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RESISTANCE TO PLANE-STRESS FRACTURE 
(R-CURVE BEHAVIOR) OF A572 STRUCTURAL STEEL 

By S. R. Novak 

Abstract 

The R-curve behavior of A572 Grade 50 steel was established 
over the temperature range -40 to +72 F by using state-of-the-art 
procedures. Both linear-elastic-fracture-mechanics (LEFM) and crack- 
opening-stretch (COS) analytical techniques were used in assessing 
experimental results obtained under load-control and displacement- 
control testing conditions. This study represents a pioneer effort 
in that it is the first known attempt to evaluate the R-curve behavior 
of a low-strength structural steel in some depth. 

Results showed a steep K c transition behavior for 1.5-inch- 
thick (38 mm) plate, with minimum K c values of 57, 155, and 318 ksi 
/inch (63, 171, and 350 MNm -3/2) obtained at -40, +40 and +72 F 
(-40, +4.5, and +22 C), respectively. A similar behavior was ob- 
served for 0.5-inch-thick (12.7 mm) plate, with minimum K~ values 
of 150, 273, and >380 ksi /inch (165, 300, and >418 MNm-372) obtained 
at the corresponding test temperatures. The results are discussed 
in relation to the influence of material and testing method, as well 
as in relation to earlier Kic results obtained at cryogenic temperatures. 

The minimum K c values measured demonstrate extensive crack 
tolerance for A572 Grade 50 steel under all combinations of the 
test conditions studied. With one exception, these minimum behaviors 
can be translated into total critical flaw lengths that are at least 
7 times the plate thickness (2acr ~ 7B) for cracks embedded in large 
planar structures and subjected to tensile-stress levels equal to 3/4 
the yield strength. The applicability of acr calculations obtained 
from R-curve measurements generally, and on the A572 Grade 50 steel 
specifically, is discussed in relation to typical structural members 
such as H-beams. 

Copyright �9 1976 by ASTM International www.astm.org 
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Introduction 

The ability of linear-elastic fracture mechanics (LEFM)* 

to successfully predict the onset of catastrophic fracture in metals 

is well known. The success of this approach derives from the quanti- 

tative and accurate manner in which the interchangeability of stress 

(o) and flaw size (a) at fracture is predicted. The critical-stress- 

intensity parameters resulting from the LEFM approach are KIc to 

characterize fracture under plane-strain conditions (e = 0) with 
zz 

attendant small-scale crack-tip plasticity, and K to characterize 
c 

fracture under plane-stress conditions (Ozz = 0) with attendant 

large-scale crack-tip plasticity. Thus, the behavior represented 

by K c is the opposite extreme of that represented by Kicothat is, 

negligible rather than complete through-thickness elastic constraint 

(stress) at fracture. The K value is generally 2 to 5 times larger 
c 

than KIc and varies not only wis temperature (T) and strain rate 

(~), as does Kic, but with plate thickness (B) as well. Further- 

more, for fixed conditions of temperature, strain rate, and plate 

thickness (T, ~, and B), the K value will also vary with initial 
c 

crack length, a o- 

The operating temperatures, rate of loadings, and thickness 

of most steel plate~ used in actual structures are.generally such that 

plane-stress rather than plane-strain conditions actually exist in 

service. Consequently, the present work was conducted to study the 

* The nomenclature for the various terms used in this paper is given 
in the Glossary. 
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fracture behavior of a typical structural steel under generalized 

plane-stress conditions. 

The fundamental property for determining the variation in 

Kc with crack length, a o, is the so-called "R-curve" (resistance 

curve). The R-curve is a plot of K R vs Aa (alternatively, G R vs Aa) 

and K R represents the driving force required to produce stable crack 

extension (Aa) prior to complete catastrophic fracture at K . The 
c 

K value that results for a given crack length, a , is the value 
c o 

associated with the point of tangency between the line representing 

the applied load and the R-curve itself, Figure i. 

A volume describing the state-of-the-art of R-curve testing 

i)* 
has recently been published. Of particular interest as part of 

this book is a paper by Heyer, 2) which presents a literature survey 

of R-curve testing, including some noteworthy historical aspects. 

In elementary terms, R-curves can be determined by using 

either of two experimental methods--"load control" or "displacement 

control." The load-control technique can be used to obtain only 

that portion of the R-curve up to the K value (where complete 
c 

unstable fracture occurs), whereas the displacement-control tech- 

nique can be used to obtain the entire R-curve and therefore offers 

a fundamental advantage. The equivalence of the two techniques for 

determining K has been demonstrated by the work of Heyer and 
c 

3,4) 
McCabe, the originators of the displacement-control technique. 

However, this demonstration of equivalence for the two test tech- 

* See References. 
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niques has generally been restricted to high-strength steels and 

aluminum alloys, where the principles of LEFM are directly applicable 

as a result of limited crack-tip plasticity. The procedure for eval- 

uating R-curves by using LEFM concepts directly is straightforward, 

5) 
and a recommended practice is currently being prepared by the ASTM. 

The evaluation of R-curves for relatively low-strength, 

high-toughness alloys is more complex. Because such materials 

exhibit large-scale crack-tip plasticity (r) at fracture, relative 
P 

to the test-specimen in-plane dimensions (W and a), LEFM principles 

cannot be applied directly. As a consequence, a nonlinear, elastic- 

plastic approach is required. In this elastic-plastic approach, 

the crack-opening displacement (6) at the physical crack tip is 

measured and used in calculating the equivalent elastic K value.* 

This nonlinear approach is based on theoretical considerations ad- 

vanced earlier by Wells 6) and reviewed more recently by Wells 7) and 

Irwin. 8) This elastic-plastic crack model is designated the crack- 

opening-stretch (COS) method, where 6 and COS are equivalent terms. 

The application of the COS analysis method to R-curve testing has 

9) 
been developed to an advanced degree by Heyer and McCabe. Further- 

more, this method can be used with either the load-control or 

displacement-control test procedures. The method by which the 6 or 

COS value is measured at the physical crack tip is an offshoot of 

the "double-compliance" procedure, Figure 2. 

* The equivalent elastic K value is the analog K value that would 
be measured under elastic conditions for which LEFM principles 
can be used directly when specimens of the same thickness, B, 
but much larger planar dimensions, W and a, are tested. 
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The present paper describes a study of the R-curve (plane- 

stress fracture toughness) behavior of ASTM A572 Grade 50 steel over 

the temperature range from -40 F to +72 F. The primary reason for 

this R-curve study was the earlier inability to measure valid Kic 

behavior over this same -40 to +72 F temperature range for plate 

thicknesses typically used in service. I0) The study was conducted 

to evaluate the effects of test technique (load control versus 

displacement control), temperature, and thickness on R-curve 

behavior. The current study is unique in that it was conducted 

on a constructional steel that is widely used in many large 

structures such as bridges. 

Basic Elements of R-Curves 

An R-curve is, by definition, a plot of K R vs Aa which 

characterizes the fundamental resistance to fracture of a given 

material and plate thickness, B, under plane-stress conditions. The 

K R value is always calculated by using the effective crack length, 

aef f, and is plotted against the actual crack extension, Aaact, that 

takes place physically in the material during the test. This is 

true no matter which type of loading technique (load control or 

displacement control) is used to generate the basic data. 

Under plane-strain conditions, the fracture toughness of a 

material depends on only two variables [KIc = f(T and {)], whereas 

under plane-stress conditions, the fracture toughness depends on four" 

variables [Kc = f(T, ~, B, and ao) ]. For fixed test and material 

conditions (T, ~, and B), a K c value merely represents a singular 
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point on an R-curve. On the other hand, an R-curve describes the 

complete variation of K with changes in (initial) absolute crack 
C 

length, a O . As such, a single R-curve is a highly efficient method 

of fracture characterizatlon since it is equivalent to a large number 

(15 or 20) of direct K tests conducted with various (initial) crack 
C 

lengths, a . 
O 

Thus, the R-curve is the most general characterization 

of plane-stress-fracture behavior and depends on only three variables 

[R-curve = f(T, ~, and B)]. 

Materials, Experimental Work, and Analysis 

Materials 

The steel used in this study was ASTM A572 Grade 50 steel 

with two strength gradients, 50-ksi (345 MN/m 2) and 62-ksi (425 MN/m 2) 

yield strength (~ ), as obtained from two different steel heats. 
ys 

The chemical composition and mechanical properties of each steel 

are presented in Tables I and II, respectively. 

Each of these two A572 Grade 50 steels was obtained as typical, 

commercially produced 1.5-inch-thick (38 mm) plate. The majority of 

the present R-curve tests were conducted on the lower-strength (50 ksi) 

steel, with only a few tests being conducted on the higher-strength 

(62 ksi) steel. However, the fracture behavior of both steels has 

been characterized extensively in the laboratory earlier by using a 

wide range of specimen types (including those for KIc) and test 

i0) 
conditions. In addition, the laboratory fracture behavior of the 

lower strength (50 ksi) steel has also been correlated with the 

Copyright �9 1976 by ASTM International www.astm.org 
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fracture behavior of full-scale H-beams (members fabricated with the 

same 1.5-inch-thick plate) tested under simulated field conditions. II) 

Test Specimens and Conditions 

All specimens used in the investigation were of the compact- 

type, with (~) = 0.600; the same basic specimen type is tension (CT) 

very often used to determine Kic .12) All CT specimens were of the 

L-T crack orientation* and were tested under "static" loading condi- 

tions ({ & 10 -5 to 10 -4 -i sec ) in the temperature range -40 to +72 F 

(-40 to +22 C). 

Two different types of CT specimens were used in the study 

as shown in Figure 3. The specimens tested under load-control 

conditions were those with in-plane dimensions corresponding to the 

2T and 4T specimen designations, Figure 3A. The "T" denotes that 

the specimen is tested in tension (with two loading pins), and the 

preceding number denotes the size of the specimen dimensions rela- 

tive to those for a IT specimen (W = 2.00 inches or 51 mm, H = 

0.600 W, and a = 0.30 W). The specimens tested under displacement- 

control conditions were those with in-plane dimensions corresponding 

to the 4C and 7C specimen designations, Figure 3B. The "C" denotes 

that the specimen is loaded by a wedge at the crack line, and the 

preceding number is again the magnification number for the specimen 

dimensions relative to a IC specimen (W = 2.00 inches, H = 0.600 W, 

and a = 0.30 W). 

* The L-T crack orientation corresponds to that of a full-thickness 
crack ~tressed parallel to the rolling direction, L, and propagating 
across the plate width, T, that is, perpendicular to L. 
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A total of 24 CT specimens were prepared and tested in the 

investigation. Of this total, 14 specimens (2T and 4T designation) 

were tested under load-control conditions and i0 specimens (4C and 7C) 

were tested under displacement-control conditions, Table III. This 

total included 14 full-thickness (B = 1.5 inches) specimens for the 

50-ksi yield-strength steel to determine the effects of both specimen 

in-plane dimensions (W and a) and loading technique. Eight additional 

subthickness (B = 0.5 inch or 12.7 mm) specimens were tested for this 

same 50 ksi steel to determine the effect of thickness on R-curve 

behavior. For the 62-ksi yield-strength steel, only two specimens 

were tested--both 7C in size and full-plate thickness (B = 1.5 inches). 

