small  strain

hardening ratio and low effective yield strength, and thicker CT specimens with shallower

initial crack length. This is because the disagreement between UC and NM is unacceptably

large.  The developed new AJR method and the results  presented in this  paper  can assist

engineers and researchers to determine  J-R curves and fracture toughness of steels more

accurately and can contribute to the body of knowledge of fracture mechanics.
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Nomenclature

a0 = initial crack length 

a i = crack length at the ith loading point

Δ ai = crack extension length at the ith loading point = a i−a0

a f  = final crack length

Δ af  = final crack extension length

a f M = measured or accurate final crack length 

a f N = final crack length determined using the normalization method 

a f U  = final crack length determined using the unloading compliance method 

a iM = ith measured or accurate crack length

a i N = ith calculated crack length by the normalization method 

a iU  = ith calculated crack length by the unloading compliance method              

J = J-integral

JIc = fracture toughness determined in accordance with ASTM E1820-18 

JIc(N) = JIc determined using the normalization method

JIc(R) = JIc determined using the accurate J-R curve method

JIc(U) = JIc determined using the unloading compliance method

n = strain hardening exponent 

Pi = ith load
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P¿
 = ith normalized load

Sf = the ratio of  (a f N-a f M) to (a f M-a f U) = ¿ at final point

Si = the ratio of (a i N-a iM) to (a iM-a iU) = (¿ai M-a i N∨¿) / (a iM-a iU) ≈ Sf  

W = specimen width 

V i = ith CMOD

 = ith normalized crack mouth opening displacement

Abbreviations 

BT                 the basic test method

CMOD     crack mouth opening displacement

CT                               compact tensile specimen

J-R        J-resistance

NM     normalization method

P-V     load-CMOD

AJR                            accurate J-R curve method

SE(B) single edge notched specimen

UC  unloading compliance method
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1. INTRODUCTION

Fracture toughness is an important mechanical property of steel used in engineering design

and failure assessment of steel structures. In determining the fracture toughness, an essential

step is to establish the J-Resistance (J-R) curves which are usually obtained from laboratory

tests. However, tests on J-R curves can be difficult because of the difficulties in measuring

the crack extension in specimens. There are three methods widely used in these tests, namely

the basic test (BT) method, unloading compliance (UC) method and normalization method

(NM). In the BT method, the crack extension length is measured physically from the tested

specimen,  and hence  the  determined  crack  extensions  can  be  regarded  as  accurate.  This

method requires multiple test specimens to obtain a series of crack extension lengths at each

designated level of load  1-3.  Obviously, the BT method costs more materials  and effort to

establish a full J-R curve for a material 2,3, but the measurement of crack extension length is

considered to be accurate. As such, the BT method has been incorporated in ASTM E1820-18

1.

The unloading compliance (UC) method was first proposed by Clarke et al.  4, using elastic

properties of the test material to calculate the crack extensions. The UC method has been

considered as the most widely used and reliable method for determining the  J-R curves of

materials. It has subsequently been adopted by various standards, such as ASTM E1820 1 and

BS 7448-4  5.  The principle  of UC is  to relate  the crack length to the compliance of the

specimen.  However,  tests  with  the  unloading-reloading  processes  as  required  by  UC are

tedious and time-consuming even with one specimen, compared with the monotonic loading

tests. It is also difficult to apply unloading-reloading in harsh conditions, such as high loading

rate,  high temperature,  corrosion,  or other aggressive environments.  With this  regard,  the

normalization  method  (NM)  was  developed  by  Herrera,  Landes  6.  NM  directly  uses  the
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monotonic  load  vs.  load-line  displacement  (LLD)  or  load  vs.  crack  mouth  opening

displacement  (CMOD)  record,  known  as P-V curve,  to  establish  the  J-R  curve  for  the

specimen without the unloading-reloading process 7-11. 

In  the  normalization  method  (NM),  a  calibration  function  needs  to  be  established  to

determine the instantaneous crack length corresponding to the load and displacement  test

data.  Various  forms  of  calibration  functions  have  been  developed  6,7,10,12.  The  calibration

function adopted in the current standard ASTM E1820-18 Annex 15 1 is the four-parameter

LMNO (or a b c d) function 1,12. NM has since been applied to different materials, including

steels 12-14, alloys 15 and polymers 16-20, and structures 21.

However,  J-R  curves  determined  using  the  unloading  compliance  (UC)  method  and  the

normalization method (NM) are usually different as demonstrated in the literature  22-30. The

difference can be quite significant 28-30. For example, Dzugan and Viehrig 22 showed that the

deviation in fracture toughness resulted from different J-R curves of SFA steel determined by

UC and NM was as large as 17%. Zhu and Joyce 23 found that the deviation in mean fracture

toughness of HY80 steel using UC and NM was around 11%. For HSLA steel, the deviation

in mean fracture toughness JIc using UC and NM was found to be 9% by Menezes et al.  27.

