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NOMENCLATURE

a total length of crack plus notch*

a,, extension of notch by fatigue crack*

aN notch dimension*
B specimen thickness*

b. b. specimen dimensions*

E, E' elstic modulus; (E' for plane strain)

II notch dimension'

L notch length*

L6. N. cutout dimensions'

N notch width*

P applied load'

U. 1 , beistic strain energy; case a and b, see Figure 3

S specimen spWn

W specimen depth*

a normalized total length of notch plus crack (&/W)

(X0nomlie notch dimension (aMW

crack envelope angle

included notch-tip angle

S load-line displacement of beam'

normalized notch dimension (H/W)

fk normalized notch dimension (LJW)

A normalized load-line compliance (SEB/P)

A. normalized load-line compliance due to cutout (8,EB/P)

A Poisson's ratio

'see: Figs 1-3



INTRODUCTION

Technical committees within ASTM Committee E24 on Fracture currently are developing a comprehensive
fracture toughness test method which will include many of the existing fracture testing procedures. The intent is
to provide a "common" fracture toughness test method for any of four basic types of fracture behavior which are
currently investigated using the following methods: E399 for Plain-Strain Fracture Toughness of Metallic
Materials; E813 for J1, A Measure of Fracture Toughness; El 152 for Determining J-R Curves; and E1290 for
Crack-Tip Opening Displacement (CTOD) Fracture Toughness Measuremea.

The specimen configuration which is included in each of the four test methods is the three-point bend
specimen. Two of the methods, E813 and El 152, require load-line compliance deterination by both
experimental means and theoretical analysis. These test methods refer to a formulation of load-line compliance
based on results generated in the referenced authors' work [Ref.1]. This method represents any given
combination of machined notch plus crack extension as an ideal zero-width crack, and ignores the effect of the
finite width notch on the beam compliance. The compliance contributed by the finite width of the notch,
although not the major contributor to compliance, can be substantial, depending on the notch and crack
dimensions. In many cases this additional compliance attributable to the notch width can be ignored; but if
accurate load-line compliance resuls ate desitred, the notch configuration should be considered in the analysis.
Baratta [Ref.2] recently provided relevant results, wherein he determined that in some instances erors resulting
from the use of reference 1 as applied to fracture testing were considerable.

In response to the above determination, the objective of this text is to use Barutta's method and results [i] to
calculate load-line compliance for various notch and crack configurations, and [ii] to provide guidance to ASTM
technical committees in defining appropriate and practical geometry limits to minimize load-line compliance
eors in fracture testing with three-point bend specimens.

ANALYSIS

Because the method for obtaining load-line compliance of a three-point bend beam is well-documented in
reference 2, little detail is necessary in this document Some general comments about the method appear in the
following paragraphs.

A simple yet accurate way of calculating compliance for stepped sauctural elements has been provided by
Bluhm [Ref. 31. Engineering strength of materials analysis was combined with elastic fracture mechanics to
obtain deflections of geometrically discontinuous structures. The method was based on the work of Paris [Ref.
4] and subsequently Tada et al. [Ref. 51, which suggested techniques for computing certain displacements in
crack-related problems. The approach used in reference 3 as applied to stepped structires was adapted in
reference 2 to various V-notched configurations using superposition. Specifically, the configuration examined in
reference 2, which is also appropriate to the topic here, appears in Figure 1. Using the methods from reference 2
outlined above for a three-point bend specimen with S/W = 4, the normalized load-line compliance including the
effects of notch configuration &:

a = [ (b/W'/4] + [ [3(1+p)5 [bW - 2 tan(T/2) n,-(1-[ -}]
+ [ 3 tan(Ta2)] [ [S/(2W(l-o-))]1 - [b/(2W(-LA})1]

- [2 tan(T2)] [S/(2W(I--aw)) - b/(2W 1-0j)
+ tan(Tr2) ln(1-c4,W(l-Q})]] + [ f(a)]

(Eq. 1)

'Note that this equation in reference 2 has a typographical err Eq. I above is correct.



