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1.1 Genera 1

CHAPTER 1

INTRODUCTION

The advent of welding has facilitated Che proceKs

whereby two pieces of netal can be Joined together econoDl-

cally. However, sufficient care oust be exercised In the

design and fabrication of welded Joints to nlnlnilze the

Introduction of discontinuities such as porosity, slag

Inclusions, shrinkage cracks, lack of fusion, and lack of

penetration. The presence of such discontinuities in a

weldment , if of sufficient magnitude, can significantly

reduce the fatigue strength. Fatigue cracks in highway

bridges that initiated from weld discontinuities have been

reported [10,11], and in sone instances have led to brittle

fracture [ 19] .

Current apeclf icatlons for the design of cyclically

loaded structures auch as highway bridges, railway bridges,

offshore structures, and crane girders oot only Unit or

prohibit the presence of veld discontinuities, but they

also require the use of sufficiently low design stresses

that reduce the likelihood of the Initiation and propaga-

tion of cracks that can lead to failure. Thus, It Is



highly desirable that Inspection procedures utilize lech-

Dlques that will enable Che early detection ol fatigue

crack growth In structures that are fabricated with accept-

able levels of quality. Regulations for fatigue crack

detection are currently deployed by the U.S. Air Force for

the Baintenance of aircraft [1].

Depending on the desired quality level and importance

of the structure, the inspection procedures nay need to be

very elaborate. However, due to the expense and time

Involved In checking all of- the details in a structure, a

simple and yet effective procedure would be very benefi-

cial. It Is believed that the placement of crack gages at

a number of critical points In a structure is one method

that can be used to provide an early Indication of fatigue

crack initiation or sub-critical crack growth. Fatigue

crack gages, which are small notched coupons that can be

bonded to the surface of a structure, have been studied

extensively for use in the aircraft industry

[2,8,13,15,16,23,48,56]. The periodic inspection of stra-

tegically positioned gages will help determine the neces-

sity for a more elaborate inspection in critical areas of

the structure.

1*2 Object and Scope

The primary objective of the present study is to



experlnent ally InveBtlgate the feaBibllity of uBlng a crack

gage to detect the onset of fatigue crack initiation and

early crack growth in fatigue-critical steel details. In

particular, the effect of lack of penetration (LOP) discon-

tinuities on the fatigue behavior of transverse butt-welded

jolotK vill be examined. Butt joint groove welded apeci-

ens containing Internal LOP weld discontinuities were

tested with crack gages bonded to the specimen surface.

Fatigue test results are compared with analytical predic-

tions of the fraction of cyclic life spent In crack Initia-

tion and crack propagation.

1,3 Background

1.3.1 AASHTO Inspection Procedures

The guidelines for Inspection provided In the current

Manual for Maintenance Inspection of Bridges by the Ameri-

can Association of State Highway and Transportation Offi-

cials (AASHTO) [35] are stated in very general terms. For

•teel stringers and girders, the nanual requires that the

embers be examined for cracking and corrosion, especially

along the upper or top flange, around rivet or bolt heads,

and at contact surfaces of flange plates, connections and

bearings. The provisions for checking velds is stated as

follows :



"Inspect weld areas for cracks, espe-
cially at unusual type connections, on
curved aectlons, re-entrant corners,
copes, and at all areas where there la
an abrupt change In size of netal or
configuration which ailght produce an
area of concentrated stress or in areas
where vibration and Dovenient could pro-
duce fatigue stress. "

Ko specific sethods of Inspection are outlined In the

anual. Current techniques range from visual observation

of the welds to the use of ultrasonics, radiography, or

acoustic emission Bonitoring to check for the presence of

cracks. The nicroscopic nature of fatigue cracks, espe-

cially in the early stages of development, make their

detection by such Inspection techniques fairly remote.

This Is especially true of sub-surface weld discontinui-

ties, such as lack of penetration (LOP).

1,3.2 Crack Gage Concept

Many structural parts suffer fatigue damage as a

result of carrying fluctuating loads. The useful life of

the part, or the structure as a whole, is limited by the

amount of fatigue damage that can be tolerated without a

significant decrease in the design factor of safety.

Design procedures Involve the identification of structural

• ectloits that aay be fatigue critical and the application

of conservative design techniques to Dinimire fatigue dam-

age.



Where possible, the structural sections should be

tested in the laboratory under sliculated operating condi-

tions to estlnate their actual fatigue life and to pinpoint

potential fatigue problem areas using thorough inspection

procedures. The use of laboratory test results in the

design of the structure Is generally quite successful in

preventing fatigue failures in actual service. However,

Kost testing aethods are not helpful in estimating the

accumulated fatigue damage or the remaining fatigue life of

a particular structural part or the structure Itself. This

Is nainly due to the randomness In actual service loading

and the vastly different environmental conditions under

vhich structures operate.

The need to estimate fatigue damage accumulation led

to the development of fatigue damage Indicators, which con-

sisted of a gage or Indicator that could be placed directly

on a structural part In actual service. Thus, the accumu-

lated fatigue damage suffered by the structural part and

the remaining fatigue life after a given period of service

could be estimated. Several devices were designed in the

Aircraft industry to estimate fatigue damage and the

rcBaining fatigue life (21,57,68]. The initial techniques

were alned at recording the stresses or strains experienced

«t critical structural control points on individual air-

craft through the use of flight load recorders, acoustic

cmissloo, nechanical strain gages, and electronically

recorded strain gages. However, considerable effort and



analyses, as veil as expense, were required to obtain a

fair representation of the seasured stress history experl-

CDced at the control point during a given service period,

and to correlate the stress history with crack growth dam-

age. Hence, It was necessary to develop alternate and bore

straightforward sethods to nonitor fatigue damage.

Smith [56] developed the Fatigue Damage Indicator

(FDI) to Bonitor fatigue crack Initiation damage in air-

craft structures. The FDI was an edge-cracked coupon vhich

could be adhesively bonded to a structural piece subjected

to repeated loadings. One of the main objectives in the

development of the FDI was to provide an indicator which

exhibited a fatigue crack Independently of and In advance

of the occurrence of a fatigue crack In the structural part

to vhich It was bonded. This was achieved by pre-cracking

the coupon and by varying the unbonded length of the coupon

[56]. The crack length in the FDI was then correlated with

accuBulated fatigue damage in the test piece. Monitoring

of the FDI at various points In the aircraft structure made

it possible to Bonitor cumulative fatigue damage In the

aircraft*

Johnson and Paquette [25] also developed a pre-cracked

Service Life Monitoring Coupon (SLMC). The dimensions and

placeBent of the SLMC were selected such that the coupon

experienced essentially the same loading and environnent as
* I'

the critical structural control point. Thus, the crack

length seasured by the coupon could be directly related to



potential crack growth at other IncatlonE.

Based on the FDl crack growth results [bb] , Gallagher

ct al . I13J concluded that the FDl did possets streEB

Intensity factor characteristics vhlch would sake the rate

of crack growth independent of the FDl crack length. Thus,

the FDl could be used as a crack gage to relate its crack

growth behavior with crack growth damage accumulation in

the structure to which it is bonded. Crandt et al. [2,13]

also suggested various analytical expressions which relate

stress In the structural member to stress Induced in the

crack gage, and crack length in the structure to crack

length in the crack gage. Subsequent experimental tests

12,16,A8] demonstrated good agreement between the test and

the predicted crack lengths.

1.3.3 Previous Work on LOP Discontinuities

One of the first Investigations that examined the

effect of lack of penetration (LOP) discontinuities on the

fatigue behavior of welded Joints was conducted by Warren

165]* Cyclic tests of transverse welded butt joints con-

taining alag Inclusions, fine longitudinal cracks, and LOP

were conducted under an alternating axial load. Although

scatter of the test results nade It difficult to draw firm

conclusions with regard to the relative severity of the

various discontinuities, LOP appeared to be one of the nost

serious of the discontinuities investigated.
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Newman and Dawes [45] tested 4-ln. (lOO-mtr) wide by

1/2-ln, (12.7-iLii:) thick transverse butt welded •peclmenE

that contained LOP discontinuities. Speclnent containing

one of two types of LOP discontinuities were tebted:

0.063-ln. (1,6-ttm) deep by 0.75-ln. (19-nini) long LOP In one

•erles, and 0.063-ln. deep by 1.23-in. (32-Bm} long LOP in

the second. The LOP severities examined correspond to 2.3

and 3.9Z of the gross cross-sectional area of the sped-

sens, respectively. The specimens were tested under sero-

to-tension loading. The test results Initially indicated

that fracture initiated at the weld toe when the specimens

were tested with the weld reinforcement intact - i.e., in

the as-welded condition. To encourage failure from the

LOP, the weld toe was dressed in subsequent tests to reduce

the stress concentration at the toe.

Nucleation of propagating fatigue cracks occurred at

either the LOP discontinuity or the edge of the weld rein-

forcement, whichever acted as the greater stress raiser.

Contouring of the weld toe resulted in failure from the LOP

discontinuity alone. The test results demonstrated that

fatigue strength decreases with Increased LOP length. New-

Ban and Dawes [45] also demonstrated that an approxlnate

relation exists between fatigue strength and percentage

reduction in cross-sectional area as a result of the LOP

discontinuity. The fatigue strength of the 1.25-ln. LOP-

•erles at 100,000 and 2 nilllon cycles was, respectively,

91Z and 74Z of the fatigue strength of the 0.73-ln. LOP-



series .