Moreover, the average difference in  JIc of G250 steel using UC and NM can be as large as

26% 28. It is reasonable to infer that one or both of these two methods cannot determine the J-

R curves of tested specimens accurately when the difference is large. As both UC and NM

are incorporated in ASTM E1820, which is the most commonly used standard, the difference

in the  J-R curves using these two methods may cause confusion and issues in engineering

practice. Therefore, there is a genuine need to develop a new method that can determine the

J-R curve accurately.
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As it is known, J-R curves are derived from P-V curves which are raw load and displacement

records  and hence should be the same for  all  methods used.  Results  from the tests  with

different specimens and materials conducted by Gao et al  28-30 proved that, for an arbitrary

point on the  P-V curve,  the  J-integral  determined by UC and NM is almost the same  28.

Wallin  and Larkkanen  31 also proved that  the  J-integral  calculated  in the basic  test  (BT)

method is identical to the  J-integral calculated using the single-specimen test, such as UC.

Fortes and Bastian  32 further found that the  J-integral calculated using the BT method and

NM is nearly the same (<4%). Therefore, all the three methods, i.e., BT, UC and NM, can

determine the same J-integral accurately. 

However,  these  three  methods  produce  different  crack  (extension)  lengths  for  given  J

measurements, leading to different  J-R curves. Clearly,  the inaccurate estimation of crack

(extension) length is the root cause of the problem in determining J-R curves. For the basic

test (BT) method, the crack (extension) lengths are measured physically and theoretically is

more accurate. For the unloading compliance (UC) method, the estimated crack (extension)

length  is  underestimated,  whilst  for  the  normalization  method  (NM) the  estimated  crack

(extension) length is overestimated as previously proved in Gao et al 29,30. Intuitively, if there

is a method that can determine the crack (extension) length accurately, an accurate J-R curve

can be determined and so is the fracture toughness.  Based on this idea, this paper aims to

develop a new method that can determine the crack (extension) length accurately, leading to

an accurate  J-R curve and fracture toughness. The new method is developed based on the

experimental observation and analytical derivation, and hereafter is referred to as the accurate

J-R curve method, denoted as AJR method. Factors that demonstrate the significance of the

newly developed AJR method are also investigated. 
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The  merit  of  the  developed  new AJR method is  that  it  combines  the  advantages  of  the

accuracy of BT, the popularity of UC and the simplicity of NM. The new AJR method can

contribute to the body of knowledge of fracture mechanics by determining an accurate  J-R

curve and then fracture toughness. This is one of the most challenging issues in fracture

mechanics at the present but nevertheless is its fundamental objective. The new AJR method

and its results presented in this paper can assist engineers and researchers to determine the

accurate J-R curves and fracture toughness of steels, which fills the gap in current fracture

mechanics as demonstrated in the literature survey (see References). Accurate determination

of fracture toughness can effectively prevent structural failures due to the overestimation of

the  fracture  toughness  and  can  also  effectively  reduce  the  cost  of  materials  due  to  the

underestimation of the fracture toughness. 

2. DEVELOPMENT OF NEW METHOD

2.1 Experimental Observation

In the basic test (BT) method, identical multiple specimens are used to determine the  J-R

curve of materials. Each of the (presumed) identical specimens is loaded to a designated level

of load to produce a  P-V curve at that level and then unloaded for the measurement of the

crack extension. The corresponding J-integral value is calculated from the P-V curve for each

specimen to create  a point  on the  J-R curve for the test  material.  In BT, each specimen

actually produces one intermediate point on the J-R curve for the tested material. Together

with the multiple specimens, a full J-R curve can be produced for the tested material in the

same  way  as  if  it  were  produced  from  one  specimen.  It  is  well  known  that  the  crack

(extension)  length determined by BT is  more accurate  as  it  is  physically  measured.  Test

results have proved that the P-V and J-R curves of nearly identical specimens are almost the

same 27,28,33,34. There is a one-to-one corresponding relationship between the point on the P-V
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curve and that on the J-R curve in terms of loading P and J-integral. The final points on the

J-R curves, i.e.,  J-integral vs. crack extension of the tested multiple specimens at different

levels of loading can be regarded as the intermediate points on the  J-R curve of a single

specimen.