According to the work of Wu [RM. 6]:

(a)- 18 (S2W [- 0.365 c + 1.326 a' - 2.71 c + 3.87 or
- 8.614 a - 2.268 + 6.018 In(l+2a) - 1.015 In(l-a)
+ (2.829 a - 4.437 a + 2268) I((1+2a) (1-a)1]

(Eq. 2)

Equation I applies to a plane-stress condition; simply multiply f(a) by the quantity (1-p2) to realize the
plain-swain condition. Equation I does not account for the compliance due to the radius at the apex of the V-
notch nor for the local discontinuities at the junction of the V-notch and the straight sides of the notch.
However, it is expected that the effect of these subtle geometric details of the notch on the load-line compliance
will be negligible.

Equation 1 also does not account for a displacement gage cutout, such as that shown in Figure 2. The
displacement and associated compliance due to the cutout can be readily acconmted for by superposition of the
two cases shown in Figure 3. This superposition (see the Appendix) results in an additional normalized
compliance, AO based on the following-

Ac = 3 [((b/2W) - (b}2W)2)/(l - 2(If2W-bW) ((1-z}/5 + 1/Il-Qcj)l
(Eq. 3)

The total load-line compliance, Ar, is simply the sum of Eqs. I and 3:
AT = A+Ac

(Eq. 4)

In the results to follow, load-line compliance for various notched configurations are presented and compared
with the ideal crack results [Ref. 1]. The expression for load-line compliance for the case of an ideal crack, A,,
from refernmce 1, is the following.

A, = [(S/W)/(1-a)] 2 [1.193 -1.980 a +4.478 a z -4.443 oe +1.739 a]
(Eq. 5)

RESULTS

Notch and cutout configurations were selected to show what were believed to be the key factors which affect
load-line compliance and also to show the mom significant differences in compliance for the finite-width notch
and the ideal crack, Eqs. 4 and 5, respectively. The range of configurations selected covered those of interest in
the fracture test methods mentioned earlier. Figures 4-7 and Tables 1 and 2 present the results.

Figure 4 compares the normalized load-line compliance, A, = SEB/P, for the ideal zero-width crack (Eq. 5)
with results for notches of various widths (Eq. 4), over a range of 9/W. Note that the increase in compliance due
to the finite width of the notch becomes more significant for deeper notches. The relative change in compliance,
compared to that for an ideal crack, can be more directly considered when plotted as a ratio, 4/At,, (see Figure
5). These results can be used to show the upper bound differences in complance between thme-point bend
specimens with a finite thickness notch and specimens with an idealized crack, for a variety of notch and crack
lengths. For example, consider a beam having a notch length, L = 0.425 W (the lower curve) and a fatigue
crack length of a = 0.025 W (the smalle fatigue crack considered here) giving a total notch-plus-crack length
of a - 0.45 W. For this configuratio the difference in compliance from that of the idealized crack is 7.3 %.
However, as a is allowed to increase this difference diminishes to a value of 2.0 % when a,= 0.325 W and a=
0.75 W. Thus, a large notch depth with a small fatigue crack produces a significant increase in compliance over
that of the ideal crack. The end points of the family of curves for a range of L/W values produce an upper
bound description of the increase in compliance (see the dashed line in Figure 5). For most real testing
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situations the difference in compliance will be less than these maximum values, because ar > 0.025W.

Figures 6 and 7 show the effect on compliance of important configurational variables. Figure 6 shows the
4/Aw. values for three finite notch widths (solid lines with symbols) compared with the ideal crack, with 41A.
= I (the solid line). The notches each have aiW = 0.025 and v = 900. Note the significant effect on
compliance due to notch width, with a value of N/W = 0.10 resulting in a 10-19 % increase over that of the
ideal crack, for the range 0.45 < a/W : 0.75. The lesser effect of two other configurational features on
compliance can also be seen. The amount of crack extension from the notch tip, aF/W, has less affect on
compliance than notch width; note that the dashed curve for aF/W = 0.050 is reduced as would be expected (the
additional crack extension makes the notch behave a bit more like an ideal crack), but the reduction is only about
2 %. The effect of the cutout on compliance can be judged from the doted curve. The cutout with LW = 0.1
and No/W = 0.2 adds only about 1 % to compliance for a/W = 0.45, and its addition diminishes as a/W
increases.