All specimens were tested at nominal test temperatures of -40, +40, 

or +72 F (-40, +4.5 or +22 C). 

All 24 CT specimens were prepared prior to test in the 

same manner. That is, all specimens were prepared with an electrical- 

discharge-machined (EDM) notch tip (0 ~ 0.007 inch or 0.178 mm), to 

facilitate fatigue precracking, and all specimens were fatigue-cracked 

under constant-load (P = constant) test conditions in a 300-kip 

(1.33 MN) MTS machine. The size of the fatigue-precracking ligament 

was approximately the same for all specimens (Aa & 1/2 inch), and 

the preparation such that the final fatigue crack for each specimen 

maintained in the range (~) = 0.36 to 0.45. Furthermore, all 24 was 

specimens were prepared under zero-to-tension sinusoidal loading 

conditions (R & 0) at a frequency of 1.0 cycle per second (cps) and 
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in such a manner that the final AKf value (based on final fatique 

crack length, a) was nominally maintained in the ranqe AKf = 20 to 

35 ksi /i--~-h (22 to 38.5 MNm-3/2). 

After precracking, the specimens were tested under either 

load-control or displacement-control conditions at the assigned test 

temperatures. The 14 specimens tested under load-control conditions 

were evaluated at the U. S. Steel Research Laboratory by using a 

440-kip (1.96 MN) Baldwin tension-testing machine. The remaining 

i0 specimens tested under displacement-control conditions were 

evaluated at the Armco Steel Corporation Research Laboratory 

located in Middletown, Ohio, by using a specially constructed test 

machine capable of crack-line loading large specimens with a 

3,4,9) 
wedging device. 

A combined "double compliance" and "COS" procedure was used 

with both testing methods, Figure 2. In particular, two clip gages 

were used to measure the displacements V 1 and V 2 at the positions 

shown in Figure 3B. These values were recorded continuously by using 

an X-Y recorder and associated signal conditioners. The loading for 

most specimens was essentially monotonic, with the specimen being 

partially unloaded at intermittent levels in order to locate the 

actual crack length (aact). This was done by using the elastic 

unloading slope in the V 1 vs V 2 test record, denoted as . For 

low values of applied stress intensity, KI, where the specimen 

loading is predominantly elastic, the corresponding value of the 
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effective crack length (aeff) was obtained by using the absolute 

values of V~ and V 2 measured just prior to the unloading step, 
\ 

denoted as I "I abs~ The details for making such measurements (aac t 
\v2 abel" 

and aef f) by using the "double-compliance calibration procedure" 

4,5,9) 
are described elsewhere. 

Most specimens were tested in the standard manner described 

above. The only deviation from this procedure occurred in the 

manner of the load (P) application for the seven 4T specimens (both 

0.5 and 1.5-inch thickness) tested under load-control conditions. 

In these tests, the specimen was also removed from the test machine 

periodically for additional supplementary measurements at P = 0 

conditions. 

Direct measurements of the load, P, were made continuously 

for all load-control tests. Because of frictional considerations, 

direct measurements of the load could not be made for the deflection- 

control tests. Accordingly, calculation procedures had to be adopted 

for these latter tests. 

Analytical Techniques 

The point of demarcation between LEFM behavior and the 

nonlinear COS behavior is the occurrence of specimen back-surface 

yielding (eBS = ey s + 0.002). The analytical procedures for 

characterizing K R in each regime of behavior are given below. 
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LEFM Technique. For s < eys + 0.002, the K R is calculated 

by using the normal equation* for a CT specimen, 12) given as 

P f(~) 

KR - B W I/2 (i) 

where f(~) is a specific function of the relative crack length. 

value of "a" used in this equation is aeff, 

section. 

COS Technique. For eBS > e ys 

The 

described in a preceding 

+ 0.002, the K R value is 

calculated at any point by first establishing the hinge point, h, 

using the relationship 

h = 

I V1 abs ~- 
0.1576W + 0.303WI~ 

\ z abs / 

Vl a b s ) _  1 
~22 abs - 

(2) 

The value of h is then used to calculate the COS (or 8) value at 

the tip of the actual crack length (aact) , Figure 2, by using the 

relation 

lh h- a W1 6 = V 2 abs - 0.30'3 (3) 

and ~ is used, in turn, to calculate the equivalent elastic-stress- 

6,7,8) 
intensity value, KR, by the relation 

* The cited equation applies for any CT specimen, defined by the ratio 
of the in-plane dimensions (~) = 0.600, regardless of specimen thick- 
ness, B. Accordingly, this relationship is valid for relatively 
thick (plane-strain) or relatively thin (plane-stress) CT specimen 
studies. 
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= E " ~ys 6 1/2 (4) 

where E and o are the modulus of elasticity and the yield strength 
ys 

of the material being tested, respectively. 

Results and Discussion 

i. R-Curve Results 

IA. Summary of Basic Behavior. The results obtained from 

all 24 R-curve tests are presented in summary form in Tables IV 

and V. Table IV gives a complete characterization of each test 

strictly in terms of LEFM parameters, regardless of whether LEFM or 

COS analysis was necessary to quantitatively characterize the point 

of fracture instability, K c. Table V gives a summary of all R-curve 

and K results in terms of the appropriate LEFM or COS method of 
C 

analysis. The specific method of analysis (LEFM or COS) used for 

calculating K is listed for each specimen in Table V. The basis 
C 

for the choice of analysis at K is given in Table IV. 
C 

The results 

from all 24 R-curve tests will be discussed in separate sections 

below. 

IB. Effects of Temperature for B = 1.5-Inch Specimens. 

The individual R-curves obtained for all B = 1.5-inch (38 mm) speci- 

mens of the 50 ksi steel tested at nominal temperatures of -40, +40, 

and +72 F are presented in Figures 4, 5, and 6, respectively. The 

two R-curves obtained for the 62-ksi steel are presented in 

Figure 7. The crack extension, Aa, shown in all such R-curve plots 

Copyright �9 1976 by ASTM International www.astm.org 
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of the present study corresponds to actual crack extension (Aa = 

Aaac t) as determined with double-compliance calibration procedures. 

The results in Figures 4 through 6 show, collectively, that 

a rapid increase in plane-stress crack tolerance occurs with in- 

creasing temperature. Evidence for this can be seen in both the 

increasing amounts of stable crack extension preceeding fracture, 

Aa and the increasing K values that occur with increasing 
c' c 

temperature. The specific variation in K values with temperature 
c 

for all the B = 1.5-inch specimens tested is presented in a summary 

plot, Figure 8. This figure shows that the K transition is quite 
c 

steep at temperatures above 0 F (-18 C). 

Figure 8 also shows that, within the limitations of evalu- 

ation based on only two specimens, the K behavior of the 62-ksi 
c 

steel is the same as that for the 50-ksi steel. This result is 

surprising to some extent, since the static Kic transition tempera- 

tures for these same two steels are somewhat different. I0) 

Comparisons of Kc and Kic for each of the two steels will be 

treated in detail in a separate section (2F) below. It is sufficient 

for the present to note that a "pop-in" behavior was observed for 

the 62-ksi steel at +72 F. This classical R-curve behavior for 

the 62-ksi steel was unique in the present study and occurred at 

a K R value of approximately 120 ksi /inch (132 MNm -3/2) compared 

with complete fracture at a K value of 365 ksi /inch (400 MNm-3/2), 
c 

a level 3 times higher. 
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Several additional features should be noted in the summary 

plot of K behavior, Figure 8. The first is the existence of a 
c 

relatively wide "scatter band" in the K results obtained. This is 
c 

an important consideration that will be discussed separately in a 

subsequent section (2A). The second feature is the extremes in 

behavior exhibited by the 2T and 7C specimens of the 50-ksi steel 

tested at +72 F. That is, the 2T specimen fractured at an apparent 

K value in excess of 87 ksi /inch (96 MNm-3/2), whereas the 7C 
c 

specimen did not fail at a K R value of 477 ksi /inch (525 MNm-3/2), 

the limit of the test-machine capacity, Table V. 

The result for the 7C specimen tested at +72 F is indicative 

of true material behavior, but the result for the 2T specimen tested 

at +72 F is not. Rather, the 2T specimen result is a spurious reflec- 

tion of the method of testing and analysis. Because of the critical 

nature of this point these results must be described in some detail. 

First of all, the 2T specimen result at +72 F can be seen to be 

clearly inconsistent with the results obtained from the same 2T size 

specimens tested at lower temperatures (-40 and +40 F), Figure 8. 

The untypical nature of the result at +72 F resulted primarily from 

limitations in the ability to accurately analyze K I at fracture. That 

is, both of the 2T specimens tested at lower temperatures exhibited 

relatively large amounts of plasticity and required analysis by COS, 

Tables IV and V. On the basis of these lower temperature results, 

extensive plasticity and deviation from linearity in the P vs V 1 
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test record were expected at +72 F. However, the 2T specimen at 

+72 F fractured prematurely at a 15.5 percent secant intercept value 

in the P vs V 1 test record prior to the first scheduled partial 

unloading step--thereby precluding meaningful COS analysis at fracture 

instability. DesPite the nearly linear nature of the P vs V 1 test 

record, the K I value at fracture calculated on the basis of LEFM (the 

only alternative analysis method) was also not meaningful because it 

was substantially in excess of the various universally accepted limits 

for LEFM calculations. In particular, as shown in Table IV, the value 

at fracture for the 2T specimen at +72 F calculated on the basis of 

LEFM, Ki,ma x = 91.3 ksi/inch, was well above both the limit for 

plane-strain calculations, KI,Lu b = 38.9 ksi/inch, and each of the 

conservative limits for plane-stress calculations KMC = 53.3 ksi/inch 

and KBS Y = 69.7 ksi/inch. When conditions are such that these LEFM 

limits are substantially exceeded due to material behavior--as in the 

present case--calculations based on LEFM have no physical significance 

because they grossly underestimate the true material behavior in terms 

of KI .10'13'14) This is, of course, the exact reason why COS analysis 

of such elastic-plastic fracture behavior is necessary for tough 

materials. However, the value at fracture for the 2T specimen at 

+72 F calculated on the basis of COS using specific approximations, 

K R ~ 87 ksi/i--n~, Table V, represents a lower bound that is even less 

than that based on LEFM (Ki,ma x = 91.3 ksi/inch) and thus even less 

meaningful. The reasons for this behavior are currently unknown. 
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Thus, the conclusion is that the K value for the 2T specimen tested 
c 

at +72 F is invalid, and accordingly, that the results (calculated on 

the basis of either LEFM or COS) are suppressed in a manner similar 

to that in which invalid KIc (KQ) results become suppressed when 

specimen dimensions are inadequate. I0'13'14) This artificially 

lower K c result from COS appears to be a specific consequence of the 

violation of both the minimum specimen size and the minimum specimen 

proportions required for valid COS results (presently undefined). 