The decrease in fatigue strength with decreaEed

cross -sect ional area was also reported by Cuyot et al.

(18], who tested 5.6-ln. (UO-mm) wide by 0.8-ln. (20-niiL)

thick transverse butt velded speclDens. The butt velds

contained LOP discontinuities with several length and depth

coBblnat Ions . The LOP lengths varied from 0.2-ln. (5-bie) up

to the full specinen width. The LOP depths ranged froD

0.04-0.20 in. (1-5 mm), and were located at various levels

in the plate thickness. The fatigue strength at two ullllon

cycles was found to decrease when either the length or the

depth of the LOP Increased.

EkstroB and Hunse (9] examined the effect of porosity

and LOP weld discontinuities on the fatigue behavior of

butt-welded connections. The LOP discontinuities were

approxinately 3/16-in. (4.76-mn) deep and extended along

the entire specinen width. To ensure that all failures

Initiated at the LOP, the weld reinforcement was removed

and the surfaces polished. Lack of penetration discon-

tinuities vere found to significantly reduce the fatigue

strength of the connections. Although the LOP was more

severe than those that had been studied by previous

researchers (45] » Ekstron and Hunse observed that the

fatigue behavior of the weldments followed the sane general

pattern as that obtained from welds with smaller LOP

discontinuities. The reduction in fatigue strength

Increased with an Increase In the severity of the stress
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raisers .

In an attempt to determine the fraction of life apent

in crack propagation, Lawrence and Munse (31] teated low

carbon ateel apeclnens containing pa r

t

ial -penet r a t 1 on

double-U butt welds. The growth of internal cracks was

Booitored by radiography and the crack growth data were

compared with theoretical fatigue crack growth expressions.

The point at which macroscopic crack propagation began was

deternined from radiographs taken periodically during the

testa. Thus, the total fatigue life could be approximately

separated Into periods of early crack growth and crack pro-

pagation. The test results indicated that the fraction of

the fatigue life spent in crack InitiatloD constituted

approximately one-half the total fatigue life of the speci-

mens. The measured crack growth rate data for the weld

metal were found to be considerably different from values

reported for A36 steel.

Later testa by Tobe and Lawrence [60] were carried out

on partial-penetration butt joint weldments. The specimens

were fabricated using double-V groove welds to attach 1/2-

in. (12.7-mm) thick ASTM A314 alloy steel plates. The

objectives of the investigation were to determine the

Influence of LOP on the fatigue life of high-strength steel

butt welds and to determine, both experimentally and

theoretically, the fraction of fatigue life spent In crack

Initiation and crack propagation. An experimental indica-

tion of the crack initiation life was achieved by using
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train gages nounled approx loa t el y O.Ob-ln. (2-oiC;) froni the

tip of the LOP. Tne results of the study denoDstrated that

fatigue crack initiation life occupied less than lUZ of the

total life in the range l.OOU to 1 nlllloD cycles, and

could be predicted using low-cycle fatigue data for veld

etal and fatigue crack initiation concepts. The results

suggested also that the nean stresses at the LOP tip decay

rapidly and that the fatigue notch factor, K, , associated

vith the LOP is very close to the maxiicuD possible K, cal-

culated using Peterson's equation [51,52]. Also, the pres-

ence of LOP V86 found to have a detrimental effect on the

fatigue resistance of A514 steel weldoents. Fatigue life

was influenced by LOP size, with LOP discontinuities as

•nail as 0.02-ln. (0.5-dd) wide reducing the fatigue life

below the normal expectancy for sound welds.

The findings of the above investigations strongly

Indicate the detrimental effect of LOP discontinuities on

fatigue life. These findings have been shown to apply to

partial penetration welds as well [31,69].
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CHAPTER 2

ANALYTICAL MODELS

PheDomeDologlcally , the process that leads to fatigue

failure can be divided ioto the following three stages

[12]: (a) crack oucleation, (b) crystal lographic (Stage I)

crack growth nornally in the plane of Baxinun shear stress,

and (c) stable (Stage II) crack growth on planes perpendic-

ular to the naxinua tensile stress. However, for engineer-

ing applications, it is more convenient to divide fatigue

life into two portions: crack initiation life, M , and

crack propagation life, N . The fatigue crack initiation
P

life is defined as the number of loading cycles required to

initiate a nacroscopic, noncritical fatigue crack. The

additional number of loading cycles required to propagate

•uch a crack to a critical sice is termed the fstlgue crack

propagation life. The final "critical" crack size must be

adequately defined to suit a particular application, as it

can be taken to be associated with cither a particular

detectable cr^ck size or complete fracture of a structural

ember.

Traditionally, the fatigue analysis of notched members
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has been baeed on the use of the ecplrlcal stre&E-llfe (or

S-N) curve. Recent developiDent 6 , however, have led to the

use of low-cycle fatigue concepts and linear-elaa t ic frac-

ture aechanicB (LLFM) principles In the fornulatlon ol

Bodels for Bore rational and accurate analyses of fatigue

behavior .

The procedures used In calculating the fatigue crack

initiation lives of the crack gages and the lack of pene-

tration (LOP) speclnens tested In this study are presented

in Section 2.2. The sat henat leal models used in the calcu-

lation of crack gage stresses and stress-intensity factors

are presented in Section 2.3.

2.2 Fatigue Crack Initiation Models

The noBt highly strained regions of a structural

nenber, such as fillets and notches, are often the initia-

tion sites for fatigue cracks. Hence, in the prediction of

the crack initiation life, it is necessary that the nost

severe stress raisers (or critical locations) in a struc-

ture be identified. As • result of the high stress concen-

trations that noraally exist at the critical locations,

localired yielding nay be possible even though the struc-

ture In general behaves elastically* Thus, the application

of elastic principles to determine the notch root stresses

and strains is often inappropriate*
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The "critical location approach" may be used to

predict the fatigue crack initiation life of Dotched

enberB. This approach is based on the following assucip-

t ions :

1. The critical locations (the nost severe streEs

raisers) in a structure, such as sharp notches,

fillets, or abrupt changes in geometry, can be

properly identified.

2. The cyclic behavior of a structural aeaber at a

notch root is identical to the cyclic behavior of

smooth laboratory specinens tested under

appropriate control.

The critical location approach has been used in several

analyses [5,6,23,33,52,61,62] to predict the fatigue crack

initiation life of notched nenbers. The necessary require-

nents for such an analysis have been summarized by Topper

and Morrow [61] as follows:

1* A aechanlcB analysis that relates the stresses

and strains at the critical location to the nomi-

nal stresses and strains.

2* Knowledge of the cyclic st ress -st rain properties

such that the material response at the notch can

be determined*
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3. Knowledge of the fat Igue proper! les of the

aterlal of which the Etructure is aade.

4. A cuaul a t 1 ve fatigue damage method to predict the

Initiation life, taking into account damage

accrued fron all previous load histories.

5. A Bethod that conblneB Steps 1-4.

Each of these requirement s are briefly discussed below.

2.2.1 Mechanics Analysis

The use of elastic stress-strain relationships to

determine the stresses and strains at a notch root may be

inappropriate due to the existence of high stress concen-

trations and the possibility of localized yielding at the

notch. Neuber [46] and Stowell [56] developed expressions

that relate the nominal stress-strain history to the local

stress-strain history that occurs at the root of a notch.

Both relationships have been shown to give the same degree

of accuracy [44]. However, Neuber's equation has been

shown experinentally [66] to accurately predict the local

•train histories of notched plates subjected to a zero-to-

tcnaion cyclic loading. Although Meuber's equation [46]

loses accuracy for nominal strains in excess of two percent

(14), which seldom occur under normal service conditions,

it is Bore widely used because of its simplicity.

Neuber's equation for both linear and nonlinear
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elastic BBterlal behavior can be written as

K^ - (K K )
t c

0.5
(2.1)

vhere K > theoretical elastic atress concentration
t

factor; K • o/S, atreas concentration factor; K > c/e,
c

strain concentration factor; a,t * local stress and strain

•t the notch root; and S,e > remotely applied nonlnal

stress and strain.

Topper et al.[62] have shown that Neuber's equation Is

applicable to the notch fatigue problem If the fatigue

notch factor, K , Is substituted for K and the stress and

strain ranges are used.

I to tt |0.5
|AS*Ae|

(2.2)

vhere Ao,Ac local stress and strain ranges at the notch

root; tStte remote nominal stress and strain ranges.

Since the nominal stresses and strains are elastic in sost

engineering problems, the elastic sodulus, E, say be used

to revise Eq . 2.2:

tatt
(K^AS)'

(2.3)

Several empirical relationships have been developed to
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determine K. [27,47,52]. However, Petereon's equation [52]

Is the expression Bost widely used because of its accuracy

and alnpllcl ty

:

1 +

1 a*/r,
(2.4)

where a aaterlal constant and r > notch root radius

2.2.2 Cyclic Stress - Strain Behavior

The Bonotonlc and cyclic at ress-st rain curves for cost

etals are algnif leant ly different. Typically, when the

cyclic at reas-st rain curve falls below the nonotonic curve,

cyclic aoftening occurs; cyclic hardening occurs when the

cyclic curve lies above the nonotonic curve.

Landgraf et al. [26,30] define the cyclic stress-

strain curve as the locus of tips of the stable hysteresis

loops from companion specimens tested at different,

completely reversed, constant atrain amplitudes, horrow

[42] suggested an expression, given by Eq. 2.5, which can

be used to describe the cyclic stress-strain curve.