The effect of notch-tip included angle, r, on compliance is considered in Figure 7. If - were 300 rather than
90*, about one third of the compliance increase due to the notch would be eliminated (for this notch N/W =0.10;
aF/W = 0.025). However, the fabrication difficulties associated with a 300 notch-tip angle would be significant
for many users. In addition, the effect of a small T in eliminating some of the compliance increase due to the
notch will be greatly diminished for notches with smaller N/W and larger a./W.

Values of normalized compliance for vanous notch and crack configurations, including many of those of
Figs. 4-7, are listed in Tables 1 and 2. Also shown are the values of the crack and notch envelope angle, B, for
each configuration, see Figure 2. Historically, a limitation on this envelope angle has been used to insure that a
given notch configuration is a reasonable simulation of an ideal crack (see Appendix). Although a general trend
can be noted in Table 1, in which a small envelope angle is associated with a small difference between notch
and ideal crack compliance, the trends already described between notch dimensions and compliance are better
defined.

DISCUSSION

The results of solid mechanics analyses described here were used to suggest two sets of notch and cutout
dimensions for use in fracture tests with the three-point bend specimen. We believe that these same dimensions
are also applicable to other configurations which ae subjected to predominantly bending stresses, including the
compact specimen used in many fracture tests and the arc and disk-shaped specimens used in ASTM Method
E399. In addition to analytical results, some engineering experience and judgement were used in arriving at the
suggested specimen dimensions, particularly as related to specimen fabrication and test procedures in common
use today.

Table 3 gives the two suggested notch and cutout configurations, as a list of five required dimensions: the
maximum allowed notch width, N/W; the maximum allowed notch-tip included angle, , the minimum required
crack extension, aWW; the maximum allowed cutout length and width, Lc and N. The current requirements in
ASTM Methods E399 and E813 are listed in this table for reference.

The most significant change in specimen configuration involves notch width, where a wide notch with N/W
=0.063 is suggested for tests in which specimen fabrication requirements are controlling, and a narrow notch
with N/W = 0.01 is suggested for tests in which a close modeling of the ideal crack compliance is important.
The wide notch can be easily cut in relatively large specimens using conventional machining, whereas the narrow
notch requires a quite narrow slitting process, such as electric-discharge machining. The other notch and crack
dimensions ae unchanged from existing methods. Although some narrowing of the difference in compliance of
the real notch and cutout compared to the ideal crack could have been accomplished with tighter dimensions, the
user would have paid dearly in fabrication and testing difficulties.
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The final result of the suggested notch, crack and cutout dimensions is: [i) for the wide notch the compliance
can be 7-12 % above that of the ideal crack, for 0.45 S a/W S 0.75, respectively; [ii] for the narrow notch the
compliance is 3 % above that of the ideal crack, for the range 0.45 5 a/W 5 0.75. It should be noted that
generally only the lower end of the possible 7-12 % increase in compliance mentioned above would be
experienced in fracture testing because, although R-curve type tests are often performed for a/W - 0.7, the notch
length is generally at a/W - 0.6 or less.
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Table 1 Load-Uine Complianc for Three-Point Bend Specimens
with Variou Notch Widths and Crack Configurations

Notch Cutout ip crack Envelope Nuxch+Cxck Nomialized
Width Dimmiins Angle Enentjon Angle LAigth Compliance
NiW LOW NOIW Aldw a AM 8EB/P

deg -deg

--.-00 0.10 0.20-- 90- 0 5310.f

0.525 68.51

0-575 86.5

0.625 113.20

0.675 153.34

0.725 218.03

0.063 0.10 0.20 90 0.025 58.1 0.45 49.67

0.50 60.51

0.55 75.49

0.60 96.88

0.65 128.65

0.70 178.444--. 0.75 262.43
0.010 0.10 0.20 90 0.025 13.9 0.45 47.46

0.50 57.39

0.55 71.07

0.60 90.49

0.65 119.16

0.70 163.77

0.75 238.42

0.010 0.0 0.0 90 0.025 18.9 0.45 46.87

(NO OnUx)0 0.50 56.80
0.55 70.48

0.60 89.90

0.65 118.57

0.70 163.19

0.75 237.83

0.0 (Idea Crack Eq.5) 0.45 46.29

0.50 56.05

0.55 69.41

0.60 88.28

0.65 116.01

0.70 159.08

110.75 231.10

6



Table 2 Load-Line Compliance for Three-Point Bend Specimens with Various
Notch-Tip Included Angles