The greater resistance to fracture exhibited by the A572 steels 

with increasing temperature in Figure 8 is also confirmed by examininq 

the fracture surfaces of the 2T and 4T CT specimens (tested under 

load-control conditions), Figures 9 and i0, respectively. The size 

of the 2T and 4T specimens tested at +72 F in relation to the size of 

the corresponding 7C specimen tested at the same temperature is 

illustrated in Figure ii. This figure also illustrates the extensive 

crack tolerance exhibited by the 7C specimen at the point where the 

test was terminated without specimen failure (Aa ~ 0.60 inch or 

15 mm on the specimen surface at K R = 477 ksi /inch or 525 MNm-3/2). 

The K value for this 7C specimen of the 50-ksi steel tested at +72 F 
c 

is thus in excess of 477 ksi /~-ch. This compares with a K value of 
c 

365 ksi /inch (400 MNm -3/2) for the 7C specimen of the 62-ksi steel 

that was tested at +72 F. 

Additional support for the conclusion that the K result for 
c 

the 2T specimen is invalid can be seen from the fracture surfaces of 
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the specimens tested at +72 F, Figure ii. Specifically, the nature 

of the stable crack extension for the 7C specimen was such that a 

"shear lip" (45-degree or 0.77 rad slant fracture) began to develop 

directly from the tip of the original fatigue crack at the specimen 

surface. A similar shear lip also began to develop for the 4T 

specimen but only after the original fatigue crack had extended on 

the expected crack plane by a small amount (1/8 to 1/4 inch, or 

3.2 to 6.4 mm). However, the fracture surface for the 2T specimen 

was completely flat, without any evidence of stable shear-lip for- 

mation on the specimen surface prior to fracture. The fracture 

surface for the 2T specimen was the same as that obtained earlier 

for similar-size specimens tested in 3-point bending at the same 

i0) 
+72 F temperature in attempts to measure static Kic. In both 

cases, the fracture surfaces were completely flat because of the cot- 

straining influence of the limited specimen ligament (W - a = 2.30 

to 2.70 inches, or 58 to 69 mm), or specifically, the close proximity 

of the specimen back surface to the crack tip. Similarly, in both 

cases, the calculated Kic or K c values (both calculated on the basis 

of LEFM) were invalid and exhibited substantial KI-suppression 

effects. I0'13'14) The Kic behavior and extent of Ki-suppression 

effects for the invalid KQ results of both steels are discussed more 

fully below (Section 2F). 
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iC. Effects of Temperature for B = 0.5-Inch Specimens. The 

individual R-curves obtained for the B = 0.5-inch (12.7 mm) 2T and 

4T specimens of the 50-ksi A572 Grade 50 steel tested at nominal 

temperatures of -40, +40, and +72 F are presented in Figures 12, 13, 

and 14, respectively. As with the earlier results for the B = 1.5- 

inch specimens, these results for the B = 0.5-inch 2T and 4T 

specimens are consistent in showing increasing amounts of stable 

crack extension preceding fracture, Aa , with increasing test 
c 

temperature. 

However, the corresponding variation in the K values with 
c 

increasing temperature for the 2T and 4T specimens appears to be 

quite different, Figure 15. Specifically, the K c values obtained 

with the 2T specimens appear to be insensitive to temperature, since 

all values were essentially in the range 300 • 20 ksi /inch (330 • 

22 MNm-3/2). These results are in contrast to the results from the 

4T specimens, which indicate a strong sensitivity to temperature, 

with the K behavior increasing from 150 ksi /inch (165 MNm -3/2) 
c 

at -40 F (-40 C) to approximately 400 to 500 ksi /inch (440 to 

550 MNm -3/2) at +72 F (+22 C). These different trends in behavior 

for the two different size specimens are reflected in the resulting 

fracture surfaces. In particular, all the 2T specimens tested show 

approximately the same amount of stable crack extension (Aa) on the 

actual fracture surfaces prior to fracture instability at K , 
c 
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Figure 16, whereas the fracture surfaces of the 4T specimens show a 

corresponding marked sensitivity to temperature, Figure 17. The 

high degree of fracture toughness exhibited by the 4T specimens 

tested at +72 F can be seen in Figure 18. 

ID. Nature of the Fracture-Instability Event. Except for 

three of the 24 specimens tested in the present study, all fractures 

occurred at K and in a catastrophic manner. Furthermore, this 
c 

behavior was observed regardless of whether the tests were conducted 

under load-control or displacement-control conditions. The sudden- 

ness of the complete-fracture event at K may, at first, be somewhat 
c 

unexpected for the tests conducted at the higher temperatures, par- 

ticularly for those specimens tested under displacement-control con- 

ditions (maximum crack stability). However, such results are more 

easily understood when it is considered that this behavior is merely 

a reflection of the inherent strain-rate sensitivity (to fracture) 

for this steel, and therefore, for all steels of this same strength 

level (50 ksi or 345 MN/m2), since strain-rate sensitivity of frac- 

i0) 
ture behavior depends primarily on ay s. Furthermore, this 

behavior is again less surprising when it is considered that even 

the toughest steels have limited ductility, and therefore fail in 

a similar sudden manner when tested in a conventional tension test. 

The three exceptions to the behavior described above were 

all tested at +72 F (+22 C): the B = 1.5-inch 7C specimen and the 
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duplicate B = 0.5-inch 4T specimens. This exceptional behavior 

occurred with the largest specimens tested at each thickness. The 

behavior obtained from these specimens with the larger in-plane 

dimensions is a more accurate measure of the intrinsic plane-stress 

crack tolerance for each thickness of A572 Grade 50 steel than the 

behavior obtained from the corresponding smaller specimens. Stated 

differently, the larger in-pla~e dimensions for these specimens 

allow measurements of the true R-curve to higher K R levels before 

the results became biased because of violation of the presently 

undefined limits of COS validity. This reasoning leads to the ob- 

vious conclusion that the largest specimen size compatible with 

testing capabilities should be used in R-curve evaluations of high- 

toughness materials when it is evident that COS procedures are 

necessary. 

As described previously, the reason that complete fracture 

did not occur for the B = 1.5-inch 7C specimen tested at +72 F was 

that the deflection limits of the displacement-control testing 

machine were exceeded. Thus, the K value for this 7C specimen 
c 

was in excess of the K R = 477 ksi /i-~h (525 MNm -3/2) value attained 

at test termination and, as discussed earlier, the inconsistent 

result obtained from the corresponding 2T specimen (apparent K = 
c 

87 ksi /i-~-h or 95 MNm -3/2) can be dismissed as an invalid result 

occurring because of violation of COS requirements. 
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A similar type of influence can be seen in analysis of the 

B = 0.5-inch specimens tested at +72 F. These include the duplicate 

4T specimens that exhibited exceptional behavior in not fracturing 

catastrophically at the cited K values. Specifically, these two 
c 

4T specimens yielded K values of >380 and >503 ksi /inch (>420 and 
c 

>550 MNm-3/2), values of K R that occurred at increments of stable 

crack extension, Aa, of I.i0 and 0.90 inches (28 and 23 mm), respec- 

tively, Figure 14. The extreme crack tolerance exhibited by these 

4T specimens can be seen by the fact that complete catastrophic 

fracture occurred for each of these specimens only after signifi- 

cantly greater increments of stable crack extension, specifically, 

values of Aa = 3.95 and 3.47 inches (i00 and 88 rc~6,), respectively, 
c 

Figure 17, and then only under the action of significantly higher 

crack-tip strain rates (intentional fracture). However, the above 

values were cited for K because subsequent calculations made for 
c 

Aa values beyond 1.10 and 0.90 inches led to lower values of KR, an 

unrealistic assessment of true plane-stress fracture behavior. Thus, 

although the true K values for the 4T specimens are clearly greater 
c 

than the cited values of KR, subsequent results for each of these 

specimens (because they are lower) again represent a clear violation 

of the presently undefined requirements for valid COS results. Such 

violations are not unexpected when it is considered that they occurred 

well beyond the attainment of the maximum load point (Pmax) , a value 

that represents limit-load or full-plastic-hinge conditions, 

Figure 19. 
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The above clear violation of COS requirements evident in the 

K results for the duplicate 4T specimens tested at +72 F indicates 
c 

that there may be a similar influence in the specific K result 
c 

obtained for the corresponding 2T specimen tested at +72 F (K = 
c 

-3/2 
308 ksi /inch or 340 MNm ). The striking difference in the extent 

of the stable crack extension preceding fracture (Aa c) evident on the 

fracture surfaces of these 2T and 4T specimens, Figures 16 and 17, 

would support this contention. Furthermore, the insensitive nature 

-32 
of the observed K values (300 • 20 ksi /inch, or 330 • 22 MNm ) 

c 

over the entire temperature range from -40 to +72 F (-40 to +22 C), 

described earlier, is in sharp contrast to that expected on an 

intuitive basis and thus provides an additional indication of such 

a possibility. However, insufficient test results are available to 

indicate the extent to which the 2T specimen result may be influenced 

as a result of violation of COS requirements. 

2. General Discussion 

The influence of any parameter on the R-curve behavior of a 

given material can be measured in terms of any of the three principal 

characteristics of an R-curve: (i) the K R value at the onset of 

stable crack growth, (2) the increment of stable crack extension at 

fracture instability, ~ac, or (3) K . If the stable-crack-growth 
c 

characteristics are neglected, the influence of any parameter on 

R-curve behavior can be reduced to a direct comparison of the re- 

sulting K values. It is on this basis that assessments of the in- 
c 

fluence of various parameters on R-curve behavior are described below. 
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2A. Overall Scatter Observed in K c Results. When plane- 

stress fracture tests are conducted under fixed material and test 

conditions (T, ~, and B) by using specimens with different initial 

crack lengths, a , some "scatter" in the resulting K behavior will 
O C 

occur. Specifically, K will increase with increasing crack length, 
c 

a o, for a well-behaved, homogeneous material ("K c ordering"). Such 

behavior is, of course, the fundamental basis of R-curve characteri- 

zation that was described in an earlier section of the present paper 

are not (see Figure i). Such systematic variations in K c with a ~ .... 

real scatter at all, but rather the typical plane-stress fracture 

behavior that would normally be expected for any material. It is 

only the deviations from this systematic pattern of Kc-ordering 

behavior that can truly be referred to as scatter. 

In the present work, the 2T, 4T, 4C, and 7C specimens tested 

had initial crack lengths, a , of nominally 1.75, 3.00, 3.45, and 
o 

5.80 inches (44, 76, 88, and 147 mm), respectively. Accordingly, 

the K value for a 7C specimen would be expected to be much higher 
C 

than that for a 2T specimen (K c ordering). Similarly, the K c 

values for the 4T and 4C specimens would be expected to be inter- 

mediate between these extremes, with very little difference expected 

between the K values for the 4T and 4C specimens since the a 
C O 

values differ by only a small amount. 