Table 1 presents results from the tests by Gao et al.  28-30 for three types of steel with six 10

mm CT specimens, six 10 mm SE(B) specimens and six 16 mm SE(B) specimens. It shows

the final crack lengths determined by the actual measurement on the fracture surface, the

unloading compliance (UC) method and the normalization method (NM), respectively. These

three differently determined final crack lengths correspond to the same final point on the P-V

curve of the specimen.  The calculated  J-integral  value of this  final  point  using the three

methods is the same, but the crack (extension) lengths are different. Then, for a given final

point  f (Pf, Vf,) on the  P-V curve of a specimen, let the differences between the measured

crack length and the one determined by UC and NM be a f M−a f U  and a f M−a f N, respectively.

Now define the ratio of these differences as follows

Sf=¿ (1)      

since a f=a0+Δ af

Sf=¿ ¿          (2)      

Sf  is referred to as the ratio of final crack length differences. From the test results on the final

crack length determined by different methods as shown in Table 1, it can be seen clearly that

Sf  for all specimens tested in a group (as duplicates or identical specimens) are almost the

same. For example, two identical specimens tested in the group G350-C-10 are G350-C-10-
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01 and G350-C-10-02 with the same  Sf  of 0.362 (see 3rd and 4th rows from the bottom of

Table 1).

Table 1 Final crack lengths determined from different methods

Material Configuration
Thickness

(mm)
Specimen No.

UC afU

(mm)
Measured afM (mm) 

NM afN

(mm) 
Sf

Weldox700  SE(B) 16 W700-S-16-01 25.03 26.37 27.74 1.022

Weldox700  SE(B) 16 W700-S-16-02 25.13 26.36 27.68 1.073

G350  SE(B) 16 G350-S-16-01 27.23 29.07 29.65 0.315

G350  SE(B) 16 G350-S-16-02 25.16 27.19 27.80 0.300

G250  SE(B) 16 G250-S-16-01 25.35 25.97 27.11 1.839

G250  SE(B) 16 G250-S-16-02 22.42 23.53 25.53 1.802

Weldox700 SE(B) 10 W700-S-10-01 16.87 17.67 18.05 0.475

Weldox700 SE(B) 10 W700-S-10-02 17.12 18.24 18.78 0.482

G350 SE(B) 10 G350-S-10-01 17.81 18.44 19.16 1.143

G350 SE(B) 10 G350-S-10-02 17.9 18.57 19.36 1.179

G250 SE(B) 10 G250-S-10-01 16.14 16.96 17.35 0.476

G250 SE(B) 10 G250-S-10-02 16.62 17.56 18.00 0.468

Weldox700 CT 10 W700-C-10-01 25.3 26.24 26.56 0.340

Weldox700 CT 10 W700-C-10-02 28.41 29.93 30.45 0.342

G350 CT 10 G350-C-10-01 32.36 34.1 34.73 0.362

G350 CT 10 G350-C-10-02 36.02 37.4 37.90 0.362

G250 CT 10 G250-C-10-01 28.04 29.88 30.47 0.321

G250 CT 10 G250-C-10-02 31.43 33.78 34.55 0.328

Let the final points of two arbitrarily selected identical specimens be Point A and B on the P-

V curve of the tested material. Taking specimens G250-S-10-01 and 02 from Gao et al 28 as

an example, the P-V curves of these two specimens are shown in Fig. 1. It can be seen that

the P-V curves are nearly identical for these two specimens, even the tests are stopped at the

different levels of loading. The J-R curves of these two specimens are also nearly identical as

shown in Gao et al. 28. The P-V curve of G250-S-10-01 can be regarded as a part of the P-V

curve of G250-S-10-02, as in the basic test method where multiple specimens are required.

Point A is an intermediate point corresponding to a specific level of loading on this P-V curve

of G250-S-10-02. Point A can be regarded as an arbitrary point (Pi, Vi,) on the P-V curve and

Point B is the final point. The location of Point A depends on the level of loading at which

the test stops. It can be seen from Table 1 that the ratios of final crack length differences
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corresponding to Point A and B are the same (see 3rd and 4th rows from the bottom of Table

1).  Therefore,  for an arbitrary point  i (Pi, Vi,) on the  P-V curve, its corresponding crack

length difference ratio (Si) is the same as that of the final point of the  P-V curve, i.e.,  Sf.

Further examination of the results in Table 1 can show that the crack length difference ratios

at  any two points  are  all  the same for all  other  groups in  Table  1.  This is  an important

discovery that reveals the consistency of crack length difference ratios at any point of the P-V

curve of a specimen. It is referred to as crack length difference compliance and measured by

a crack length difference ratio Si. 