Noch Cutout Tip Crack Envelope Nowh+Cmck Nomialized
Width Dimnuims A lsO Eximsion Angk LAMgd COMPlaN
N/W LOWI NOW midw 11 aIW 8B/P

__deg - deg -_

0.50 60.49

0.55 75.45

0.60 96.70
0.65 128.09

0.70 176.93

0.75 258.52

0.100 0.10 0.20 45 0.025 37.9 0.45 50.20
0.50 61.26

0.55 76.54

0.60 12.09

0.65 130.48

0.70 180.72

0.75 264.92

0.100 0.10 0.20 60 0.025 48.3 0.45 50.55

0.50 61.75

0.55 77.24

0.60 99.31

0.65 132.07

0.70 183.30

0.75 269.43

0.100 0.10 0.20 90 0.025 67.4 0.45 50.99

0.50 62.37

0.55 78.12

0.60 100.64

0.65 134.16

0.70 186.78
0.75 275.69
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Table 3 Suggested Notch Dimensions for Three-Point Bend Fracture
Specimens; see Figs. I and 2

Existing Standards Susestions from Compliance

E399 E813 Wide Notch Narrow Notch
m ax widti; N 0.100W € 0.063W 0.63W .... _010W....

max tD angle; -z 900 - 900 900
mm extnsion: ap 0.025W 0.0502 0.025W 0.025W
max cutout L. - 0.10W 0.10W 0.10W
max cutout Nc  - 0.20W 0.20W 0.20W
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Figure 2 Notch and Cutout Configurton
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EB/P
300

IDEAL CRACK; [1] 0

-9- N/W = 0.01
250 -- N/W - 0.10

200,

iI

150 ,,

100

50

0 I

0.4 0.5 0.6 0.7 0.8

a/W

Figure 4 Compaion of Normalized Load-Line Compliance for Three-Point Bend Specimens with Notches and Ideal
Crack. notched configurations are: T--90. aWvW=0.025, N./W=0.2. LcW=0.1
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A/A ideal

1.12 - -

MAXINRM

1.10 DIFERENCE 67

.- " 0.62

1.08 "05
-0..

1.06 -

I/W=0.

1.04 -

1.02 F
a F/W = 0.025 min to 0.325 max

N/W = 0.063

1.001
0.45 0.50 0.55 0.60 0.65 0.70 0.75

NOTCH + CRACK LENGTH; a /W

Figure 5 Compliance Differences for Three-Point Bend Specimens with Various Lengths of Idealized Crack and
Notch Plus Crack; notched configurations are: v=90, NoJW=0.2, LoJW=O.1
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A/A ideal
1.2

.....1.

-IDEAL CRACK

-- N/W=O01O; no cutout
0.9- -6- NIW=.01O; 0.025W

-e- N/ W=. 063; 0.025W

-S- N/W=.100; 0.025W

---X-- N/W=.1 00; 0.050W

0.8 1II

0.4 0.5 0.6 0.7 0.8

3/w

Figre 6 Effects of Notch Width (N). Cutout Dimensions (Nc, Lc), and Crack Extension (.F) on Load-Lime
Compliance for Three-Point Bend Specimens; notched configurations are: ?=90, N0IW=O.2, LO/W=-O. 1
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AA ideal

1.2 K

-IDEAL CRACK
0.9- --X- N/W=.l 0; 30 deg

--H- N(W=.1O; 45 deg

-E6- N/W=1O ; 60 deg

-a- N/W. 10; 90Odeg

0.8 1
0.4 0.5 0.6 0.7 0.8

aIW

Figue 7 Effects of Notch-Tip Angle (cx) on Load-Line Complianc for Three-point Bnd Specimenswoce
configuratons are: a,/W=O.025, NdlW=O.2, LSOW=O.1
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APPENDIX

Compliance Due to Cutout

The displacement due to an additional cutout, such as that shown in Figure 2 to accommodate a
displacement gage, is required to obtain the total displacement of the beam configuration. All that is needed is
the superposition of the two cases shown in Figure 3. This contribution is then added to the compliance given
by Eq. 1.