Deviations from this normal pattern of plane-stress fracture 

behavior (true scatter) can occur for a number of reasons. When more 
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than one test method is used, as in the present work, the extent of 

such deviations from the normal K vs a behavior depends on (i) the 
c o 

repeatability of results from a single test method, (2) differences 

between test methods, and (3) variations in fracture toughness of 

the material tested. 

The influence of each of these sources of true K scatter 
c 

is described in subsequent sections relative to the summary of K 
c 

results obtained for the B = 1.5-inch and B = 0.5-inch specimens, 

as given in Figures 8 and 15, respectively. However, prior to such 

analysis several comments are necessary. First, item 1 above involves 

both the repeatability of the testing conditions and the material 

variation. That is, items 1 and 3 are related and cannot be iso- 

lated entirely from each other. Second, the list given above does 

not include apparent K results obtained under conditions for which 
c 

the basic stress analysis is violated�9 such as the violation of COS 

requirements described in a previous section, since such results 

represent an artifact and not true K scatter. 
c 

2B. Repeatability of K c Results for a Specific Test Method. 

The repeatability of K results or the lack thereof, can only be 
c �9 

measured by a direct comparison of individual test results obtained 

under the same conditions of specimen size, test temperature, and 

test technique (load-control or displacement-control techniques). 

If only duplicate specimen tests are available for such purposes, 

as in the present study�9 conclusions based on such a small number 
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of results must clearly involve reservations. However, no alterna- 

tive choice exists for making an assessment of repeatability in 

the limited results of the present study on A572 Grade 50 steel. 

Four different sets of duplicate specimen tests are avail- 

able for such assessments in the present study. In particular, 

Table VI shows that the variations in the average K values 
c 

obtained from duplicate 2T, 4T, 4C, and 7C specimens are • • 

• and • percent, respectively. These variations cannot be 

related to systematic changes in specimen size because the con- 

comitant test conditions (thickness and test temperature) for each 

specimen type were different, Table VI. The results in Table VI 

suggest that singular K variations of less than • percent rela- 
c 

tive to the average K value obtained for duplicate specimens of 
c 

A572 Grade 50 steel would be expected for tests conducted using 

either the load-control or the displacement-control testing techniques. 

By comparison, the variation in Kic values for specially 

melted high-strength steels exhibiting good homogeneity, such as 

18Ni(250 Grade) maraging steels, has been shown earlier to be within 

• or • percent, depending on the total number of specimens used 

and the participating laboratories. 15'16) Furthermore, the varia- 

tion in Kic values for lower strength steels exhibiting both less 

homogeneity and a Kic transition behavior has been shown to be as 

large as • percent or more for a given temperature and strain 

rate. I0'14'17'18'19'20) Thus, the presently observed variation of 
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as much as • percent in one case for the K behavior of A572 
c 

Grade 50 steel, a similar low-strength steel, is not surprising. 

That is, despite the different fracture modes (Kc vs Kic) , the 

present variation in results (K repeatability) appears to be no 
c 

greater than that (Kic repeatability) observed earlier in similar 

low-strength steels. 

2C. Load-Contr01 vs Displacement-Control Test Methods. 

To assess the influence of the testing procedure (load-control vs 

displacement-control test methods) on the K values obtained, it is 
c 

necessary to compare specific results obtained with each procedure 

for specimens of the same size (that is, with the same W and B 

dimensions). Results from the same size specimen for both test 

procedures are necessary in order to exclude any additional influence 

on the K value. of crack length, ao, c 

Such a basis of comparison is available from the results of 

the 4T specimens tested under load-control conditions and the 4C 

specimens tested under displacement-control conditions, listed as 

items No. 4 through i0 in Table V. The minimal difference in the 

initial crack lengths, ao, for the 4T (a ~ = 3.00 inches) and 4C 

specimens (a = 3.45 inches) can be discounted as second-order 
o 

effects in such comparisons. A comparison of the K values for 
c 

the 4T and 4C specimens is given in Table VII. These limited 

results show that there is a definite influence of the test pro- 

cedure. In particular, the 4T specimens tested under load-control 
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conditions at nominal temperatures of -40, +40, and +72 F exhibited 

K values that were higher than the corresponding K values obtained 
c c 

under displacement-control conditions by 51, 80, and 40 percent, 

respectively. Although such direct comparisons are admittedly 

limited in number, they do nevertheless provide a consistent be- 

havior. That is, these results indicate that the K value obtained 
c 

with the load-control procedure is, on the average, 57 percent 

higher (1.57 factor) than that for the same size specimen tested 

using the displacement-control procedure. Furthermore, the higher 

K values for the 4T specimens tested under load-control conditions 
c 

are considerably in excess of the maximum observed variation of 

• percent that might be expected strictly on the basis of repeat- 

ability (as discussed in the previous section). 

While this influence of testing method on the K result 
c 

appears to be real, it cannot be fully verified using statistical 

analysis procedures. That is, the present results on K repeatability 
c 

(previous section) cannot be used to meaningfully assess the standard 

deviation (~) for the variability in K because both the basic nature 
c 

of the variability cannot be accurately ascertained* and the total 

number of duplicate tests (4 sets) available are insufficient in 

number. The standard deviation for the variability in K must be 
c 

Statistical tests to determine the fundamental character of the 
present variability in Kc values are inconclusive. That is, it 
is not known with confidence if the variation is constant (in 
absolute terms) and independent of K c level, or whether the 
variation is proportional to the mean K c level. 
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known accurately before confidence levels (67 percent for • and 

95 percent for • can be established in relation to the statistical 

assessment of the influence of testing procedure on K . 
c 

However, careful inspection of all the K results for the 
c 

B = 1.5-inch specimens in Figure 8 also reinforces the basic conclu- 

sion that there is an influence of the test procedure. In particular, 

the K values obtained for the 2T and 4T specimens tested under load- 
c 

control conditions generally fall in the upper half of the "scatter" 

band, whereas the K values for the 4C and 7C specimens tested under 
c 

displacement-control conditions generally fall in the bottom half 

of the scatter band. 

The specific cause of the consistent differences between 

the K values obtained with the load-control and displacement- 
c 

control techniques is unknown. Furthermore, such differences were 

unexpected and in sharp contrast to the earlier results by Heyer 

and McCabe 9) which demonstrated complete equivalence between the 

two loading techniques for both high-strength aluminum and titanium 

alloys. Specifically, these earlier results showed, for each of a 

range of eight (8) different material conditions, that K values 
c 

determined directly with the load-control technique differed by 

less than • percent from the corresponding K values determined 
c 

with the displacement-control technique. 

These earlier results of Heyer and McCabe were all obtained 

on nonferrous materials in thin sheet form (B = 0.066 inch or 
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1.7 mm or less); the fracture properties (Kc) of the sheet are quite 

reproducible and primarily independent of strain rate, so that the 

results were analyzed under completely LEFM conditions. In contrast, 

the present results on A572 Grade 50 steel are from thick plate 

(B = 1.5 inches); the fracture properties (Kc) of the plate are of 

questionable reproducibility (see previous and subsequent sections) 

and highly dependent on strain rate (as indicated by earlier Kic 

behaviors), and the fracture toughness (Kc) is so high, that the 

results must be analyzed under COS conditions. These five (5) primary 

differences between the earlier studies of Heyer and McCabe and the 

present studies are summarized in Table VIII. Such differences in 

testing conditions can be combined with consideration of strain- 

hardening characteristics to provide a salient starting point for 

the future research work that is necessary in order to understand the 

reasons for the differences observed in the present K results on A572 
c 

Grade 50 steel as determined by the load-control and displacement- 

control techniques. 

2D. Effects of Thickness (B = 1.5 inch vs B = 0.5 inch) for 
the Load-Control Test Method. 

Because the previous section showed that the K results are 
c 

influenced by testing method (load control vs displacement control) 

an assessment of the influence of specimen thickness (B = 1.5 inch 

vs B = 0.5 inch) can only be made in a meaningful manner using a 

single test method. Such comparisons are available from the load- 

control tests conducted using both 2T and 4T specimens for each of 

the B = 1.5-inch and B = 0.5-inch thicknesses. The results from 
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these direct comparison tests are summarized at each of the three 

different test temperatures in Table IX. 

The specific results for the 2T specimens in Table IX show 

that there is an effect of thickness, with higher K values consistently 
c 

being obtained for the thinner (B = 0.5 inch) specimens than those for 

the thicker (B = 1.5 inch) specimens. This result is consistent with 

expectations based on both R-curve philosophy and plane-stress fracture 

behavior generally. However, the results for the 4T specimens in 

Table IX do not support this contention. That is, these 

4T specimen results show that there is no effect of specimen thick- 

ness on K behavior. Accordingly, these results on the effects of 
c 

specimen thickness relative to K behavior are inconclusive. 
c 

The lack of a consistent trend relative to the influence of 

thickness on K behavior is apparently related to the local varia- 
c 

tions in fracture toughness for the 50-ksi A572 Grade 50 steel. 

That is, the local variations in fracture toughness are apparently of 

greater consequence in relation to K than are the resulting differences 
c 

in behavior between the B = 1.5-inch and B = 0.5-inch-thickness 

specimens. Thus, the local variation in fracture toughness for the 

50-ksi A572 Grade 50 steel presently tested is apparently large 

enough to mask the true effect of specLmen thickness on K behavior. 
c 

2E. Local Variation in Fracture Toughness. The discussion 

in section 2A describes the normal, expected plane-stress fracture 

behavior (K c increasing with increasing ao). The discussions in 

sections 2B and 2C indicate that real scatter in K values (or 
c 
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true deviations from the expected systematic behavior) can be 

caused by the repeatability of a given test procedure or by differences 

between the load-control and displacement-control test procedures, or 

by both. Further deviations from the normal dependence of K on 
c 

crack length, a , can also be caused by local variation in the frac- 
o 

ture toughness of the material. 

The summary of the present K results given in Figures 8 
c 

and 15 shows that when each of the two test procedures used is con- 

sidered separately, the normal K behavior was usually observed, 
c 

except for the results discussed below. That is, at each of the 

-40 F, +40 F, and +72 F test temperatures, the K values obtained 
c 

for the 4T specimens were, as expected, higher than the corre- 

sponding K values for the 2T specimens for those tests conducted 
c 

with the load-control procedure. Likewise, the K results for the 
c 

7C specimens were higher than the corresponding values for the 4C 

specimens for the tests conducted with the displacement-control 

procedure. 

Exceptions to this normal K behavior occurred with each of 
c 

the test procedures at -40 F, Table V. Specifically, for the B = 

1.5-inch plate tests conducted with the displacement-control pro- 

cedure, Figure 8 shows that a higher K value occurred for the 4C 
c 

specimen (K = 102 ksi /i--~h or 112 MNm -3/2) than for the 7C speci- 
c 

men (K c = 57 ksi /i-~-h or 63 MNm-3/2). Similarly, for the B = 

0.5-inch plate tests conducted with the load-control procedure, 

Figure 15 shows that a higher K value occurred for the 2T specimen 
c 

 



-32- 

(K = 316 ksi /inch or 348 MNm -3"2) ! than for the 4T specimen (K = 
c c 

150 ksi /inch or 165 MNm-3/2). That is, for each test procedure 

at the -40 F temperature, a higher K value would normally be ex- 
c 

pected for the larger specimen (because of the larger initial crack 

length, ao), whereas a lower Kc value was actually obtained. These 

anomalous results--that is, these two inversions in the expected 

behaviorwrepresent real K scatter and may be related to local varia- 
c 

tions in the fracture toughness of the A572 Grade 50 steel tested. 