0 3 6 9 12 15 18 21
0

1

2

3

4

5

6

 G250-S-10-01
 G250-S-10-02

P
 (

kN
)

CMOD (mm)

Point B

Point A

Figure 1 P-V curves of G250-S-10-01 and 02

Thus, for a given point i ( Pi, Vi,), let the differences between the measured crack length and

the one determined using UC and NM be a iM−aiU and a iM−aiN, respectively. Then the ratio

of these two differences is as follows

Si=¿ = ¿ ≈ Sf                                   (3)  
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Equation  (3)  is  the  mathematical  expression  of  the  principle  of  crack  length  difference

compliance which is the basis for the new method to be developed.

2.2 Analytical Derivation

It  has  been  proved  above  that  for  an  arbitrary  point  (Pi, Vi)  on  the  P-V curve,  the

corresponding crack length difference ratio Si is equal to Sf, which can be determined by each

or all of the basic test (BT) method, unloading compliance (UC) method and normalization

method (NM). Thus, an accurate or measured crack length  a iM corresponding to this point

can be determined from Equation (3) as follows

a iM=(ai N+SiaiU )/(S i+1)=(aiN+S f aiU )/(S f+1)

(4)

where a i N and a iU  can be determined using NM and UC, respectively at the point (Pi, Vi),  Si

≈ Sf , and Sf  can be determined with Equation (1) using the final point of the P-V curve. 

With  an  accurate crack  length  a iM known,  the  crack  extension  ∆ aiM  can  be  determined

accurately, i.e.,  Δ aℑ=aℑ−a0. Also, it can be recalled that the  J-integral is the same as that

determined by all three methods (i.e., BT, UC and NM), and the determined J is regarded as

accurate.  Therefore,  an accurate J-R curve  can  be  established.  Since  the  developed  new

method primarily aims to determine the accurate J-R curve, it is referred to as the accurate J-

R curve method, donated as AJR. 

2.3 Procedure for New Method

As  stated  above,  the  developed  AJR  method  aims  to  accurately  determine  the  crack

(extension)  length  corresponding  to  a  point  on  the  P-V curve.  This  can  be  achieved  by
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measuring  the  final  crack (extension)  length  of  a  tested  specimen.  The  J-integral  can  be

determined using UC and NM for the specimen. Therefore, the J-R curve for the test material

can be determined  accurately. The procedure for determining the accurate J-R curve for a

specimen using the developed AJR method is as follows.

1. Obtain the P-V curve for the specimen with unloading-reloading processes. 

2. Measure the initial and final crack lengths of the tested specimen, i.e., a0 and a f .

3. Determine the crack extension lengths and  J-integrals  of this specimen using UC and

NM, respectively. 

4. Calculate the final crack lengths, a f Uand a f N, using UC and NM, respectively.

5. Calculate the final crack length difference ratio Sf for the final point on the P-V curve of

the specimen, using Equation (1).

6. Calculate the  accurate crack length at an arbitrary point  i on the  P-V curve,  a iM, using

Equation (4), and the accurate crack extension length (Δ aℑ=aℑ−a0).

7. Determine the J-integral value corresponding to the i point on the P-V curve, i.e., Ji, from

step 3.

8. For different points (Ji, ∆ aiM ¿, determined from steps 7 and 6, an accurate J-R curve can

be established.

Based on this procedure, a number of examples were given to  accurately establish the  J-R

curves using data taken from Gao et al  28-30 as presented in Table 1. The results of  the J-R

curves  determined  by AJR are  shown in  Fig.  2,  together  with  those  from the  unloading

compliance (UC) method and normalization method (NM). It can be seen that the accurately

determined J-R curves are in between those determined by UC and NM, clearly reflecting the

underestimation of  JIc by NM and the overestimation of  JIc by UC consistently as stated in

Section 1. 
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Figure 2 Accurate J-R curve and fracture toughness of specimens: (a) G250-S-10-01; (b)
W700-C-10-01; (c) G350-S-16-02

3. EXPERIMENTAL VERIFICATION

3.1 Test Specimen and Method

To verify the developed new AJR method, two series of new tests were carried out with

different steels  for the  J-R curves and fracture toughness. Three types of Australian steel

were used: Weldox700, G350 and G250. The mechanical properties of these three types of

steel are taken from Gao et al.  28. There are two specimens for each steel with a total of 6

SE(B) specimens. The dimensions of the specimens are160 mm in length, 32 mm in width

and 16 mm in thickness. All specimens are side grooved to the thickness reduction of 20%.

The configuration of the specimens is shown in Fig. 3.
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Figure 3 Configuration of tested SE(B) specimen 

Two SE(B) specimens were tested for each type of steel. All tests were carried out under the

quasi-static  loading  condition  and  room temperature.  As  an  example,  the  obtained  load-

CMOD curve for specimen W700-S-16-03 with unloading-reloading cycles is shown in Fig.