Ac to I Ao
I
n

'

2 2E * |2K'| (2.5)
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where K' cyclic strength coefficient and n' - cyclic

strain hardening exponent.

The first term on the right hand side of Eq . 2.3

represents the elastic atraln anplitude, while the second

tern represents the plastic strain amplitude. The

Bosotonic stress-strain curve nay be written in a similar

Banner if to, tt , K' and n' are replaced by o, t, K and n,

respectively, where K is the nonotonic strength

coefficient, n Is the nonotonic strain hardening czpooent

and o and c represent the total stress and strain,

respect ively

.

For Bost netals subjected to cyclic loading, a stable

hysteresis loop is obtained after a relatively few cumber

of load repetitions. Halford and Morrow 120] and Morrow

[42] have observed that for Bost Betels Che cyclic stress-

strain curve, Bagnified by a factor of two, can be used to

approxinate the stable hysteresis loop shape. This is

consistent with Massing's Hypothesis [39] which states that

the hysteresis curve is geooet rically similar to the cyclic

•tress-strain curve aagnified by a factor of two. Thus, for

Baterlals which obey Massing's hypothesis [39], the

hysteresis loop shape can be generated froa the cyclic

•tress-strain curve by doubling the ordinates [20,42].

2»2»3 Fatigue Properties

The total strain aaplitude can be taken as the sub of
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the clastic strain atsplltude and thp plastic strain

amplitude [28]. The elastic strain amplitude, tc /2, is

given by

:

tt

(2.6)

where o » atress amplitude.
a

Basquln'B equation (3] relates the stress amplitude to

the number of reversals to failure:

o^ - Oj(2N^) (2.7)

vhe re o, fatigue strength coefficient, b fatigu(

strength exponent, and 2N, > number of reversals to

failure. Thus, the elastic strain amplitude may be written

as :

tc 0, .

1 . _J_(2N )°
2 t '•''"f''

(2.8)

Morrow [43] recommended a nodification of Eq . 2.8 to

account for the influence of a mean stress, o , as follows:
o

(Oj' - "o^^^'^f^ (2.9)
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The value of o In £q . 2.9 Is considered positive for a
o

tensile aean stress and negative for a conpressive nean

• t ress .

The plastic strain smplltude, tt /2, Is given by

Lt

2 - ^f'(2N^)*^ (2.10)

where c ' " fatigue ductility coefficient, and c •

fatigue ductility exponent.

The total strain amplitude, tt/2, is given by suBmlng

the elastic and plastic portions:

Ac

2

Ac tt—5. + —

I

2 2
(2.11)

Substituting for tc II and Lt II from Eqs. 2.8 and 2.10,
e p

respectively, yields an expression relating the total

•train anplitude and the number of reversals to failure.

' K

Y- - "T'^^^'f'
"" ef'(2Nj)'' (2.12)

2»2«4 Cumulative Fatigue Damage Analysli

Several cumulative damage procedures have been

developed to compute the fatigue crack Initiation life
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17,26,29,32,3^,37,59]. For an accurate analysle, It is

necessary to compute and sum the fatigue damage on a

reversal by reversal basis until a limiting criterion is

satisfied. This requires knowledge of the clastic and

plastic stralDS, and the aean stress for each reversal. For

a given reversal, the damage nay be computed as the sum of

the damage due to the elastic strain, plastic strain, and

the Bean stress [37]. The damage for the 1-th reversal due

to the elastic strain amplitude, ]) ^ , is obtained from
i .e

Eqs. 2.6 and 2.6 and is given by:

l.e
1

2N,

Ao/2
-1/b

(2.1A)

The damage for the 1-th reversal due to the plastic

strain amplitude, D. , is obtained from Eqs. 2.5 and 2.10
1 iP

as

:

'l.P 2N,

. W_2v 1/n'
-1/c

(2.15)

Martin [37] developed the following expression to calculate

the damage due to the nean stress alone:
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1,»
<'.->' Uo/2

1

'n'c
1

-

1

n'c - 1 (2.16)

The total damage for the i-th revereal, D , 16 obtaiDed bb

the sum of Eqs. 2.K, 2.13 and 2.16. That is,

D - D -f D * D
i 1 ,e 1 ,p 1 ,is

(2.17)

where Dl.e
damage due to elastic strain amplitude.

D. > damage due to plastic attain amplitude, and D. «
1 ,p 1 ,m

damage due to mean stress alone [37].

The fatigue crack Initiation life, N., Is obtained by

applying Miner's linear cumulative damage rule [41] and is

taken as half of the number of reversals required such that

the summation of the individual damage components, D ,

equals unity.

2N
1

r D. (2.18)
1-1

2*2»5 Combination of Requirements

The successful analysis of the fatigue behavior of the

aterial at the root of • notch requires the development of
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• sat hemat leal nodel that 1e capable of reproducing the

hysteresis Inop shape. The nodel must adequately account

for Benory, cyclic hardening and softening, and Bean stresB

relaxat Ion .

Martin et al . [38] and Wetzel [67] proposed aodels for

Che conputer •iDulatlon of the cyclic a t ress >s t rain curve.

The rheological nodel developed by Martin [37,36] vas

extended by Jhansale and Topper [2A] and later by Plummer

[33] to slnulste Che cyclic response of A36 nild ateel.

The program was revised by Mattos [40] with the additioD of

Neuber control to determine the notch stresses and atrains,

and • procedure Chat computes damage on a reversal by

reversal basis.

In previous studies [4,40] residual stresses were

handled by neans of a set-up cycle OAB (Fig. 2.1) such chat

after reversal AB the simulated stress at the notch root

was equal Co Che residual stress o • However, this

procedure was found Co give inconsistent values of

Initiation life for low residual stresses. A nodification

vas Chereby nade such Chat Che initial stress of Che

•iBulaCed scress-scrain curve vas equal Co o . Using Che

assunpclon thac o be not greater Chan the yield strength

of the base naterial, o . the corresponding residual
• yS re.

•train vas computed as o /£, vhere £ Is the aodulus of

elasticity of the veld naterial. The consistency achieved

vich this nodification is shown in Fig. 2.2. As vould be

expected the fatigue crack initiation life increases for
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compressive residual stresses at the notch root, and

decreases for teoslle residual stresses. The revised

Plunmer-Hat t OS computer program was used in this study to

predict the fatigue crack Initiation lives of notched crack

gages and speclnens with partial penetration groove welds.

2.3 Crack Cage Models

2.3.1 Crack Gage Stresses

The use of a crack gage to provide a reliable

indication of fatigue crack initiation and early crack

growth in a structural nember requires the crack gage be

bonded to the nember in one form or another. The

defornatlon of the structural nember, the aethod of

attachment, and the geometry and unbonded length of the

gage all influence the amount of load transferred into the

crack gage. Thus, the stress in the crack gage may vary

somewhat from the actual stress in the structure at the

attachment location.

Theoretically, the total displacement of a bonded,

unnotched crack gage as shown in Fig. 2.3 nay be determined

as follows:

G C G
(2.19)
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where 6 • total crack gage d 1 e pi aceme n t , and 6 ' and 6
"

C ^ G

> crack gage displacement In the reduced section and thick

•ectloD, respectively. The elastic axial defornatlon is

given from Uooke's law as:

<f,. (2.20)

where o - applied stress, L - gage length, and E Bodulus

of elasticity. Consequently, the dlsplaceneDt s In the

reduced and thick sections of the crack gage are given as:

"U^G ^
(2.21)

"'O^G^'"
" ^*^> (2.22)

where P. • load transferred into crack gage, E > nodulus

of elasticity of the crack gage aaterial, l." length of the

reduced section of the crack gage, 1, total unbonded

length of the crack gage, t_ thickness of the reduced

•ectiOD» t. - thickness of the thick section, and W • crack

gage width* The total gage displacement say be expressed

in terns of the stress in the reduced section of the crack

gage by combining Eqs . 2.19, 2.21, and 2.22:
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t 1 1-1
^G 'r S ^ (2.23)

For the portion of the structure beneath the crack

g«ge

(2.2A)

where £ is the dlsplaceneDt in the structure beneath the
S

crack. gage. Assuislng that a perfect bond exists between

the crack gage and the structure, then the displacements

that occur in the structure and the gage must be

conpat ible

:

«S - «G
(2.25)

The stress in the reduced section of the gage, o ., is
G

obtained by substituting the elastic displacenents (Eqs.

2.23 and 2.24) into the conpat ibllity relationship (Eq.

2.25):

<^u/S> <V^S>

'IT
^u-^.

(2.26)
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There Is a distinct •dvantage in adhesively bonding

the fatigue crack gage to a structural Beober. The use of

a structural adhesive avoids the introduction of potential

fatigue crack Initiation altes associated with welding and

bolting. However, as a result of the creep and relaxation

of structural adhealves, the assumption of perfect bonding

between the crack gage and the structural Bember aay not be

perfectly valid. Hence, the actual stress in the crack

gage Bust be Bodifled as follows:

^ ' T T 0^
C g a S

(2.27)

vhere F - geonetry factor that is a function of the crack
g

gage geonetry, and F load transfer factor that is a

function of the adhesive. Assuming that the structural

nenber and the crack gage are both fabricated from the same

aterlal (E / £ > 1) then the geometry factor is given

as :

^u^'r

^R ^U-^R

R

(2.28)

The load transfer factor, F , is a coefficient that
a

accounts for the reduction In gage stress as a result of

creep and relaxation of the adhesive. The value of F Bust

be established experlnentally by Bonltorlng the strain In
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the structure relative to that In the gage during a load

test. In studies by Duaanls [8] and Orl and Crandt (A8],

F was found to be fairly constant over nost of the loading

cycle. Indicating load independence. On the other hand,

Ashbaugh and Crandt [2] found a linear load dependence of

the load transfer ratio, although no relationship for the

load transfer vas given. Examination of the nethods used to

bond the crack gages to the structural nembers indicate

that load independence of the load transfer factor say be

achieved by fully heat curing the adhesive to Blnlmlze

creep and relaxation. However, the use of heat curing is

neither practical nor economical for crack gages which are

bonded to the surface of large structural aembers.