Another measure of local variation in the fracture toughness 

of the material may be obtained from Charpy V-notch (CVN) test re- 

sults. Consequently, a number of CVN specimens were obtained directly 

from a select number of the CT specimens used in the R-curve tests. 

All CVN specimens were taken as close as possible to the original 

fracture surface of the corresponding CT specimens and in such a 

manner that the notch orientation for each of the CVN specimens was 

identical to that for the CT specimens. Approximately i0 CVN 

specimens were prepared from each of ii CT specimens and tested at 

+72, +40, 0, and -40 F (+22, +4.5, -18, and -40 C). 

The results of the CVN tests are presented in Table X, 

along with the results for the corresponding CT specimens. The CVN 

data were obtained to establish some measure of local variation of 

fracture toughness rather than to establish correlation between 

Kc and CVN test results. Because of differences in notch acuity, 

strain rate, and state-of-stress, any such correlations are fortuitous. 
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However, the variations in local fracture toughness, as measured 

by testing CVN specimens, can be seen when all the CVN energy- 

absorption values are plotted as a function of test temperature, 

Figure 20. The ratios of the maximum to the minimum CVN values 

observed at -40, +40, and +72 F (K test temperatures) were 7:1, 
c 

3:1, and 2.5:1, respectively. Thus, these CVN energy-absorption 

values, which are not at all untypical for A572 Grade 50 steel, show 

a large degree of variation at the same -40 F test temperature at 

which the anomalous K results were obtained. That is, the CVN 
c 

results would appear to confirm that local variations in the frac- 

ture toughness of the 50-ksi A572 Grade 50 steel tested may be 

responsible for the inverted K behaviors obtained at -40 F. 
c 

Local variations in the fracture toughness of the A572 

Grade 50 steel tested can also be assessed in terms of a ductility 

criterion rather than an energy-absorption criterion. To illustrate, 

when the CVN lateral-expansion (LE) values for this A572 Grade 50 

steel were plotted against the corresponding CVN energy-absorption 

values, the correlation was nearly i:i, as shown in Figure 21. It 

can therefore be concluded that a similar large variation in frac- 

ture ductility, as measured by the LE values, occurs at the -40, 

+40, and +72 F test temperatures. 

2F. Comparison of K c and Kic Behaviors. The variation of 

plane-strain fracture toughness, Kic, with temperature for the 

present A572 Grade 50 steels has been documented in a previous 

 



-34- 

study. 10) For reference, the static Kic results of both the 50-ksi 

and 62-ksi steels are presented in Figures 22 and 23, respectively. 

These figures show that valid KIc measurements could not be made 

above Kic = 55 ksi /i-~-h (60 MNm -3/2) for either of the A572 Grade 

50 steels. In particular, this level of Kic (measured at the 

B = 0.40 line intersection) occurred at -160 F (-107 C) for the 50-ksi 

steel and at -60 F (-51 C) for the 62-ksi steel. For each steel, 

this Kic measurement limitation was a direct result of the limited 

plate thickness available (B = 1.5 inches). Attempts to extrapolate 

Kic behavior to higher K I values and temperatures well beyond B = 

0.40 may lead to erroneous conclusions, particularly when, as for 

the present steels, only a small portion of the Kic transition has 

been established. The inability to measure static Kic values at 

the higher temperatures (-40 to +72 F) was, of course, the primary 

reason for the present R-curve studies in this higher temperature 

range. 

The K results for the B = 0.5-inch CT specimens of the 50- 
c 

ksi steel obtained at temperatures between -40 and +72 F are con- 

sistent with the corresponding valid Kic test results, Figure 22. 

That is, these results represent typical fracture behavior with 

Kc > KIc at a given temperature as would be expected because of 

the different states of stress. Specifically, the K values of 
c 

150 ksi /inch (165 MNm -3/2) and higher determined experimentally 

for the B = 0.5-inch CT specimens at -40 F and above are in excess 
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of the corresponding Kic values that would be estimated at the 

same temperatures by direct extrapolation of the valid Kic re- 

sults at cryogenic temperatures. 

Several observations can be made when the present K results 
c 

for the B = 1.5-inch CT specimens of both the 50-ksi and 62-ksi 

A572 Grade 50 steels are compared with the earlier valid KIc re- 

sults on the same scale, Figure 24. First, the two K results for 
c 

the 62-ksi steel (K c = 121 ksi /inch at -40 F and Kc = 365 ksi /inch 

at +72 F) are again completely consistent with normal expectations. 

That is, these Kc values are each higher than the corresponding Kic 

estimates of behavior that would result from direct extrapolation 

of the valid Kic results at cryogenic temperatures for this A572 

Grade 50 steel (i.e., typical plane-strain/plane-stress fracture 

behavior at a given temperature). Second, the present K results 
c 

for the B = 1.5-inch CT specimens of the 50-ksi steel would appear 

to be somewhat inconsistent with corresponding estimates of KIc 

behavior obtained by direct extrapolation to the -40 to +72 F tem- 

perature range. That is, the experimentally observed K values 
c 

would appear to be lower than the estimated Kic values expected from 

the extrapolation procedure. This apparent inconsistency remains 

to be explained. 

If the K results obtained under load-control conditions 
c 

(2T and 4T specimens) are considered alone, an apparent discrepancy 

still exists relative to the Kic behavior. However, the extent of 
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such a discrepancy is far less under such circumstances than is 

the case when all the B = 1.5-inch CT results, including the K 
c 

results obtained under displacement-control conditions (4C and 7C 

specimens), are considered simultaneously. As described in a pre- 

vious section, the reasons for the differences between the K values 
c 

resulting from the load-control and displacement-control testinq 

methods are unknown and further complicate attempts to show com- 

patibility of the present Kc and earlier Kic behaviors. 

The apparent inconsistency between the Kic and K behaviors 
c 

for the B = 1.5-inch specimens of the 50-ksi steel can be described 

in terms of the corresponding transition temperatures. That is, 

Figure 22 shows that the K transition temperature is -160 F (-107 C), 
Ic 

with the Kic value increasing abruptly from 30 to 60 ksi /inch in 

this temperature region. Similarly, Figure 24 shows that the K tran- 
c 

sition temperature for B = 1.5-inch plate is approximately 0 F, with 

the minimum K value increasing abruptly from i00 ksi /inch at 0 F 
c 

to 300 ksi /inch at +72 F. These results show conclusively that 

both the Kic and K transitions (i) are quite steep, (2) occur at 
c 

different temperatures, and (3) represent two entirely different 

levels of crack tolerance; the Kc transition, unlike the Kic tran- 

sition, represents unstable crack extension preceded by significant 

stable crack propagation (~a) which was as high as 4 inches. 

The apparent inconsistency between the current K transi- 
c 

tion for the B = 1.5-inch plate of the 50-ksi steel and the corre- 

sponding Kic transition may be explained if it can be established 
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that a Kic shelf behavior exists, as shown schematically in Fig- 

ure 25. The existence of a Kic shelf behavior has been established 

earlier in 100-ksi-strength steel that is susceptible to temper em- 

19) 
brittlement. Support for the possible existence of such a behavior 

in the 50-ksi A572 Grade 50 steel investigated may be obtained from 

21,22) 
three different sources: (i) J-integral concepts, (2) princi- 

13) 
ples of the Ki-suppression effect, and (3) CVN specimen results. 

The nonlinear concepts of fracture behavior offered by the 

J-integral and Ki-suppression concepts are necessary since the 

alleged Kic shelf behavior appears to occur well above that level 

which can be measured validly under LEFM conditions with the B = 

1.5-inch plate available (Kic 55 ksi Jinch at 8 0.40 intersec- 

tion, Figure 22). These nonlinear concepts have been used to re- 

analyze the earlier invalid Kic results which exhibit increasingly 

more severe Ki-suppression effects for increasing temperatures above 

-120 F (-85 C), Figure 22. In summary form, reanalysis of the 3-point 

bend tests conducted at -120 and +72 F using J-integral concepts, on 

a conservative basis, indicated JIc values that correspond to Kic 

values of 130 and 200 ksi /inch (143 and 220 MNm-3/2), respectively. 

When cognizance is taken of the fact that the (~) value in these 

tests was 0.50 instead of the near optimum 0.80 normally suggested 

for J-integral tests (a condition that would lead to values that 

are optimistic by about 20%), the adjusted Kic values at -120 and 

+72 F are approximately i00 and 160 ksi /inch (ii0 and 176 MNm-3/2), 
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respectively. These conservative J-integral calculations indicate 

a gradual increase in Kic with temperatures above -120 F, essen- 

tially a Kic shelf behavior, rather than continuation of the steep 

Kic transition established for lower K I values at -160 F. 

Reanalysis of the same invalid Kic results using Ki-suppression 

effect concepts, described in detail elsewhere, 13) lends additional 

support to the possible existence of a Kic shelf behavior. In 

particular, it has been shown earlier 13) on a 70-ksi yield-strength 

steel that the apparent K_ value is suppressed to a value of 1/2 the 

true KIc value when ~_--.)= 1.00, a condition which occurs when 
I, Gub/ 

the test-specimen dimensions (W, B, and a) are only i/i0 of those 

required for a valid Kic result under LEFM conditions. Table XI shows 

that this condition of / KQ ~ = 1.00 would occur at approximately 
VI.Gu  

-80 F (-62 C) and that the corresponding "corrected" or true K value 
Ic 

would be about 148 ksi /inch (163 MNm-3/2)--the correction being 

achieved by multiplying the observed KQ value of 74 ksi /inch by a 

factor of 2.0. Furthermore, because the ratio for all the 
I u 

invalid Kic tests is approximately the same (increasing only gradually 

from 0.94 at -120 F to approximately i.i0 or so at +72 F), these 

Ki-suppression effect results complement the J-integral results in 

providing strong indications that a Kic shelf behavior occurs for the 

50-ksi yield-strength A572 Grade 50 steel over the temperature range 

-120 to +72 F. These estimated Kic behaviors obtained from both the 

KI-suppression effect and J-integral concepts are summarized in 

Table XII. 
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Additional evidence in support of the Kic shelf behavior 

but of a less direct nature can be seen from the results of CVN 

specimen tests. Specifically, Figure 26 shows that whereas the concept 

of a double shelf or double transition in the CVN energy-absorption 

behavior is only marginally observable under dynamic loading condi- 

tions (~ ~ 10 +1 -i), sec such behavior is clear and unmistakable under 

the same static loading conditions (e ~ 10 -5 to 10 -4 sec -I) used for 

the present K tests. Although these results are presented in terms 
c 

of an energy criterion, the same double-shelf or double-transition 

behavior can also be seen in terms of a ductility criterion, 

Figure 27, and, are further confirmed by considerations of fracture 

appearance (percent shear) behavior as well. These latter considerations 

also verify the existence of the upper shelf at temperatures of +30 F 

and higher (100% shear behavior) for the statically-tested specimens 

in Figures 26 and 27. 