4. The load-CMOD curves of other specimens are in a similar form and thus are not repeated

here.  The  data  for  the  normalization  method  is  taken  from  the  envelope  curves  of  the

unloading compliance experiments. 
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Figure 4 Load vs CMOD curve of specimen W700-S-16-03
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After the tests, all specimens were heat tinted under 300  for 30 minutes, then refrigerated,℃

and broken following ASTM E1820 1. The final crack lengths of specimens were measured

by a digital imaging tool following the nine-point average method recommended in ASTM

E1820  1 and BS 7448-4  5, and are shown in Table 2. Fig. 5 illustrates the typical fracture

surfaces  for  different  types  of  steel.  The  plane  strain  condition  for  crack  growth  was

confirmed for Weldox700 and G250 steel as the nearly straight lines were found along the

crack front at the crack tips for the tested specimens  2,35. For G350 steel, slightly inclined

crack fronts at the crack tip do not affect achieving the plane strain condition, as 16 mm

thickness  was proved to be sufficiently  thick for  plane strain condition  28,29.  The slightly

inclined crack fronts at the crack tip for specimens G350-S-16-03 and 04 are because of the

non-pre-cracking. The effect of pre-cracking will be discussed in Section 4.3.

(a)                                               (b)                                               (c)

Figure 5 Fracture surfaces of specimens: (a) Weldox700, (b) G350, (c) G250 (major unit 10
mm)

Table 2 Newly tested specimens and their final crack lengths

Material Configuration
Thickness

(mm)
Specimen No.

UC afU

(mm)
Measured afM

(mm) 
NM afN

(mm) 
Sf

Weldox700  SE(B) 16 W700-S-16-03 24.43 25.02 25.61 1.000

Weldox700  SE(B) 16 W700-S-16-04 24.78 25.3 25.86 1.077

G250  SE(B) 16 G350-S-16-03 22.44 23.03 24.08 1.780

G250  SE(B) 16 G350-S-16-04 25.77 26.39 27.49 1.774

G350  SE(B) 16 G250-S-16-03 20.37 20.82 21.93 2.467

G350  SE(B) 16 G250-S-16-04 21.56 22.02 23.15 2.457
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3.2 Determination of J-R Curves

The normalized load vs normalized plastic CMOD curves are obtained from the load-CMOD

(P-V) records. Fig. 6 shows the typical normalized load vs normalized plastic CMOD curves

obtained via the normalization method (NM) for W700-S-16-03 as an example, where P¿ is

the ith normalized load, and Vpl is the plastic part of CMOD.  For specimens of W700-S-16-04

and other steels, similar curves are obtained and thus are not repeated. The final crack length

is physically measured from the fracture surface and is used with the final load to develop the

anchor point. Subsequently,  regression is used to determine the coefficients  a, b, c and  d

according to Equation A15.5  in ASTM E1820 A15 1. 
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Regression curve: y=(a+bx+cx2)/(d+x)
a=9.07E-11, b=445.4, c=673, d=0.001
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 Regression curve
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M
P

a
)

V
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Figure 6 Normalized load vs normalized plastic CMOD for specimen W700-S-16-03 

With a, b, c, and d determined, an iterative procedure is used to determine thea ivalue for each

Pi,  and  then  J-integral  values  for  each  Pi are  calculated.  Finally,  the  J-R  curves  of  all

specimens tested in this study are obtained via the unloading compliance (UC) method and

the normalization method (NM), as shown in Fig. 7. ‘UC 3’ and ‘NM 3’ in these figures

represent the J-R curve obtained using UC and NM from specimens 03, respectively, while

‘UC 4’ and ‘NM 4’ are from the specimens 04. The straight lines, used in the current work,
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are 0.2 mm offset lines recommended by ASTM E1820 1. Table 2 illustrates the final crack

lengths determined by measurement, UC and NM for the tested specimens. For G350 16 mm

specimens, it can be seen from Tables 1 and 2 that the pre-cracked specimens G350-S-16-01

and 02 have the same Sf value, while the non-pre-cracked specimens G350-S-16-03 and 04

also have the same Sf value. This explains further the compliance of crack length difference

which is not affected by the processing of specimens.