The increase in strain energy of a notched beam due to shear loading and beam bending can be obtained
from reference 2, Eqs. 40 and 42, respectively. With - = , co = 0, and redefining U" = Qc = LO/W, then for
case a. b = bc and for case b, b = b. Substitution of these values into the appropriate equations cited above and
subtracting the strain energy due to case b from that due to case a results in the following.

U. - Ub = [3P1/2BE] [(b/(2W([1-OW) - (bJ(2W(1-W))2

- 2(b/(2W{ 1-'j) - bj(2W(1-Qj))]
- [3(1+p)P (b/W - b/W) / (lOBE)]

(Eq. 6)
Since the displacement of the beam due to the cutout, 3, is

5. = d/dP (U. + U)
(Eq. 7)

Then
A = 3[((b/2W)2 - (bj2WP)/(1-afi

- 2(b/2W - bj2W)([ I+p)/5 + 1/[ 1-a})]
(Eq. 8)

which is added to Eq. 1 to obtain the total compliance Ar

Equation 8 accounts for the additional compliance due to a cutout. Although this equation ignores the
compliance due to discontmnuities at the corners of the cutout, this variance should be relatively small.

Crack Envelope Angle

Historically, the crack envelope angle, 8, shown in Figure 2, has been used (see ASTM Methods E561 and
E647) to insure that the fatigue crack extension to the notch is sufficiently large enough that the sress intensity
factor (or compliance) is not overly influenced by the notch configuration. With the aid of Figure 2 the envelope
angle is readily defined in terms of the notch configuration as follows:

B = 2 tan*'[N/2(a+ar)I

and since am = N/2(tan(rT2}) , then

B = 2 ta1'[1/(1/an()/2} + 24N)]
(Eq. 9)
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iASHINGTON, D.C. 20310-0103

DIRECTOR
kDMINISTRATOR US ARMY INDUSTRIAL BASE ENGR ACTV
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kTTN: SMCAR-AEE 1
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)ICATINNY ARSENAL, NJ 07806-5000 REDSTONE ARSENAL, AL 35898-5241

)IRECTOR COMMANDER
IS ARMY BALLISTIC RESEARCH LABORATORY US ARMY FGN SCIENCE AND TECH CTR
kTTN: SLCBR-DD-T, BLDG. 305 1 ATTN: DRXST-SD
kBERDEEN PROVING GROUND, MD 21005-5066 220 7TH STREET, N.E.

CHARLOTTESVILLE, VA 22901
)IRECTOR
IS ARMY MATERIEL SYSTEMS ANALYSIS ACTV COMMANDER
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OCK ISLAND, IL 61299-6000

OTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL.
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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COMMANDER COMMANDER
US ARMY LABCOM, ISA AIR FORCE ARMAMENT LABORATORY
ATTN: SLCIS-IM-TL 1 ATTN: AFATL/MN
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ADELPHI, MD 20783-1145

COMMANDER
COMMANDER AIR FORCE ARMAMENT LABORATORY
US ARMY RESEARCH OFFICE ATTN: AFATL/MNF
ATTN: CHIEF, IPO 1 EGLIN AFB, FL 32542-5434
P.O. BOX 12211
RESEARCH TRIANGLE PARK, NC 27709-2211 MIAC/CINDAS

PURDUE UNIVERSITY
DIRECTOR 2595 YEAGER ROAD
US NAVAL RESEARCH LAB WEST LAFAYETTE, IN 47905
ATTN: MATERIALS SCI & TECH DIVISION 1
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NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.