The present investigation represents the only currently known 

attempt to simultaneously evaluate both the KIc and K c behaviors of an 

intermediate-strength structural steel in a comprehensive manner. The 

preceding results from analysis by J-integral and Ki-suppression effect 

concepts as well as the quantitative CVN test results are all consistent 

in indicating the possible existence of a Kic shelf behavior (slight 

positive slope) for the 50-ksi yield-strength A572 Grade 50 steel. 

Such behavior would clearly resolve the apparent anomaly between the 

present K transition for the B = 1.5-inch plate and the lower tempera- 
c 

ture Kic transition behavior found earlier. While such a Kic shelf 
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behavior has not been established beyond question, it is a con- 

sistent result from state-of-the-art application of nonlinear analysis 

techniques that are still undergoing intensive development. Because 

specimen thicknesses from B = 10 to 25 inches would be required to 

establish the Kic shelf behavior under valid LEFM conditions (valid 

Kic), it is clear that positive verification must await specifically 

designed tests conducted with subsize specimens and similar, but more 

refined, nonlinear analysis techniques in the future. 

2G. Reservations Concernin ~ Present R-Curve Results. 

Descriptions of present specimen behavior above have indicated that 

the initial, stable crack extension for high levels of fracture 

resistance was such that a shear lip started to form directly from 

the tip of the original fatigue crack at the specimen surface, as 

illustrated in Figures ii, 17, and 18. That is, in the early stages 

of stable crack extension, the crack at the specimen surface is in- 

clined at some angle, e, relative to the anticipated, flat crack- 

extension plane. In a later stage of stable crack extension, a 

full-slant fracture will develop through the specimen thickness 

(B) with a resulting crack plane that is oriented at an angle of 

45 degrees (0.785 rad) to the anticipated, flat crack-extension plane. 

While these two different types of deviation from a flat 

crack-extension plane are typical for any material under true 

plane-stress conditions, their existence introduces additional com- 

plexities into the analysis. Specifically, a flat crack plane that 

is perpendicular to the applied stress (g) corresponds to the most 
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co~,ufLon type of mode I deformation of the crack, characterized by 

the K I parameter. Deviations from such a flat crack plane introduce 

additional mode II and III deformation of the crack, described by 

the corresponding stress-intensity components KII and KIII. 

In all R-curve and K studies, including the present inves- 
c 

tigation, mode I deformation of the crack is dominant and is the only 

one considered in the analysis (K calculations). Such consideration 

of mode I alone persists even when additional mode II and III defor- 

mation components may also occur as a result of deviations from a 

flat crack plane. The influence of such additional modes of loading 

on the K value (calculated on the basis of mode I alone) is currently 
c 

unknown. This unknown influence forms the basis of the reservations 

extended in relation to the accuracy of the present K values, 
c 

particularly those for K > 150 to 200 ksi /inch (165 to 220 MNm -3/2) 
c = 

which required analysis by the COS method. However, as can be seen 

from the next section of this paper, the concern over the precision of 

such high K levels for a ~ = 50-ksi steel is more of an academic 
c ys 

rather than practical nature. That is, once a behavior corresponding 

/' ~ KI~--_I between 2.0 and 3.0 is achieved, extensive crack tolerance to a 

(acr) ks automatically guaranteed under applied elastic stress levels 

(~ < ~ )" = ys 

3. Si@nificance of Present R-Curve Results 

3A. Critical-Flaw-Size Calculations. The significance of 

Kic values and K c values derived for a given crack length (a) from 

a single R-curve has been discussed in concept earlier. 20) For 
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such determinations, the parameter of ultimate interest is the 

critical flaw size (acr) required to cause fracture instabil~ty under 

the same material and test conditions (T, {, and B) used to measure 

the specific Kic or K value. The specific a value is further 
c cr 

related to the level of the design stress, OD' relative to ay s for 

a given specimen or structural geometry. A normalized plot showing 

the general relationship of a to such parameters for a large center- 
cr 

cracked tension (CCT) specimen subjected to uniform tension is 

presented in Figure 28. Because of the normalized basis of the 

plot, Figure 28 can be used to calculate a values for a CCT 
cr 

specimen of any material (~ ~ ) for which valid fracture-mechanics 
ys 

results (Kic, Kid , Kc, Kiscc ) are available under the loading rate, 

temperature, and state-of-stress of interest. 

The specific K results of the current study have been 
c 

summarized earlier in Figures 8 and 15. The minimum values 

corresponding to the bottom of the K scatter band for each set of 
c 

results in Figures 8 and 15 can be translated into corresponding 

minimum values of aGr for a CCT specimen with the aid of Figure 28. 

On the basis of the test results obtained in this study, it can be 

shown, Table XIII, that the minimum values of acr for 1.5-inch-thick 

CCT specimens subjected to a design stress, OD' equal to 3/4 the 

yield strength, ~ are 0.58, 5.22, and 22.9 inches (14.7 133 
ys' ' ' 

and 580 mm) at -40, +40, and +72 F, respectively. Table XIII also 

shows that at the same -40, +40, and +72 F temperatures and for the 

same ratio of OD/~ys, the minimum values of acr for B = 0.5-inch 
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CCT specimens are 4.06, 16.2, and >32.7 inches (103, 410, and 

>830 mm), respectively. 

Because of the nature of the calculation for a CCT specimen, 

the a value represents only half of the total central crack length. 
cr 

That is, the total critical crack length for a CCT specimen is 2a 
cr" 

When this is taken into account, the above results show with one 

exception that the total critical crack len@th (2acr) corresponding 

to the minimum fracture behavior for each of the different combi- 

nations of plate thickness (B) and test temperature is at least 7 

times the plate thickness (2acr ~ 7B). 

The single exception is for the B = 1.5-inch plate at -40 F, 

for which the total critical crack length is on the same order as 

the plate thickness (2a = 1.16 inches or 29.5 ;mm ~ B). However, 
cr 

this calculation is based on a single data point (K c = 57 ksi /inch 

or 63 MNm -3/2 for a 7C specimen) of doubtful representation, as 

discussed earlier. That is, if a more representative minimum 

behavior for this condition is on the order of K = 100 ksi /inch 
c 

(110 MNm-3/2), as was indicated by a duplicate specimen test (K = 
c 

103 ksi /inch or 113 MNm -3/2 for a 7C specimen at -40 F, Table V), 

the corresponding a value in Table XIII would be 1.80 inches (46 
cr 

mm). In such a case the associated total critical crack length 

would be on the order of two and a half times plate thickness (2a = 
cr 

3.6 inches or 91 mm a 2.5B). However, an insufficient number of tests 

were conducted in the present study to assess the most typical 

behavior on a statistical basis. 
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The above acr values are based on using a criterion of ~D = 

3/4 ~ for the minimum K behavior, Table XIII. If calculations of 
ys c 

a are desired on the basis of a different ~D criterion for the 
cr 

same minimum K behavior, they may be obtained quickly with the use 
c 

of Figure 28. This same figure can also be used to obtain similar 

a results for the median or maximum K behavior by using the 
cr c 

corresponding center and top portions of the scatter bands shown 

in Figures 8 and 15. 

3B. Application of Results to Structures. The a values 
cr 

cited in the previous section are applicable to structures in direct 

proportion to the extent that the assumptions used in the basic 

calculation are satisfied. That is, the cited a values are 
cr 

directly applicable for a structural configuration in which 

plane-stress conditions exist and the conditions of a large CCT 

specimen subjected to a remotely applied uniform stress (~D) equal 

to 3/4 the yield strength are approximated. While differences in 

the nature of the stress (bending as opposed to tension) can be 

23,24) 
handled analytically, the requirements of plane-stress con- 

ditions and large planar dimensions for the structural component 

are mandatory. 

An example of the applicability of the a values can be 
cr 

given in terms of a typical structural member, such as a large 

H-beam (girder) with typical thicknesses for both the flange and 

the web on the order of 1/2 to 1-1/2 inches. Specifically, the 
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a values cited would have application for through-thickness cracks 
cr 

located in the web of such a beam, where plane-stress conditions 

would exist. However, the same a values would have no application 
cr 

for partial-thickness cracks (PTC) emanating from the top surface of 

the tension flange of the beam (such as would occur at the base of 

a cover plate due to fatigue), since the stress state at this loca- 

tion is primarily one of plane strain. 

These same stress-state (plane stress) and structural (large 

planar dimensions) requirements are necessary for the interpretation 

of essentially all R-curve measurements, since such measurements 

intrinsically deal with materials exhibiting high levels of crack 

tolerance. In turn, high levels of crack tolerance under plane- 

stress conditions imply the existence of either very large critical 

flaws (acr) under low levels of elastic stress (~D ~ 1/2 Sys ) , 

Figure 28, or high K levels that translate, for short cracks (a), 
c 

into large values of the corresponding critical crack-tip plastic 

zone, r , under the action of high elastic stress (1/2 ~ys < ~D < p = = 

Sys ) . In either case, containment of such values within a large 

elastic-stress field is necessary before a calculations can be 
cr 

valid (a fundamental principle of LEFM). Accordingly, to accomplish 

this containment for plane-stress conditions, large planar dimen- 

sions relative to the thickness, B, are necessary for either a 

specimen or a structural element. 

The useful life of an H-beam subjected to load fluctuations 

is essentially completed when a PTC crack on the tension surface 

 



-46- 

penetrates partially through the flange�9 As described above, the 

stress state for cracks located in this tension-flange region is 

essentially one of plane strainmwhether it is analyzable in terms 

of current LEFM concepts (Kic) or not. Consequently, measurements 

of plane-stress fracture resistance, such as obtained with either 

R-curve or direct K measurements, have no meaning in relation to 
c 

the useful life or the load-carrying capacity of such a beam. 

Such plane-stress measurements would only have application 

in predicting the acr value at which catastrophic fracture of the 

H-beam would occur. For all the conditions investigated in the 

present study, complete failure of this type would occur only after 

the crack (i) had penetrated completely through the tension flange 

by fatigue, and (2) had subsequently propagated into the web to a 

crack length many times the web thickness (a >> B). However, 
cr 

since the useful structural life of such an H-beam is expended 

after the first stage of fatigue-crack propagation (a condition 

requiring perhaps 40 to 50 years in most structural applications 

such as bridges), and either the H-beam is replaced or the entire 

structure retired from service at this point, it is academic to con- 

jecture about the possible nature of a catastrophic fracture event 

that will not occur. However, the level of confidence that such 

an event will not occur in service can be measured in terms of the 

extent to which a > B, when the appropriate material and test 
cr 

conditions (T, e, and B) have been taken into account�9 It is in 
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this indirect sense of assessing structural integrity that measure- 

ments of plane-stress fracture resistance (R-curve and K measurements) 
C 

can be beneficial when applied to structural components in service. 