0 1 2 3 4
0

400

800

1200

1600

 UC 3
 NM 3
 UC 4
 NM 4
 ASTM 

J 
(k

J/
m

2 )

Crack Extension (mm)

(a)

0 1 2 3 4 5 6 7 8
0

200

400

600

800

1000

1200

1400

 UC 3
 NM 3
 UC 4
 NM 4
 ASTM 

J 
(k

J/
m

2 )

Crack Extension (mm)

(b)

18

52

312

313

314

315

316

317

318

319

320

321

53
54



RMIT Classification: Trusted

0 1 2 3 4 5
0

200

400

600

800

1000

1200

1400

 UC 3
 NM 3
 UC 4
 NM 4
 ASTM 

J 
(k

J/
m

2 )

Crack Extension (mm)

(c)

Figure 7 J-R curves of steels using unloading compliance and normalization method: (a)
Weldox700 steel; (b) G350 steel; (c) G250 steel

3.3 Verification of the New Method

To  verify  the  developed  accurate J-R  curve  (AJR)  method,  newly  tested  Weldox700

specimens are used as examples, the results of which are presented in Table 2. The tested P-V

curves of these two specimens are shown in Fig. 8. It can be seen that the  P-V curves are

nearly identical  for these two specimens,  even the tests are stopped at  different  levels  of

loading. The J-R curves determined using NM of these two specimens are nearly identical as

shown in Fig. 7 (a). As explained in Section 3.1, the  P-V  curve of W700-S-16-03 can be

regarded as a part of the P-V curve of W700-S-16-04, and Points A and B are two different

points corresponding to different loading levels on the P-V curve of W700-S-16-04. Point A

can be regarded as an arbitrary point (Pi, Vi,) on the P-V curve of W700-S-16-04 and Point B

is the final point. The corresponding Si values of Points A and B are the same that can be seen

from the 2nd and 3rd rows in Table 2. Moreover, Table 1 shows the Si values of W700-S-16-01

and W700-S-16-02 from which it can be seen that the Si values of all these four Weldox700

specimens are almost the same. Thus, for an arbitrary point  i (Pi, Vi,) on the P-V curve, its
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corresponding crack length difference ratio Si is the same as that of the final point, i.e., Sf, on

the P-V curve. Therefore, the principle of crack length difference compliance, as expressed in

Si ≈ Sf, is proved. This  Si consistency also can be found in other newly test specimens as

shown in Table 2. 

0 2 4 6 8 10
0

2

4

6

8

10

12

14

 W700-S-16-03
 W700-S-16-04

P
 (

kN
)

CMOD (mm)

Point B

Point A

Figure 8 P-V curves of specimens W700-S-16-03 and 04

After the compliance principle is proved, the accurate crack length or crack extension length

corresponding to any point on the P-V curve can be determined using Equation (4). Then the

accurate J-R curves of the specimens can be determined following the procedures of AJR

outlined in Section 2.3. The J-R curves determined using the basic test (BT) method can be

obtained with the data produced from specimens tested in this study and supplementary data

from Table 1. For instance, the specimens W700-S-16-01 to 04 can be used to obtain the J-R

curve using BT. Fig. 9 shows the accurate J-R curve determined using AJR compared with

those determined using other methods, i.e., BT, UC and NM, for the newly tested specimens.

In Fig. 9, specimens 04 are used as its crack lengths are longer than those of 03. The dash

lines are the extended lines of J-R curves determined by UC, NM and AJR, as the final crack

extension lengths for W700-S-16-01 and G250-S-16-01 are longer than those of the newly
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tested specimens. It can be seen clearly that the J-R curve determined by AJR is the closest to

that  by the  BT method.  As the  J-R curves  determined by the  basic  test  (BT) method is

considered to be accurate because of the accurate measurement of crack (extension)  length,

i.e., a benchmark, the developed accurate J-R curve method, AJR, is verified.
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Figure 9 J-R curves of specimens determined by different methods: (a) W700-S-16-04; (b)
G250-S-16-04  
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It  may be noted that  the  J-R curve obtained from multiple  specimens cannot  completely

coincide with the accurate J-R curve of a single specimen, as shown in Fig. 9. This is because

there are many factors in the testing that are difficult to control accurately. For example, the

material of the specimens may not be completely uniform, and the fatigue pre-cracked length

is  difficult  to  control.  Thus,  the  difficulty  to  obtain  completely  identical  J-R  curves  is

understandable and this difficulty actually endorses that the  accurate J-R curve determined

using AJR is more appropriate than that determined using the BT method. Moreover, the BT

method requires multiple specimens,  which is wasteful and is one of the main reasons to

develop the single-specimen test methods, such as UC and NM, but UC and NM are not as

accurate as the developed AJR. This again vindicates the need to develop an accurate single-

specimen test method for determining the accurate J-R curve, as it is developed, i.e., AJR, in

this paper.