2.3.2 Crack Gage Stress Intensity Factor

The empirical relationship developed by Paris [A9,50]

can be used to compute crack growth in the fatigue crack

gage. However, in order to use the Paris expression, the

•tress-intensity factor range, AK , for a crack originating

from a notch in • crack gage oust be known, as well as the

crack growth saterial constants. The stress-intensity

factor range, AK., nay be estimated in two different ways:

applied load solution or applied displacement solution.

Since the crack gage is adhesively bonded to the structural

member. It is subjected to displacement constraints. Under

these constraints, the applied displacement approach has
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been shown to be nuch simpler Chan the applied load

approach If the shape function for the geometry can be

det ernlDed ( 6 J

.

The stress Intensity factor for a cracked, unnotched

gage under displacement constraints Is given by Dumanls [8]

as :

(2.29)

where 6 shape function for displacement control that

depends on a/U, a length of the edge crack in the gage,

and 6^ * total applied displacement in the gage.

Substituting 6_ for 6 , Eq . 2.29 becomes:
9 u

^G ^U —
Kj - 05(^)(3-^)\|Ka e

G S K
(2.30)

This expression is relatively simple and requires knowledge

only of Che shape function $ for a given gage

configuration. The B values for the stress-intensity

factor say be obtained from the solution given by Torvik

[63], and are sunmarlsed in Table 2.1 for various a/W

iralues and gage aspect ratios.

The displacenent constraint stress-intensity factor

given by Torvik (62] for short crack lengths (a/V ratio

less than 0.1) la:
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I.1205 (^)\|i' w Ji (2.31)

The crack length, a, In Eqs. 2.30 and 2.31 It for an edge

cracV. in an unnotched crack gage. If, however, the crack

propagates from Che root of an edge notch in the gage, then

the crack length ahould include both the notch depth and

actual crack length.

A computer program was developed to estimate fatigue

crack propagation in the gage. The program utilized

Dunerlcal Integration of the Torvik at ress-int ensi t

y

solution Id the Paris [49,30] crack growth power law.

2.3.3 Crack Gage Selection Procedure

As previously stated, the primary objective of this

study is to investigate the feasibility of using a crack

gage to predict the onset of fatigue crack growth in a

structural member. To this effect, it was desired that the

crack gage ioitlate a detectable crack before the detection

of a fatigue crack in the structural aember. In addition,

a desired feature was to obtain complete fracture of the

gage before fracture of the structural nember occurred.

The selected structural aember was a transverse butt-Joint

welded s'^e9lBen containing a full-length lack of

penetration (LOP) discontinuity.
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Fatigue crack Initiation lives were predicted using

the Bodlfled Plunmer-Ha t

t

ob computer prograo BeDtloned

earlier (Sec. 2.2.5) and the fatigue propertiea of £bU

electrode naterlal and ASTM A36 mild steel (22, 40].

The steps followed In the design of an A36 slid steel

crack gage to predict the onset of fatigue crack growth

froD the LOP discontinuity in a structural aeaber are

summarized below:

1. In Fig. 2. A a family of curves of the fatigue notch

factor, K, , versus the fatigue crack Initiation life,

N , for the structural nember is presented. The

curves were generated using the fatigue properties of

E60 electrode material (22] since no information on

the fatigue properties of AWS-E70S-6 wire electrode,

which was used in welding the test specimens, was

found. Tobe and Lawrence 160] have shown that for a

given lack of penetration (LOP) discontinuity the

aximum fatigue notch factor is given by Eq . 2.32.

- 1 -* (C/A)
0.5

(2.32)
max

where, c * one half of the LOP depth and A *

nlcrostructural parameter. Using the computed K^
max

and the applied stress level, the corresponding N. was

determined from Fig. 2.4.
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2. Next, the stresB In the crack gage due to applied

•tress level in the Btructural Denber was calculated

from Eq. 2.27, From Fig, 2,5, the required value of

K, associated with the calculated crack gage atresE

range and the predicted N. from step 1 above was then

found for the A36 ateel crack gage.

3. Finally, from Fig. 2,6, a notch root radius, r, and

Dotch depth, d, was selected to obtain a K, value

equal to that given in Step 2, The notch depth d was

chosen such that the corresponding K, was either equal

to or greater than the predicted K, from step 2, This

was to ensure that the crack gage initiated a crack

before the presence of a crack was detected in the

structural aenber.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

3.1 General

The primary objective of this study is to Investigate

the feasibility of using a crack gage to detect the onset

of fatigue crack initiation and early crack growth in steel

enbers. A secondary objective is to further examine the

effect of lack of penetration (LOP) discontinuities on the

fatigue behavior of transverse butt-velded Joints.

To achieve these objectives, three series of tests

were conducted: Load Transfer tests, Basic Control tests,

and Crack Gage/LOP tests. The purpose of the Load Transfer

tests was to determine the fraction of the applied load

transferred Into the crack gages through the adhesive, and

to evaluate the Integrity of the adhesive under cyclic

loading. The purpose of the Basic Control tests vas to

provide reference data for comparisons with the LOP tests.

The purpose of the Crack Gage/LOP tests, vhich constituted

the bulk of the experimental study, vas to evaluate the

performance of crack gages in detecting crack Initiation,

to evaluate the suitability of the mathematical Bodels used

in the crack gage design, and to detect the onset of early
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crack growth In welded butt jolntB, Details concerning the

fabrication. Instrumentation, and testing of the speciisenE

In the three aeries of tests are described In this chapter.

A 220,000-lb. (979 kN) MTS aer vo-cont rol led hydraulic

testing aachlne in the Structural Engineering Laboratory at

Purdue University was used to apply the required static or

cyclic loading for the test specimens (Fig. 3.1). All of

the tests were conducted in the load control Bode at

•nblent room-temperature conditions. The loading frequency

for the cyclic load tests was either 2.0 or 3.3 Hz; aost of

the tests were conducted at the latter frequency. The

total fatigue life of the structural component was the

number of cycles to complete fracture, and was recorded

automat ically by a counter on the control unit of the MTS

aachine •

3.2 Specimen Fabrication

3.2.1 Structural Component Fabrication

Depending on the test aeries, the structural component

vas either • plain plate Bember, a aound butt-joint

double-V groove welded aember, or a butt-joint double-V

groove welded Bember containing a full-length lack of pene-

tration (LOP) diacontinulty I as shown in Fig. 3.2* All of

the structural components were fabricated from 3/4-in.

(19.05-Bm) ASTM A36 steel plate. The physical properties
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of the ASTM A3b Bteel obtained Ironi coupon tebts are

presented In Table 3.1. The chemical cooposltlon of the

ASTH A36 steel as obtained from a laboratory analyslE Ib

presented In Table 3.2.

3.2.1.1 Plain Plate Member

The plain plate speclmenB were fabricated in the fol-

lowing Banner:

1. 27-ln, X 30-ln. (675-mm x 750-Bm) blanks were cut

from a 6.75-ft. by 9-ft. ( 2 . O-m by 2.75-m) steel

plate such that the direction of rolling was

parallel to the eventual longitudinal axis of the

structural specimens (Fig. 3.3).

2. Twelve A-in. (102-mm) wide x 27-in. (686-mm) long

strips were flame cut from two blank panels.

3. The specimen strips were machined to the final

specimen size (Fig. 3.2(a)) on a computer-

controlled Hlrco Billing Bachlne.

These speclaens were used in the Load Transfer tests, and

also In the first phase of the Basic Control tests.

3.2.1.2 Welded Butt-Joint Member

The butt-Joint, doublc-V groove welded aembers were

fabricated in the following Banner:
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1. Same procedure sb In Step 1 of the plain plate

•peclmens .

2. The blanks vere allied In half and beveled at one

end of each of the halves. A 1/16-Id. (1.6 bis)

weld groove land was used for full penetration

(sound) veld tpecimens. As shown in Fig. 3.4,

the specinens with full length LOP discontinui-

ties were fabricated by using weld groove lands

of either 1/4-in. (6. A nm) or 3/8-1d. (9.5 n).

3. The two halves were welded together using the gas

etal arc (GMAU) process. A 0.043-1d. (l.lA-nm)

diameter solid electrode wire (AWS Classification

ER70S-6) was used in the welding process. The

physical and chenical properties of the electrode

wire as reported by the manufacturer's specifica-

tions are presented in Tables 3.1 and 3.2,

respectively. A Heta-Lax vibration Inducer,

shown in Fig. 3.3, was used during the welding

process to provide residual stress relief.

A, Finally, the veld reinforcement was ground off

and the welded plate flame cut into 4-ln. (100-

Bm) strips. The strips were then machined to the

final specimen dimensions on • computer-

-•coDtrolled Hirco milling machine.