Summar ~ and Conclusions 

Specific R-curve results were obtained on two different heats 

of ASTM A572 Grade 50 steel over the temperature range -40 to +72 F 

(-40 to +22 C) by using a total of 24 CT specimens. Of this total, 

14 specimens had in-plane dimensions corresponding to 2T and 4T 

specimens and were tested under load-control conditions; the re- 

maining i0 specimens had in-plane dimensions corresponding to 4C 

and 7C specimens and were tested under displacement-control condi- 

tions. Twenty-two (22) of the specimens tested were of a 50-ksi 

yield-strength A572 Grade 50 steel, and the two (2) remaining 

specimens were of a 62-ksi yield-strength A572 Grade 50 steel. 

Both 1.5-inch-thick and 0.5-inch-thick (38 and 12.7 mm) specimens 

were evaluated from the 50-ksi steel; the two specimens of the 

62-ksi steel were both 1.5 inches thick. 

-5 
under static loading conditions (~ ~ i0 

All specimens were tested 

-1) 
sec . The current study 

represents the first known attempt to evaluate the R-curve behavior 

of a high-strength structural steel. The specific results obtained 

from this pioneer study can be summarized as follows: 

i. A steep transition was observed in the plane-stress 

fracture behavior for the B = 1.5-inch specimens of the 50-ksi 

steel, with minimum K values of 57, 155, and 318 ksi /inch (63, 
C 

Copyright �9 1976 by ASTM International www.astm.org 
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-3/2) 
171, and 350 MNm occurring at temperatures of -40, +40, and 

+72 F (-40, +4.5, and +22 C) , respectively. 

2. No significant differences were observed in the K 
c 

behavior of the 50-ksi and 62-ksi A572 Grade 50 steels. 

3. Greater overall resistance to fracture was observed for 

the B = 0.5-inch specimens than for the B = 1.5-inch specimens of 

the 50-ksi steel, with minimum K values of 150, 273, and >380 ksi 
c 

/inch (165, 300, and >418 MNm -3/2) occurring at temperatures of -40, 

+40, and +72 F, respectively. However, this difference in the mini- 

mum resistance to fracture for the 0.5- and 1.5-inch-thick specimens 

is partially the result of differences due to testing method (see 

conclusions 6 and 7). 

4. With the exception of three specimens, the fracture 

instability for all specimens was catastrophic in nature. The 

excepted specimens, all tested at +72 F, included a 7C specimen 

with B = 1.5 inches that exceeded testing-machine capacity at 

K R = 477 ksi /inch (525 MNm -3/2) and Aa = 0.86 inch (22 mm), and 

duplicate 4T specimens that exhibited slow, stable crack extension 

corresponding to Aa > 3.50 inches (Z 90 mm) at K values of 
c ~ -- c 

>380 and >503 ksi /inch (418 and 550 MNm-3/2). 

5. The repeatability of results for three of four sets 

of duplicate specimens was within • percent of the average K 
c 

value measured. The repeatability of results for the fourth 

set of specimens was within • percent of the average K value 
c 

measured. 

 



-49- 

6. The choice of testing procedure (load-control vs 

displacement-control) was found to influence the results. The K 
C 

values for the 4T specimens tested under load-control conditions 

were 40 to 80 percent higher than the values for the corresponding 

4C specimens tested under displacement-control conditions in direct 

comparison tests at three different temperatures. This influence 

of testing procedure was consistent and appears real, but could not 

be fully verified using statistical analysis procedures. 

7. The effects of specimen thickness (B = 1.5 inch vs B = 

0.5 inch) on K behavior evaluated in direct comparison tests using 
c 

only the load-control testing procedure were inconclusive. Results 

from 2T specimens tested at three different temperatures indicated a 

consistent influence, while results from 4T specimens tested at 

similar temperatures were consistent in indicating no influence. 

Local variations in fracture toughness were apparently large enough 

to mask the true effects of specimen thickness on K behavior. 
c 

8. In relation to effects of specimen size, normal plane- 

stress fracture behavior (increasing K values corresponding to 
c 

increasing values of a o) was generally obtained with both the load- 

control and the displacement-control testing methods at all tempera- 

tures. However, an inversion in this behavior occurred with each 

test method at -40 F (-40 C). These departures from expected be- 

havior may be related to inherent variations in the local fracture 

toughness. 
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9. The K results of the present study were shown to be 
c 

consistent with earlier Kic results obtained from tests on the 

same steel at cryogenic temperatures. The central concept in re- 

solving obvious differences in the corresponding K - and c KIc- 

transition temperatures was the apparent existence of an intermediate 

KIc shelf, a behavior supported by the results of each of three 

different and entirely independent methods of analysis (J-integral 

Ki-suppression effect and CVN specimen results). 

I0. For normal stress levels used in design (~ = 3/4 Oys ) , 

critical flaw sizes (acr) for the B = 1.5-inch plate of the 50-ksi 

A572 Grade 50 steel were shown to be a = 1.80, 5.2, and 23.0 inches 
cr 

(46, 132, and 585 mm) for minimum representative behavior at -40, 

+40, and +72 F, respectively. 

ii. For normal stress levels used in design, the critical 

flaw sizes for the B = 0.5-inch plate of the 50-ksi A572 Grade 50 

steel were shown to be a = 4.0, 16.0, and >32.0 inches (i00, 400, 
cr 

and >800 mm) for minimum representative behavior at -40, +40, and 

+72 F, respectively. 

12. With two exceptions, the total critical flaw size (2a ) 
cr 

for cracks centrally located in a large plate subjected to uniform 

tension stress were shown to be in excess of seven times the plate 

thickness, (2a > 7B) for all the 8 different combinations of 
cr 

plate thickness and temperature investigated for the A572 Grade 50 

steels. 
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13. Values of a calculated from measurements of plane- 
cr 

stress fracture resistance (R-curve and K measurements) can be 
c 

applied validly only when the state of stress in the structural 

application is plane stress, and then only under the assigned 

material and test conditions (T, ~, and B). Accordingly, such 

values would be directly applicable to structures with large planar 

dimensions (direction of crack propagation), including the web 

location for large H-beams. Such a values would not be directly 
cr 

applicable in confined structural regions, such as in the tension- 

flange region of H-beams (complete inapplicability) and the web 

region of H-beams with small web dimensions (indirect applicability 

of a values for assessing the confidence level of structural 
cr 

integrity). 

Many of the results above were obtained by using the COS 

analysis method under state-of-the-art conditions. Because this 

method of analysis is still undergoing development, the limitations 

of this technique are not precisely defined. Furthermore, many 

questions still remain concerning plane-stress fracture generally, 

even for results obtained under LEFM conditions. Nevertheless, 

the present studies have been an encouraging first step in the 

understanding of the plane-stress fracture behavior of A572 Grade 50 

steel, and similar medium-strength constructional steels, and of 

the applicability of plane-stress-fracture data (R-curve and K 
c 

measurements) to structural components. 
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CCT 

CLWL 
COS 

CT 
CVN 
EDM 

LEFM 

PTC 

RD 

L-T 

R-curve 

a 

a 
cr 

aeff a 
n a 
O a 

aPhY 
a ~ t  a 

Aa c 

rp 

rI~ 

B 

J-Integral 

JIc 

E 

G 

GR 
H 

K 

K c 

KI 

KI c 

Glossary of Symbols 

= Center-cracked tension specimen. 

= Crack-line wedge-loaded specimen. 
= Crack-opening stretch. 

= Compact-tension specimen. 
= Charpy V-notch specimen. 
= Electrical-discharge-machine process. 

= Linear-elastic fracture mechanics. 
= Partial-thickness-crack specimen. 

= Rolling direction. 

= Orientation of full-thickness crack stressed parallel 

to RD and propagating perpendicular to RD. 
= Plot of K R vs Aa, where Aa E Aaphy. 

= Crack length; crack depth for PTC specimen. 

= Critical crack length for the onset of a particular 

event. 
= Effective crack length, including r . 
= Machined-notch crack length. P 

= Initial crack length. 

= Physical or actual crack length. 

= Actual or physical crack length. 

= Increment of crack extension. 

= Critical increment of stable crack extension at 
fracture instability, a property of the R-curve. 

= Plane-stress plastic-zone radius at the crack tip. 

= Plane-strain plastic-zone radius at the crack tip. 

= Hinge point, a distance measured from the load line, P. 

= Specimen thickness. 

= Path-independent integral of plastic strain-energy 

density surrounding the crack tip. 
= Critical JI value at fracture under plane-strain 

conditions (analogous to G). 

= Modulus of elasticity. 

= Crack-extension force or strain-energy release rate. 
= Resistance to crack extension measured in terms of G. 
= One half of CT specimen height. 

= Stress-intensity factor, 
= Critical K value at fracture under plane-stress 

conditions. 

= Applied K value under opening-mode (Mode I) loading 
conditions. 

= Critical K I value at fracture under plane-strain 
conditions. 

Copyright �9 1976 by ASTM International www.astm.org 
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KIc r = 

Kid = 

KI,Gu b = 

KI,LU b = 

Ki,ma x = 

KQ = 

K R = 
KR,pI = 

AKf = 
P = 

Pmax = 
R = 

T = 

V = 

V 1 = 

Vl abs = 
V 2 = 

V2 abs = 
(VI/V2) s = 

W = 

= 

= 

EZZ = 

eBS = 

Eys = 
p = 
a = 

a D = 

Oy s = 
OZZ = 

A general critical K I value corresponding to the onset 

of a specific event (Kc, Kic , Kid, Kiscc , etc.). 
Value of Kic measured under dynamic or impact loading 
conditions. 

Greatest-upper-bound K I value for plane-strain 
conditions. 

Least-upper-bound K I value for plane-strain 
conditions. 

Nominal K I value at fracture calculated using initial 

crack length (ao) and maximum load (Pmax) on the basis 
of LEFM analysis. 

Questionable or invalid Kic value based on 5 percent 
secant-intercept method of analysis in fracture test 

record. 

Resistance to crack extension measured in terms of K. 

Plateau value of K R from an R-curve. 
Stress-intensity range used in fatigue precracking. 

Load or force. 

Maximum load in a fracture test. 

Stress ratio used in fatigue precracking. 

Temperature. 

Crack-opening displacement measured with a clip gage. 

Value of V measured at a distance 0.1576W from the 

load line, P, counter to the crack extension direction. 

Absolute value of V I. 

Value of V measured at a distance 0.303W from the load 

line, P, in the same direction as crack extension. 

Absolute value of V 2. 

Slope of V 1 vs V 2 test record measured under elastic 
unloading conditions. 

Specimen width. 

Limit of plane-strain conditions at value of 8 = 0.4. 

Crack-opening stretch or crack-tip dislocation, used 

interchangeably with COS. 

Strain. 
Strain rate. 

Through-thickness strain~ 

Back-surface strain measured on the free surface 

opposing the crack at a location that intersects with 

the crack plane. 
Yield strain. 