4. DISCUSSION AND FURTHER ANALYSIS

4.1 Fracture Toughness 

As it is known, it is the fracture toughness of steel that is used in engineering design and

assessment of steel structures. Thus, the significance of the developed new AJR method is

that it can determine the accurate, i.e., the accurate fracture toughness based on the accurate

J-R curves. Table 3 gives the  accurate fracture toughness determined for every specimen

shown in Table 1 following ASTM E1820. Two specimens of Weldox700 SE(B) 10 mm are

not  included  because  relatively  close  J-R  curves  were  determined  using  the  unloading

compliance (UC) method and normalization method (NM). The accurate fracture toughness

of the newly tested specimens is shown in Table 4. 

Table 3 Accurate fracture toughness of specimens from existing tests
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Specimen
ASTM E1820-18 (JIc; kJ/m2)

Deviation (%) UC JIc(U);
Accurate

JIc(A);
NM JIc(N); Deviation (%)

SE(B)
16mm

Weldox700 01
10.29

6.87 699 651 604 7.22
5.72

Weldox700 02 13.72 605 522 500 4.21
G350 01

17.84
13.00 223 194 186 4.12

3.79
G350 02 22.67 225 174 168 3.45
G250 01

11.33
8.26 1138 1044 886 15.13

21.16
G250 02 14.40 1680 1438 1047 27.19

SE(B)
10mm

G350 01
6.96

6.94 216 201 169 15.92
12.96

G350 02 6.98 215 200 180 10.00
G250 01

13.86
20.26 1219 972 903 7.10

13.32
G250 02 7.46 1233 1141 918 19.54

CT 10mm

Weldox700 01
17.84

19.02 736 596 574 3.69
3.60

Weldox700 02 16.67 546 455 439 3.52
G350 01

20.28
23.53 136 104 97 6.73

6.94
G350 02 17.04 135 112 104 7.14
G250 01

30.40
30.16 809 565 532 5.84

5.30
G250 02 30.64 607 421 401 4.75

Table 4 Accurate fracture toughness of the newly tested specimens

Specimen
ASTM E1820-18 (JIc; kJ/m2)

Deviation (%) UC JIc(U);
Accurate

JIc(A);
NM JIc(N); Deviation (%)

SE(B)
16mm

Weldox700 03
12.69

18.16 727 595 564 5.21
4.71

Weldox700 04 7.22 665 617 591 4.21
G350 03

6.94
9.48 802 726 603 16.94

10.92
G350 04 4.40 1046 1000 951 4.90
G250 03

12.54
9.80 990 893 662 25.87

28.92
G250 04 15.27 1041 882 600 31.97

It  can  be  seen  from Tables  3  and  4  that  the  differences  between  the  accurate fracture

toughness (JIc(A)) and that determined using UC (JIc(U)) or NM  (JIc(N)) for the given specimen

are all larger than 10%. For example, the difference between JIc determined using the three

methods (AJR, UC, NM) are larger  than 10% for G250 SE(B) specimens,  which clearly

shows the significance  of the developed new AJR method;  otherwise,  inaccurate  fracture
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toughness determined using UC or NM, i.e., JIc(U) or JIc(N) can lead to failures of steel or steel

structures. Therefore, the developed new AJR method is especially necessary to determine

the accurate fracture toughness for G250 specimens.  For all other specimens listed in Table 3

and 4,  it  also can  be  found that  the  AJR method is  necessary  to  determine  the  fracture

toughness, i.e.,  JIc(A) because the difference between JIc(U) and JIc(A), and/or JIc(N) and JIc(A) are

all larger than 10%. 

4.2 Effect of Mechanical Properties

The inaccuracy in determining the J-R curves using the unloading compliance (UC) method

and normalization method (NM) essentially lies in the difference in determining  the crack

lengths. This difference or disagreement is influenced by the mechanical properties of the

steel. The larger this disagreement is the more inaccurate the J-R curves are and hence the

more necessary the developed new AJR method is. Therefore, it is of more importance to

apply the AJR method to those steels with the mechanical properties that incur the largest

disagreement in the J-R curves between UC and NM.

Based on test results from three types of steel in 28 it can be found that the difference in J-R

curves and fracture toughness determined using UC and NM is larger  for materials  with

lower strain hardening ratio and effective yield strength  28,30, such as G250 steel (also see

Section 4.1 above). For example, for given specimen configuration and thickness, it can be

seen from Table 5 28 that the average difference in tested JIc is only 8.93% for W700-S-10-01

and 02, while the average difference in JIc is 25.74% for G250-S-10-01 and 02, which proves

that it is more appropriate  to employ the developed new AJR method in determining the

fracture toughness for steels with lower strain hardening ratio and effective yield strength. 