Prior to fabrication of the welded members, a trial
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veldlng study was conducted to eBiablish the welding pro-

cedures that produced the desired weld types. Appropriate

coDbloat Ions of voltage, current, gas flow rate, weld speed

«Dd land size were selected to fabricate complete penetra-

tion welds and welds with LOP depths of 0.125-ln. (3.2-iLin)

• nd 0«250-ln. (6.A-Bni). The established procedures used In

the fabrication of the welded meiubers are summarized In

Table 3.3.

As shown In Table 3. A, the LOP depths ranged from

0.133-ln, to 0.231-ln. (3.38-mm to 5.87-Bm) for the LOPl-8

series, and from 0.220-ln. to 0.342-ln. (5.59-Bm to 8.69-

m) for the LOPl-A series. The variations In LOP depths

Across the width of the specimens are also presented In

Table A.l. These variations are attributed primarily to

the fact that welding was performed manually. Operator

control was not nearly as consistent during the welding of

the 30-ln. (762-Bm) wide plates as it was for the welding

of the trial plates which had a maximum width of only

12-in. (305-Bm).

3.2.2 Crack Gage Fabrication

The crack gages were fabricated froa 3/16-ln. (4.76-

«b) thick ASTM A36 steel sheet, the physical properties of

which are -given In Table 3.1. The gages were fabricated

such that the direction of rolling was parallel to the
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longitudinal axis of the Btructura] component. The 2-ln.

(50.8-»ni) wide x 6-ln. (152.A-idid) long blanks were cut ini-

tially fron the sheet plate with a shearing sachlne. The

blanks were then nachlned to the final gage configuration,

shown In Fig. 3.6, on • computer controlled Nlrco Billing

achine

.

A fillet radius of 0.375-ln. (9.5-Bm) was used to

reduce the likelihood of a fatigue crack InltlatlDg from

the fillet region. The gage thickness was 0.03-iD. (0.76-

bd), the DlniBun thickness that could be Bachloed without

bending the gage out-of-plane as a result of tool pressure.

This thickness also satisfies the recoomendat ion by Smith

[36] that the gage thickness should not exceed 202 of the

thickoess of the structural component to which the gage is

to be bonded. The 2.0-in. (30.8-Bn) gage width was

selected to provide adequate surface area for bonding to

the structural conponent . Finally, the length of the thin

part of the gage was also selected as 2.0-in. (50.8-Bm) so

that the ratio 1-/W was equal to one. This ratio of 1^,/^

has beeo shown experiment ally by Smith [36], and analyti-

cally by Torvlk (63), to give a uniform rate of crack

growth.
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3.3 Load Transfer Teste

3,3.1 Test Specimen

The Load Transfer test Bpeclnen consisted of a struc-

tural coDpoDent (Fig. 3.2(a)) with a pair of unnotched

crack gages adhesively bonded to the surface. The plain

plate structural component was fabricated from 3/4-in.

(19.05-mm) thick ASTM A36 steel plate as described In Sec.

3.2.1* The performance of two different structural

adhesives, namely, Loctite Depend Adhesive and Dymax

Engineering Adhesive 845, were evaluated in the Load

Transfer tests. Both bonding agents required the applica-

tion of an activator to one surface and the adhesive to the

Bating surface. The physical properties of the two

adhesives as reported by the manufacturers' specifications

are given In Table 3.5.

Preliminary tests Indicated that careful surface

preparation was necessary to maintain adequate bond

Integrity under fatigue loading. Consequently, the follow-

ing procedure was adopted In bonding the crack gages to the

structural components:

!• The surfaces to be bonded were roughened with grit 50

ssnd paper with the aid of s hand operated pneumatic

belt Sander, and then degreased with Chlorothene-Ku

degreaser.
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2. The surfaces were then cleaned with M-Prep Conditioner

A and M-Prep Neutralirer, respectively.

2 2
3. Two beads of the adhesive, per 4-ln (23.8-cb ) area,

were then applied to the surface of the structural

conponent and the activator applied to the surface of

the crack gage.

4. Inmedlately after contact was made between the crack

gage and the structural component, two 0.30-lb6.

(133-g) weights were placed at each end of the crack

gage to distribute the adhesive evenly over the entire

bonding area, and thereby, achieve a uniform bond

thickness

.

Average bond thicknesses of 0.010-in. ( 0. 254-Dn} and

0.004-iD. (0.102-Dni) were obtained for the Loctite Depend

and Dymax Engineering adhesives, respectively. The larger

bond thickness obtained for the Loctite Depend adhesive was

due to its higher viscosity (Table 3.5).

A set-up guide was used to keep the crack gage in

position during the bonding process. The set-up guide,

which is shown In Fig. 3.7, consisted of snail C-clanps and

a 'horizontal novement restrainer' to hold the gages in the

desired location as the adhesive cured.
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3.3.2 Test Proredure

Prior to testing, strain gages were bonded to the test

speclnen surface as shown in Fig. 3.6. Ml cro-Measureioen t s

electrical resistance strain gages EA-06-230bC-120 and £A-

06-123BT-120 were bonded to the structural conponeot and

crack gages, respectively.

The test specineD was statically loaded and unloaded

froD to 43 kips (0 to 200 kN) in increnents of 3 kips {22

kN) and the strain readings recorded after each load Incre-

nent by neans of Vishay/Ellis 20 constant current strain

Indicator and switch and balance unit. The loading cycle

was repeated twice. The 43 kip load (200 kN) produced a

stress of approxinat ely 30 ksi (207 MPa) on the gross area,

and represented the naxlBun anticipated stress range to be

used in the Crack Gage/LDP fatigue tests described in Sec.

3.5.

Subsequent to the Initial static loading, the specimen

was loaded cyclically from to 43 kips (0 to 20U kN) for

two nlllioD cycles to evaluate the bond integrity of the

adhesive under cyclic loading conditions. At several pre-

selected number of load applicat loos , the test was tem-

porarily stopped and the static test repeated to deternine

If a change In strain reading had occurred. A significant

change in the strain reading would Inply that the load

transferred into the gage had changed, possibly as a result

of cyclic debonding.
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3,4 Ba si c Cont rol Tes t s

3.4.1 Test Specimen

Two different Basic Control test •peclaens were

prepared. The first type was a plain plate apeclaen as

• hovn In Fig. 3, 2(a), while the second was a sound

transversely welded butt-joint specinen ss shown in Fig.

3, 2(b). The plain plate specinens were tested to provide

dsta OD the fatigue behavior of the ASTM A36 steel plate

froD which all the structural conponents were fabricated.

The soundly welded specimens were tested to provide data on

the fatigue behavior of full penetration welded butt

Joints, and to provide a basis from which the effect of

lack of penetration (LOP) discontinuities on welded butt

joints could be evaluated.

3.4.2 Test Procedure

The Basic Control test specinens were tested under

sero-to-tcnslon (R"0) cyclic loading until conplete frac-

ture occurred. However, specinens that survived two nillion

cycles of losding without any visual indication of fatigue

danage were declared run-outs and retested at higher stress

levels. The ounber of cycles to failure, the stress level,

and the "location fron which fracture Initiated were

recorded for aach test.
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3.5 Crack Cage / LOP Fatigue Te Et E

3.5*1 Test Speclaen

The test •peclmen for the Crack. Cage/LOP testa con-

sisted of • ttructural component with a pair of crack gages

adhesively bonded on opposite sides of the speclaen surface

- see Fig. 3.9. The structural component was a butt-welded

flat plate sember containing a full-width lack of pcoetra-

tloD (LOP) discontinuity as shown in Fig. 3.2(c). The

structural component was fabricated from 3/4 in. (19.05 mm)

thick ASTM A36 steel plate as described in Sec. 3.2.1.

The weld at the sides of the structural component was

etched using a two percent solution of nltal. Etching

enhanced the weld configuration and aade it possible to

easure the depth of the LOP discontinuity with a fine-

graduated ruler. The measured values of the LOP depth were

used in the design of a single edge notch at Bid-height of

one of the crack gages bonded to the structural component.

The notch type and dlmensloos were aelectcd such that

a crack vas expected to Initiate in the gage before the

preaencc of a crack vas detected in the structural com-

ponent (Sec. 2.3.3). Although a crack gage can be designed

for a specific application, in thia study the g>gts were

selected to satisfy a broad range of behavior* This was

achieved by using either a sharp-vee notch, a U-groove

notch or a amooth circular notch; the three notch
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configurations are shown In Fig. 3.10. The root radius for

each notch type was kept constant and only the ootch depth

varied for each application. In one application a analler

root radius was used in order to reduce the depth of the

notch. The selected notch depths and radii are presented

In Table 3.6.

On the basis of the Load Transfer tests, Dynax

Engineering Adhesive 845 and 533 Activator was used for all

structural bonding. The bonding procedure described In

Sec. 3.3.1 was followed to attach the gages to the struc-

tural conpnnents.

3.5.2 Instrumentation

The results of primary Interest In the Crack Gage/LOP

tests included the fatigue crack Initiation and total lives

of both the structural conponent and the crack gages,

advance of the crack in the gage, and the extent of fatigue

damage in specimens that did not fracture.

The fatigue crack initiation life of the structural

component was estimated experimentally by monitoring the

reflection of an ultrasonic pulse from the LOP discon-

tinuity. A 0.5" X 1.0" (12.7 mm x 25.4 mm) Panametrics

A4035 ultrasonic transducer (2.25 MHz) mounted in a 70^

wedge reflector (Fig. 3.11) was attached to the specimen to

detect the onset of fatigue cracking. The transducer was
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connected to • PanametrlcB 5033UA Ultrasonic Analyzer which

was in turn connected to a Tektronix T912 lOMHz Storage

Oscilloscope. A Tektronix C-3C camera Bounted on the

oscilloscope enabled photographs of the ultrasonic pulse

reflection from the LOP to be taken and coopared .