Root radius of a machined notch tip. 

Stress; also, standard deviation in a statistical sense. 
Design stress; alternatively, the gross, uniform 

tension stress applied to a CCT specimen remotely. 
Yield stress. 

Through-thickness stress (synonymous with "constraint"). 
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Table III 

Overall R-Curve Study 

Specimen No. 
ays, Thickness, of Spec 
ksi Inches Spec Type@ 

50 B= 1.5 3 @ 

" " 3 

" " 4 ~ 
I 

" " 4 

" B = 0 . ~  4 @ 

" " 4 @ 

Test Temperatures~ 

T = e40 F, +40 F + +72 F 

,I ,1 Wl 

I I  I I  I I  

, l  I '  I I  

, ,  I !  I f  

! I  I I  I '  

22 Total 

62 B = 1.5 2 @ T = ~40 F + +72 F 

2 Total 

2T and 4T specimens tested under "load-control" conditions, 
4C and 7C specimens tested under "displacement-control" 

conditions. 

At least one specimen for each group of 3 or 4 was tested at 

each of the (nominal) test temperatures cited. 

The cited 4T and 4C specimens provided an "overlapping" 
condition for each of the two different test techniques. 

~ AII B = 0.5-inch specimens were taken from that portion 
of the plate closest to the center after the original 
1.5-inch plate thickness was split. 
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Table VII 

Analysis of K c Results for Different Test Procedures 

Nominal 
Specimen Test 

Item Size and Temperature, Kc, 

No. Type* F ksi /~nch 

Extent to Which 
Kc for 4T Exceeds 

That for 4C** 

4 4T -40 154 +51.0% 

5 4C -40 102 - 

6 4T +40 314 +79.5% 
7 4C +40 155 - 

8 4C +40 195 - 

9 4T +72 445 +40.0% 

i0 4C +72 318 - 

* 4T specimens tested by load-control test method. 
4C specimens tested by deflection-control test method. 

** Expressed as a percentage of the listed (or average) ~c value 
for the corresponding 4C specimen. 

Conversion Factors: 

F = 9/5 C + 32 
1 ksi /inch = 1.099 MNm-3/2 

 



Table VIII 

Comparisons of Studies Conducted to Evaluate K c Behavior 
Measured Using the Load-Control and Displacement-Control 

,. Test Techniques 

Materials 

Material 
thickness, inches 

K c Repeatability 

Strain-rate 
Sensitivity 

(on K c) 

Method of 
Analysis @ K c 

Earlier Studies 
by Heyer & McCabe* 

High-Strength 
Aluminum & Titanium 

Alloys 
vs 

B ~ 0.066 vs 

Excellent (• vs 

Present 
Study** 

Low-Strength 
Steel 

B = 1.50 

Fair 
(• to • 

NIL vs High 

LEFM vs COS 

* Complete Equivalenqe of K c behavior demonstrated in tests 
conducted with load-control and displacement-control testing 
techniques. 

** Kc for load-control = 40% to 80% higher than K c for displace- 
ment-control. 

 



Table IX 

Effects of Thickness (B = 1.5 inch vs B = 0.5 inch} on K c Behavior 

from Load-Control Tests o n 50-ksl Yield-Strength A572 Grade 50 Steel 

Nominal K c for K c for 

Test B = 1.50 inch B = 0.50 inch 
Item Specimen Temperature, Specimen, Specimen, 

No. Size F ksi ~ ksi 

A. 2T Specimen Size 

1 2T -40 116 - 

17 2T -40 - 316 

2 2T +40 21~ - 

18 2T +40 - 273 

19 2T +40 - 313 

3 2T +72 >87 + - 

20 2T +72 - 308 

B. 4T Specimen Size 

4 4T -40 154 - 

21 4T -40 - 150 

6 4T +40 314 - 

22 4T +40 - 305 

9 4T +72 445 - 

23 4T +72 - >503+ 

24 4T +72 - >380 + 

+ See appropriate footnote for detailed behavior in Table V. 

Conversion Factors 

1 inch = 25.4 ram. 

F = 9/5C + 32. 

1 ksi ~ = 1.099 MNm 3/2.- 
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Table XII 

Fracture Behavior of A572 Grade 50 Steel (a~s ffi 50 ksi) 

Invalid KIc 
Test Results 

Estimatedksi ~alues, 

From 
Test K , / K O \ Ki-Suppression From 
Temp ksi ~nch L Ki,~ub) Effect* J-Inte@ral** 

G120 F 76.5 0.94 148~ 100-130 

e104 F 74.2 0.96 148 e - 

e55 F 73.6 1.08 148 + - 

+7 F 71.9 1.14 148 + - 

+75 F 63.4 1.06 148 + 160-200 

KO 
(KltGub) = I'00 * KIc = 2.0 KQ @ 

Kic ~ 2 x 74 = 148 ksi ~inch 

** "One-shot" JIc equation. 

where KI,Gub = oys(l.~ 1/2 

T ffi - 8 0  F 

 



Table XIIi 

Summary of Minimum Plane-Stress Fracture Toughness for Two 
Thicknesses of A572 Grade 50 Steel Under Static 

Loading Condiitons (e ~ 10 -5 sec- !) 

Minimum acr for 
Minimum Infinite CCT Spec* 

Temperature, Kc, ~ys, @ OD = 3/4 Oys, 
F ksi ~ ksi inches 

, _ _  , , m  , 

A. For B - l-i/2-Inch-Thick Plate and Oys = 50 ksi 

-40 57** 56 0.58 (180)** 
+40 155 51 5.22 
+72 318 50 22.9 

B. For B = i/2-Inch-Thick Plate and Oys = 50 ksi 

-40 150 56 4.06 
+40 273 51 16.2 
+72 >380 50 >32.7 

C~ For B = l-i/2-Inch-Thick Plate and Uys = 62 ksi 

-40 121 68 1.80 
+72 365 62 19.6 

* For an infinite center-cracked tension (CCT) specimen: 

K = u /~a (i) 

Rearranging (i): '~ acr = i(~D) 2 K  c (2) 

and for 

~ = 3/40y s 

we get 
16 (Kc 

acr = 9', '~ \ ~ - ' ~ }  = 

2 
Kc 

** If the minimum representative fracture touahness is taken 
to be Kc = i00 ksi /i-n-~; The corresponding value of critical 
flaw size would be acr -- 1.80 inches. 

Conversion Factors : 
9/5  c + 32 

1 k s i  ~ = 1 . 0 9 9  MNm - 3 / 2  
1 k s i  = 6 . 8 9 5  N/mm 2 = 6 .  895  M-N/m 2 

1 inch = 25.4 mm 
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FIG. l--Basic principle of  R-curves for use in determining K,. under different conditions of  initial 
crack length, a,,. 
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tions. 

 



FIG. 3— CT specim ens used fo r  load-control and  
displacement-control tests.

FIG. 4—R-curve and  K, results of full-thickness (B = 1.5 in.) specimens o f A572 Grade 50 steel 
tested at – 40°F.
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FIG. 5--R-curve and K,, results for full-thickness (B = 1.5 in.) specimens ofA572 grade 50 steel 
tested at +40~ 
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FIG. 6---R-curve and K,. results for full-thickness (B = 1.5 in.) specimens ofA572 grade 50 steel 
tested at +72~ 
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FIG. 7~R-curve and K,. results for full-thickness (B = 1.5 in.) specimens ofA572 steel processed to 
62-ksi strength level at two different temperatures. 
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FIG. 8--Summary of K~ results for full-thickness (B = 1.5 in.) specimens ofA572 grade 50 steel and 
A572 steel processed to 62-ksi strength level. 

 



FIG. 9---Fracture surfaces of full-thickness (B = 1.5 in.) 2T CT specimens ofA572 
grade 50 steel tested under load-control conditions using an essentially 
monotonic loading sequence (Armco procedure). 

 



FIG. lO---Fracture surfaces offull-thickness (B = 1.5 in.) 4T CT specimens ofA572 Grade50 
steel tested under load-control conditions using a total unload]reload loading sequence 
(U. S. Steel procedure). 

 



FIG. 11 ---R-curve specimens ofA572 Grade 50 steel tested at ambient temperature (.~ 72~ The 2T and 4T 
specimens were tested to fracture under load-control conditions, and the 7C specimen was tested to 
the limit of available capacity uader displacement-control conditions. Note: Aa = as - ao "~ 0.50 in. 
on the specimen surface for the 7C specimen at the end of the test. 
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FIG. 12---R-curve and K,. results for subthickness (B = 0.5 in. ) specimens ofA572 Grade 50 steel tested 
at -40~ 
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FIG. 13--R-curve and K~ results for subthickness (B = 0.5 in.) specimens ofA572 Grade 50 steel tested 
at +40~ 
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FIG. 15---Summary of K,. results for subthickness (B = 0.5 in.) specimens ofA572 Grade 50 steel. 

 



FIG. 16---Fracture surfaces of subthickness (B = 
0.5 in.) 2T CT specimens ofA572 Grade 50 
steel tested under load-control conditions 
using an essentially monotonic loading 
sequence (Armco procedure). 

 



FIG. 17~Fracture surfaces of subthickness (B = 0.5 
in.) 4T CT specimens of  A 572 Grade steel tested 
under load-control conditions using a total 
unload/reload loading sequence (U. S. Steel 
procedure). 

 



F|G. 18--Subthickness (B = 0.5 in.) 4 T  C T  specimen 7-2 tested at + 72~ Photograph was taken alter unload 33 and 
jus t  prior to complete fracture (intentional). Note the extent o(s table  crack extension visib)e on the specimen 
surface (Ata = ar - a ,, ~ 1.60 in.). �9 
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FIG. 19--Superposition of ~Bs and P in the development for the 4T subthickness (B = 0.5 in.) specimen ofA572 Grade 
50 steel tested at +72~ 
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FIG. 20--Combined CVN energy-absorption behavior ofA572 Grade 50 steel as determined from the broken halves of 
11 CT specimens used to establish R-curve behavior. 
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FIG. 2 l----Correlation between CVN energy absorption and lateral expansion (LE) for A572 Grade 50 
steel at all temperatures ( - 8 0  to +72~ as determined from the broken halves of 11 CT 
specimens used to establish R-curve behavior. 
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FIG. 22--Results of static J~acture-toughness tests of A572 Grade steel (cru = 50 ksi). 

 



FIG.  23— Results o f static fracture-toughness tests o f A572 Grade 50 steel (σm = 62 ksi).

FIG. 24— Summary comparisons o f Kc and Klc. behavior obtained from  1.5-in.-thick plates o f A572 
steel.

 



FIG. 25— S ch em a tics  o f  r e la tio n sh ip s  b e tw een  K c a n d  K lc.

FIG. 26— L o n g itu d in a l C ha rp y  V -notch  energ y  a bso rp tio n  fo r  im pact a n d  s lo w -b e n d  tests  o f  
s ta n d a rd  C V N  sp e c im e n s .
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dard CVN specimens. 
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