Table 5 Fracture toughness of three types of steel  28

ASTM E1820-18 (JIc; kJ/m2)
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G350-S-10-02 215 180 16.3

G250-S-10-01 1219 903 25.9
25.7

G250-S-10-02 1233 918 25.5

4.3 Effect of Specimen Geometry and Configuration

The accuracy of the developed new AJR method should not be affected by the geometry and

configuration of the specimens due to the principle of crack length difference compliance.

However,  the  geometry  and  configuration  of  the  specimen  do  affect  the  disagreement

between UC and NM.  Thus,  identifying the geometries  and  configurations  that  cause the

largest difference would help users to choose the newly developed AJR method.

It has been proved theoretically and experimentally in  30 that the thicker specimen, lower

initial crack length to width (a0/W) and CT configuration result in a larger difference in J-R

curves and fracture toughness between UC and NM. For instance, the average difference in

the tested JIc between W700-S-10-01 and 02 is only 8.93%, but the average difference in the

tested  JIc between W700-S-16 specimens and W700-C-10 is over 18.14% 28-30. Clearly, the

geometry and configuration play a significant role in UC and NM methods. Gao et al. 30 also

found that the largest disagreement between UC and NM is from thicker CT specimens with

shallower initial crack length. Thus, the developed AJR method should be the first choice for

specimens with these geometries and configurations.

The  effect  of  non-pre-cracking  on  the  disagreement  between  UC and  NM has  not  been

investigated in the published literature. For G350 steel, specimens G350-S-16-01 and 02 were

pre-cracked 29, while the specimens G350-S-16-03 and 04 were not pre-cracked. The radius

of  the  crack  tip  in  the  specimen  G350-S-16-03  and  04  is  designed  to  be  0.5  mm.  The

difference in specimens is only the pre-cracking. From Tables 3 and 4 it can be found that

non-pre-cracking  influences  the  value  of  tested  fracture  toughness.  The  average  tested
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fracture toughness of G350 03 and 04 is around 5 times of that of G350 01 and 02, which is

very large. Joyce and Gudas 36 produced the same test results. However, the difference in JIc

determined using UC and NM is almost the same for pre-cracked and non-pre-cracked G350

specimens.  Therefore,  whilst  the  pre-cracking  influences  the  tested  fracture  toughness

considerably, the method used does not, which means the disagreement in the tested fracture

toughness between UC and NM is negligible.  As such the developed new AJR has little

advantage for specimens with or without pre-cracking. 

4.4 Effect of Final Crack Extension Length

Dzugan and Viehrig  22 observed from their test results that exceeding the crack extension

length limit prescribed in ASTM E1820-18 A15 1 did not cause extensive errors for CT and

SE(B) specimens by NM. Gao et al. 30 also found that the disagreement between UC and NM

was not influenced by the final crack extension. Gao et al. 30 conducted the tests on 10mm CT

specimens to investigate the influence of crack extension. Specimens No.1 with three types of

steel were tested following the crack extension limit of ASTM E1820-18 A15  1, while the

specimens No.2 were not.  It was found in Gao et al. 30 that the disagreement between UC and

NM was almost the same (<5%) for 10mm CT specimens 01 and 02 of all three tested steels.

Therefore, as the disagreement between UC and NM is almost the same for specimens with

different final crack extension lengths, the advantage of the developed new AJR method is

not obvious for specimens with and without the final crack extension limit.

It is worth acknowledging that one important factor that affects the fracture toughness is the

standard used. But standards do not affect the  J-R curve and as such will not be discussed

here.  Also, standards are regulatory issues,  albeit  based on technical  evidence,  which are

better to leave it out of the scope of this paper.

5. CONCLUSION
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Considerable difference in J-R curves determined by unloading compliance (UC) method and

normalization method (NM) has motivated researchers to develop a new accurate method. In

this paper, the crack length difference compliance as measured by the crack length difference

ratio  Si has  been  discovered,  analysed  and  then  verified  by  experiments.  Based  on  the

principle of crack length difference compliance, a new accurate method, known as AJR, has

been developed.  To verify the developed AJR method,  new tests  on different  steels  with

different  specimen  configurations  have  been  undertaken.  Factors  that  demonstrate  the

advantages of the developed new AJR method have also been investigated. It has been found

that the J-R curves determined by the new AJR method are much closer to the accurate J-R

curve than those determined by UC and NM. As such the accuracy of the developed new AJR

method has been verified. It has also been found that the new AJR method should be the first

choice for materials with a small strain hardening ratio (or exponent) and low effective yield

strength, and thicker CT specimens with shallower initial crack length. This is because the

disagreement  between  UC and  NM  is  unacceptably  large.  It  can  be  concluded  that  the

developed new AJR method can determine the accurate J-R curve for steels with the required

accuracy.
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