Initially, it was intended to also estimate the crack

initiation life by tracking the strain developed in electr-

ical resistance strain gages bonded very closely to the LOP

tip. Accordingly, Micro-Measurements EA-06-O62AK-120

electrical resistance strain gages vere attached to specl-

ens LOPl-8-1, LOPl-8-3 and LOPl-8-4. The cyclic loading

was periodically interrupted and a Vishay/Ellis 20 constant

current strain indicator and switch and balance unit was

used to read the strain levels during a static loading

cycle. However, no indication of fatigue crack initiation

could be deduced from the recorded strains and, as such,

the procedure was not continued for the remaining tests.

Examination of the fractured surfaces indicated that the

cracks often Initiated near mid-length of the LOP discon-

tinuity, m factor which is undoubtedly related to the ina-

bility of the surface mounted strain gages to detect the

onset of fatigue crack initiation.

Crack Initistlon and propagation in the crack gages

was observed by aeans of s low-power traveling tele-

microscope. The tele-microscope was mounted on a Velmex

unislide A2500 assembly at the end of which was attached a

Hewlett Packard optical shsft encoder with a digital
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readout to seasure the crack length In the gage. A photO'

graph of the tele-nlcroe cope and acconpanylng lD»t runent a

'

tion Is shown In Fig. 3.12.

3.5.3 Test Procedure

Prior to testing, the speclinen was placed In the hor-

izontal position and the LOP discontinuity aonltored with

o
an ultrasonic transducer nounted in a 70 wedge reflector.

Household three-ln-one oil was used as a transnitting

ediutn. The wedge reflector was noved back and forth along

the longitudinal axis of the specinen in the vicinity of

the LOP discontinuity, until a position that gave the nax-

iBun reflection of the ultrasonic pulse from the LOP was

observed.

The position of the wedge reflector was then lightly

Barked on the specinen. The oil was wiped off and the

specinen degreased with Chlorothene-Nu degreaser. Finally,

the edges of the narked area representing the position of

the wedge reflector, were taped with several passes of

heavy-duty Scotch Tape thereby creating a tight fitting

•lot for the wedge reflector. This procedure was necessary

to ensure thst the wedge reflector was placed at the sane

location throughout the test. The wedge reflector was held

in place by a vide rubber band.

The specinen was then gripped under the load control

ode of the MTS testing nachlne. A static load, equivalent
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to Che Baxlnun load to be applied during the fatigue test,

was Introduced ao that the LOP discontinuity was opened as

fully SB poaslble. An initial polaroid photograph of the

ultrasonic reflection from the LOP was then taken using the

canera Bounted onto the oscilloscope. The apeciaen was

unloaded and the fatigue test started using a loading fre-

quency of 3.3 Hz. All of the specinens were subjected to a

sero-to-tension cyclic loading, except speciisen LOPl-A-A

which was loaded from 3-22.5 ksi. (3A. 5-135.0 MPa).

At several pre-selected Dumber of load applications

the cyclic loading was stopped and the naximum cyclic load

was applied atatically. The ultrasonic transducer/wedge

reflector was then placed in position and the ultrasonic

pulse reflection from the LOP nonitored and photographed.

Monitoring of the ultrasonic pulse reflection was continued

until significant changes in the reflected waveforms were

observed

.

The area around the notch in the crack gage was

observed frequently with the aid of a low-power tele-

sicroacope until a crack was observed. To facilitate

detection of the crack a light film of oil was applied to

the area aurrounding the notch. As the crack opened and

eloaed after Initiation, the oil was drawn In and squished

out In sequence with the frequency of loading leaving bub-

bles on the surface of the gage. The crack length In the

gage was recorded from the digital readout (Sec* 3.5»2) and

the number of loading cycles obtained from the counter on
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the control unit of the HTS sachlne. The Dumber of cycles

necessary to conpletely fracture the crack gage was also

recorded

.

The aajorlty of the speclnens were cyclically loaded

to coBpletc fracture. However, sone of the speclaens aur-

vivsd two Billion cycles loading or Bore. These speciaens

were rcBoved fros the testing Bachioe and broken statically

In • beod test. These specinens were first notched lo the

plane of the LOP discontinuity to ensure that the location

of fracture was through the LOP, and thus, pernit Inspec-

tion of the weld and the LOP discontinuity.

Finally, the ends of the fractured specinens were

aachined off approxinately one inch fron the point of frac-

ture and the depth of the LOP diacontinuity aeaaured at

five different locations across the width of the specinen

as shown in Fig. A.l of Appendix A. The aeasured values of

the LOP depths are presented in Table A.l. The two ends of

each fractured LOP apecinen were also placed side by side

and photographed. The photographs of the fracture surfaces

are presented In Figs. B.l and B.2 of Appendix B, for the

LOPl'8 and LOPl-4 aeries, respectively.
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CHAPTER 4

DISCUSSION AND EVALUATION OF TEST RESULTS

4.1 General

In this chapter the results of the experimental Inves-

tigation are presented and discussed. Data of primary

Interest that was collected during the specimen tests

include strain measurements, gage crack lengths, polaroid

photographs of the ultrasonic pulse reflection from the

lack of penetration (LOP) discontinuities, and measurements

of the LOP sizes. The data from the tests are presented in

tabular form; where possible, graphical representation of

the data is also provided.

In Sec. A. 2 the results of the Load Transfer tests are

presented and the performance of the Depend and Dymax

engineering adhesives evaluated.

Id Sec. 4.3 the fatigue test results for the plain

plate, sound weld, and LOP test series are presented and

discussed. The test data are also compared with data

reported in the literature for similar tests. The effect

of LOP discontinuities on the fatigue life of aild steel

veldments is discussed also.

The results of the Crack Gage tests are presented and



50

discussed In Sec. U . it . The observed fatigue lives are con-

pared with the fatigue lives computed using the Batheaati-

cal models outlined in Chapter 2.

Finally, a comparison between the crack gages and the

LOP specimens to which they were bonded is presented in

Sec. 4.5.

4.2 Load Transfer Test Results

The strain data from the Load Transfer tests were

obtained from strain gages bonded to the crack gages and

the structural component. The strain gage locations are

shown In Figure 3.8. The test was stopped at several pre-

selected number of load applications so that a static load

cycle could be applied to obtain the strain readings.

Plots of the gage strain values versus applied stress for

various cumber of loading cycles are presented in Figs. 4.1

and 4.2 for the Depend adhesive, and in Figs. 4.3 and 4.4

for the Dymax adhesive. These plots show the progressive

reduction in gage strain with increase in the number of

applied loading cycles, as well as the Introduction of

compressive strains In the gages.

Strain values at zero load, prior to the application

of the atatic load cycle, versus the number of applied

loading cycles are presented in Figs. 4.5 and 4.6 for the

Depend and Dymax adhesives, respectively. Gages 1 and 2
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refer to the electrical reslBtance strain gages bonded to

the specimen surface at nld-wldth, while Gages 3 and k

refer to the strain gages at mid-width on the crack gages

(Fig. 3.8). The corresponding plots of the strain readings

at the Baxlmum applied load are shown in Figs, k .1 and A. 8.

In Fig. U.b It can be observed that compressive

strains of approximately AOO and 20 microstrain had been

Induced In crack gages 1 and 2 (strain gages 3 and A),

respectively, for the Depend adhesive after 2 ullllon

cycles of loading. These values correspond to compressive

stresses of 11.6 ksi (80 HPa ) and 0.6 ksi (A.l MPa ) ,

respectively. For the Dymax adhesive, the maximum compres-

sive strains induced In crack gages 1 and 2 after 2 million

cycles of loading were 60 and 300 microstrain, correspond-

ing to compressive stresses of 1.7 ksi (12 hPa) and b.7 ksi

(60 MPa), respectively.

These results Initially indicate the possibility of

bending in the structural component or in the crack gages.

However, minor variations of the strain readings on oppo-

site sides of the structural component (Gages 1 and 2,

Figs. 4.5-4.8) indicate that, within the limits of experi-

mental error, the factors leading to the Introduction of

bending in the crack gages are localized. Consequently,

variations in the gage strains may be attributed to defor-

nation of the adheslves, out -of -planeness of the crack

gages, or-a combination thereof. Since the maximum applied

stress of 30 ksi (207 MPa) was well below the yield
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strength of the crack gage material (A3. 8 ksl (302 MPa)),

the compressive stresses are not the result of residual

stresses from yielding of the gages. Consequently, the

compressive effects can be attributed solely to deformation

of the adhesives.

To determine the strain transfer ratio, the gage

strain is normalized vlth respect to the structure strain.

For cases where the structure and the crack gage are of the

same material, then the stress transfer ratio will equal

the strain transfer ratio. The strain transfer ratio Is

plotted against the number of applied loading cycles as

shown In Figs. A. 9 and A. 10 for the Depend and Dymax

adhesives, respectively. From Fig. A. 9 It Is observed that

the load transfer ratio for the Depend adhesive decreases

rapidly with increase In the number of applied loading

cycles. The maximum strain transfer ratios were 0.80 and

0.73 during the first static loading for crack gages 1 and

2 (sides 1 and 2), respectively, and only O.AO and O.AA

after 2 million cycles.

The performance of th6 Dymax adhesive was signiti-

cantly better than that of the Depend adhesive, with

respect to the percentage of the strain transferred to the

crack gage as shown in Fig. A. 11. The maximum values of

the strain transfer ratio for the first loading cycle were

1.09 and 1.29 for crack gages 1 and 2, respectively. These

values remained fairly constant up to about 100,000 cycles

of loading and then decreased linearly to 0.77 and 0.66,
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respectively, after 2 nllllon cycles. As stated prevloubiy,

Che decrease In the strain transfer ratio is believed to be

the result of deformation of the adheslves. The cuperlor

performance observed with the Uymax adhesive can be attri-

buted to its low viscosity of 3,000 cps compared to 7U,000

cps for the Depend adhesive - see Table 3.5. The lower

viscosity of the Dymax adhesive resulted in an average bond

thickness of O.OOA-in. (0.010 mm) compared with 0.010-in.

(0.25A nm) for the Depend adhesive. Thus, it is expected

that the large bond thickness for the Depend adhesive will

cause Bore deformation than the Dymax adhesive, leading to

a lower strain transfer ratio, as was observed.

Based on the limited experimental data and evaluation

discussed above, the Dymax adhesive was selected for use in

bonding all further crack gages to the structural com-

ponents. For analytical purposes, average values of the

strain transfer ratio based on the number of applied load-

ing cycles were used. It should be noted that the strain

transfer ratio includes the geometric effect of the crack

gage, F , as given by Eq . 2.28. For the crack gage confl-
u

guration selected, F. 1.19. Hence, the true strain
G

transfer factor for the Dymax adhesive, F , is given by the

value of the inherent strain transfer ratio divided by F .

The strain transfer ratio and the corresponding strain

transfer factor for the Dymax adhesive are presented in

Table 4.1 for different ranges of applied loading cycle.
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4.3 Plain Plate, Sound Weld and LOP Fatigue Test Retults

4.3,1 Results of the Fatigue Tests

The results of the plain plate, sound weld, and the

LOP fatigue tests are presented in Tables 4.2, 4.3 and 4.4,

respectively. Plots of the applied stress range versus

fatigue life on a log-log scale (S-N curves) for these data

are shown also In Figs. 4.12 to 4.13. In these diagrams

the solid lines represent the mean value of the observed

data computed using a least squares best-fit method.

Specimens which were declared runouts. Indicated by

the arrows In Figs. 4.12 to 4.13, as well as the data

obtained from their re-test. Indicated by the solid symbols

In Figs. 4.12 and 4.13, were excluded from the least

squares best-fit analysis. The re-test values were not

Included In the regression analysis because the fatigue

strengths may have been affected by the prior loading his-

tory. The fatigue strengths at 100,000, 500,000, 1 mil-

lion, and 2 million cycles were computed from the least

squares best-fit equations and are presented In Table 4.5.

In Fig. 4.16 a summary comparison of the mean regres-

sion curves as obtained from the fatigue test results is

presented. By comparing the plain plate and the sound weld

S-N results, it Is clear that the use of welding signifi-

cantly reduces the fatigue strength for long lives (greater

than 100,000 cycles). Moreover, further reductions in the
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fatigue Btrength are obtained when LOP discontinuities are

present .

A . 3 . 2 DiscusBlon and Analysis of Test Results

4.3.2.1 Plain Plate Specimens

A total of ten specimens were tested In the plain

plate test series. The results of these fatigue tests

(Table 4.2 and Fig. 4.12) indicate very little scatter and

excellent correlation of the fatigue life with the applied

stress range. A linear regression analysis of the data

(excluding data from runouts and re-tests) indicated a

standard error of estimate of 0.096 and a correlation coef-

ficient of -0.986. It should be noted that only two data

points were available for each stress range.

Although the results of the re-tests matched the

results of the tests at the higher stress ranges, do abso-

lute conclusions could be drawn as to what effect under-

stressing had on the fatigue resistance of the re-tested

specimens. The fatigue resistance of specimen PPL-IR

appears to have been improved slightly by underst ressing :

126,800 cycles compared with 74,900 and 96,700 cycles for

specimens PPL-4 and PPL-5, respectively. However, the

fatigue resistance of re-tested specimens PPL-8R and LTT-

IR, 274,500 cycles, fell between the fatigue resistance of

specimens PPL-6 and PPL-7: 312,500 and 257,300 cycles.
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respectively. Thus It would appear that und e r s

t

res s 1 ng

below the fatigue limit did not have a algnlflcant effect

on the fatigue resistance of the re-tested speclDens. This

conclusion Is further supported by the fact that apeclmens

PPL-8R and LTT-IR both had a fatigue life of 27A,500

cycles when cycled at U7 ksl (32A MPa) even though they

were Initially tested at stress ranges of 35 ksl and 30 ksi

(2A1 MPa and 207 MPa), respectively.

4,3.2.2 Sound Weld Specimens

The results of the sound weld fatigue tests shown In

Fig. A. 13 typify the scatter associated with fatigue test

data. The standard error of estimate obtained from a

regression analysis of the data (excluding data from

runouts and re-tests) was 0.210, with a correlation coeffi-

cient of -0.805.

The weld reinforcement of the sound weld specimens was

removed and the weld surface was ground flush with the

specimen surface. However, as shown in Table 4.3, all the

specimeDS fractured through the weld toe, indicating that

the stress raisers present at the weld toe were more severe

than at the fillets of the specimens.

Specimen SWD-12 survived 2.19 million applications of

cyclic loading at a stress range of 27 ksi (IBb hPa)

without any 'indicat ion of fatigue damage, and was declared

a runout. However, the specimen fractured after 178,400
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cycles when re-tested at a stress range of 42 ksl (290

MPa). This compares favorably with the fatigue lives of

specimens SWD-1 (260,100 cycles), and SWD-2 (176,100

cycles) Indicating that specimen SWD-12K did not suffer any

significant fatigue damage as a result of being initially

tested at a lower stress range.

Very scattered porosity was present in some of the

sound welds. However, the porosity apparent on the frac-

ture surface was especially severe in specimens SWD-15 and

SUD-16. It is not evident if the fatigue lives of these

two specimens were adversely affected by the porosity since

they fell within the normal scatter of the data (Fig.

A. 13).

The mean fatigue resistance of the sound weld speci-

mens was lower than that of the plain plate specimens,

especially in the long-life region (Fig. 4.16). As shown

in Table 4*3, the fatigue strengths of the plain plate

specinens at 100,000 and 2 million cycles were 32.8 ksl and

39.5 Jcsi (364 MPa and 272 MPa), respectively. The

corresponding values for the sound weld specimens were 49.2

ksl and 21 ksl (347 MPa and 133 MPa), or 93.2 and 53.2 per-

cent of the plain plate fatigue strengths. The applied

stress ranges in the short-life region of the plain plate

and sound weld fatigue tests were either around or greater

than the yield strength of the ASTM A36 slid steel

material.:: As a result of the large (plastic) strains In

the specimens, the fatigue lives are expected to be
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comparable in the short-life region, even though the stress

raisers at the veld toe of the sound weld Bpeclnens may be

Bore severe than the stress raisers at the fillets of the

plain plate Bpeclmens. However, in the long-life region

where the strains are low (prinarlly elastic), the stress

raisers present at the weld toe of the sound weld speciisens

have a more pronounced effect than the fillet of the plain

plate specimen resulting in the marked difference in the

fatigue strengths.

4.3,2.3 LOP Specimens

A total of twenty-Dine LOP specimens were tested at

stress ranges ranging from 12 ksi (82.7 MPa) to 30 ksi (207

MPa). As shown in Figs. 4.14 and 4.15, there was consider-

able scatter in the results. The standard error of esti-

mate obtained from a linear regression analysis of the data

was 0.315 for the LOPl-8 series, and 0.348 for the LOPl-4

series. The corresponding correlation coefficients were

-0.697 and -0.737, respectively.

Originally, it was Intended to have LOP depths of

O.I25-in. (3.38 mm) and 0.250-ln. (6.35 mm) for the LOPl-8

series and LOPl-4 series, respectively. However, as shown

In Table 3.4 the actual LOP depths ranged from 0.133-in. to

0.231-ln. (3*18 nm to 5.87 nm) for the LOPl-8 aeries, and

from 0.220-in. to 0.342-iD. (5.59 mm to 8.69 mm) for the

LOPl-4 series. Variations in the LOP depth across the
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width of the Bpecimens were commonly observed for all of

the specimeDS. Values of the LOP depth as measured on the

fracture surface are Bumtsarlzed In Table A.l. As discussed

In Sec. 3.2.1, these variations can be attributed to the

fact that Che welding was performed manually. The use of

an automatic welding process would have produced more uni-

form LOP depths since there would have been consistent con-

trol of the electrode gun tip.

As evident in Figure A. 16, the fatigue strengths of

the LOP specimens were significantly lower than the fatigue

strengths of the plain plate and sound weld specimens.

Several researchers [9,18,31,45,60,65,69] have noted the

deleterious effect of lack of penetration (LOP) discon-

tinuities on the overall fatigue strength. Moreover, it

can be observed In Fig. 4.16 that the slopes of the S-N

curves for the sound weld and the LOPl-8 series are Identi-

cal, but steeper than the slope of the S-N curve for the

LOPl-4 series. The fatigue strengths of the LOPl-8 and the

LOPl-A specimens at 100,000 cycles were 37.3 ksi (257 MPa)

and 27.4 ksi (169 MPa), respectively. However, as a result

of the flatter slope of the S-N curve for the LOPl-4

series, the fatigue strength of both the LOPl-b and LOPl-4

specimens at 2 million cycles was 17.0 ksi (117 MPa). This

can be attributed to the fact that In the short-life

region, where the greater percentage of the life Is spent

in crack propagation, the cracks have a smaller thickness

to propagate through In the LOPl-4 specimens as a result of



60

their larger LOP depths. Thus, the LOPl-A BpeclmenB would

be expected to have shorter lives In the Bhort-llfe region.

However, in the long-life region a greater portion of llle

Is spent in crack initiation, and as a result the siiialler

thickness of the LOPl-4 specimens would have less effect on

the total life. The total fatigue lives of the LOPl-8 and

LOPl-4 specimens will thus be expected to be comparable in

the long-life region.

One of the objectives of this study was to estimate

what fraction of the total life of the LOP specimens was

spent in crack initiation. This was achieved experimen-

tally by monitoring the ultrasonic pulse reflection from

the LOP discontinuity as described in Sec. 3.3.3. The

fatigue crack initiation life was taken as the number of

cycles required to produce a definite change in the reflec-

tion of the ultrasonic pulse from the LOP discontinuity.

For example, an initiation life of 43,000 cycles can be

inferred from the sequence of polaroid photographs in Fig.

4,17 for Specimen LOPl-4-3. Since the LOP discontinuity

was sub-surface, the crack length at which a change in the

ultrasonic pulse reflection was observed could not be meas-

ured. Hence, it should be emphasized that the crack size

corresponding to this definition of initiation life is

unquestionably different from the O.Ol-in. (0.23 mm) crack

size that is often used in crack propagation calculations.

The changes in the ultrasonic pulse reflection from

the LOP discontinuity were in most instances significant
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enough to allow firm cnncluslonB to be drawn regarding the

crack initiation life of a specimen. However, in a few

cases the changes were not clear, and careful examination

of the peaks and valleys of the pulse reflections were

required to estimate the crack initiation life. No estlma-

tloD of the crack Initiation life could be made for Specl-

ens LUP1-&-7 and LOPl-A-lA because the ultrasonic pulse

reflection for these specimens did not change. Polaroid

photographs of the ultrasonic pulse reflection for specimen

L0P1-4-1A are shown in Fig. A. 18.

Several factors may have affected the use of ultrason-

ics to estimate the crack initiation lives of the LOP

specinens : the pressure exerted on the transducer, the

position of the transducer, and the quality of the veld.

For each of the test specimens the position of the ultra-

sonic transducer that gave the maximum reflection of the

ultrasonic pulse was clearly defined, as described in Sec.

3.3.3. Also, a single wide rubber band was used to hold

the transducer in place each time a scan was taken. Hence,

it Is believed that the pressure exerted on the transducer

and its position on the specimen were kept fairly constant

for each ultrasonic reading. The repeatability of the

ultrasonic signals prior to crack InltiatioD supports the

belief that consistent transducer placement between read-

ings was achieved. Porosity In some of the welds and the

uneven surfaces of the discontinuities were also believed

to have introduced noise in the ultrasonic pulse reflection
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from the LOP. Erratic signals at times made It difficult

to draw firm conclusions from the polaroid photographs of

the reflection. However, the overall perfornance of the

ultrasonic transducer in detecting the onset of crack ini-

tiation from the LOP discontinuities was generally aails-

factory.

The fatigue crack initiation life for each of the LOP

specimens was predicted using revised version of the com-

puter program developed by Mattos et al . 1^0]; the

predicted values are presented in Table 4.6. To compute

the predicted values, initial compressive residual stresses

of 26 ksl (179 MPa) and 13 ksi (89.6 MPa) were assumed to

exist at the tip of the LOP discontinuities in the LOPl-8

and LOPl-4 specimens, respectively. These values

correspond to two-thirds and one-third of the yield

strength of the ASTM A36 base material, and are based on

the Idealized through-thickness residual stress distribu-

tion presented in Fig. 4.19.

A comparison of the initiation lives estimated by

ultrasonics and predicted analytically are presented in

Fig. 4.20. From this figure it is observed that the

estimated initiation lives were generally lower than the

predicted lives. It can also be observed from Table 4.6

that the onset of crack initiation from the LOP discon-

tinuities as detected by ultrasonics occurred vithln 19Z of

the totaj 'life for most of the specimens. The ratio was

approximately 37Z for LOPl-4-16, mainly as a result of its
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low total life (Al.lOO cycles)

4.3.3 Comparison of Test Res u 1 1 6 with Other St u d 1

1

The results of the fatigue tests were compared with

the results of similar tests by other researchers (9,A5,5A]

and are presented In Figs. 4.21 to A. 23. In Fig. A. 21 It

can be observed that the S-N curve for the plain plate

specimens tested in the current study has a flatter slope

than the S-N curve for the results reported in the data

bank by Munse et al. [34J. The fatigue strengths at

100,000 cycles are comparable; however, at 2 million

cycles, the fatigue strength determined in the current

study is slightly higher than the fatigue strength reported

in the data bank, 39.5 ksl (272 MPa) versus 32.1 ksl (221

MPa). The data bank results are based on a combination of

fatigue tests for A7 , A36 and A373 mild steels. These

steels generally have slightly lower yield strengths than

the ASTM A36 mild steel used in the current study. Thus,

the ASTM A36 mild steel used in the current study would be

expected to have slightly better fatigue properties than

the average values for the steels in the data bank.

The fatigue strength of the transverse butt-Joint weld

specimens tested in the current study was slightly higher

at all stages of life than that reported Id the data bank -

see Fig.^ 4.22. However, the S-N curve for the sound weld

tests conducted by Ekstrom and Munse [9] had a flatter
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slope and differed significantly from the S-N curves

obtained in this study and from the data bank. The differ-

ences in fatigue strength between the results ot the

current study and the data bank results nay be attributed

to the higher fatigue characteristics of the £70 wire elec-

trode used in the current study compared with the £60 elec-

trodes used in the data bank study. The difference in

fatigue strength obtained in the study by Ekstrom and Munse

[9] can be attributed to the fact that some of the speei-

inens were tested with negative stress ratios. The effec-

tive stress range for these specimens will therefore be

less than the applied stress range, and as such, the

fatigue lives of these specimens will be increased.

The results of the LOP fatigue tests compare reason-

ably with the results obtained by Ekstrom and Munse [9] and

by Newman and Dawes [45], as shown in Fig. A. 23. Although

the LOP discontinuities in the specimens tested by Newman

and Dawes [43] did not extend throughout the plate width,

only the 3/4" x 1/16" LOP series had a notably higher

fatigue strength in the long-life region. This result is

consistent with the findings of Guyot et al. [18] for welds

with partial width LOP discontinuities. However, the S-N

curve for the 1-1/4" x 1/16" LOP series tested by Newman

and Dawes [45] was slightly below the S-N curve for the

LOPl-8 series tested In the current study. The results

presented In Fig. 4.23, as well as the results of other LOP

studies [9,18,31,45,60,65,69], illustrate the extremely
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poor fatigue strength of welds which contain LOF discon-

tinuities when compared with the fatigue resistance of com-

parable sound velds.

4.4 Crack Gage Test Results

The fatigue lives of the crack gages which were

attached to the welded specimens In the LOP study are

presented In Table 4.7. Both the observed fatigue lives

and the analytically predicted fatigue lives are presented.

Three different notch types were used for the entire

range of expected fatigue crack Initiation lives: smooth

circular notches, sharp vee-notches and U-groove notches

(Fig. 3.11). Circular notches with radii of 0.250-ln. (7.36

mm) and depths of either 0.200-ln. or 0.275-ln. (5.08 mm

or 6.99 tDm) were used for crack gages designed to Initiate

cracks after 2 million cycles. As noted in Table 4.7,

these crack gages, (CGl-8-1 to CGl-8-3 and CGl-4-1 and 2)

performed as they were designed, as no detectable crack

initiation was observed at the gage notch root after 2 mil-

lion cycles of loading.

For LDP specimens in which a very short initiation

life was expected (less than 20,000 cycles), sharp vee-

notches 0.20-in. (5.08 mm) deep were used. For the applied

loading the vee-notched crack gages, CGl-8-10 to CGl-8-12

and CGl-4-13 to CGl-4-16, all had initiation lives less
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than or equal to 2,000 cycles, which was conBlstently less

than the predicted Initiation lives. The observed crack

initiation lives demonstrate that notched crack, gages can

be designed to rapidly initiate a crack in the presence of

«n extreme fatigue loading condition. As a result of the

relatively short lives of the LOP specimens to which crack

gages CGl-4-13 to CGl-4-16 were bonded, the gages did not

fracture completely prior to failure of the welded LOP

specimens. The cracks in gages CGl-4-13 and CGl-4-15 pro-

pagated through 88Z and 81Z of the gage width, respec-

tively, but the crack in CGl-4-16 propagated through only

26Z of the width before the LOP specimen failed. The extent

of damage in gages CGl-A-13 and CGl-4-15 was very signifi-

cant, and thus, these gages were considered to have per-

formed excellently. From the crack growth data for gages

CGl-A-13 through CGl-4-16, it appears that gage CGl-A-16

would have experienced similar damage levels as did gages

CGl-4-13 through CGl-A-15 had it survived about 150,000

cycles of loading. The other vee-notched gages, CGI-b-11

through CGl-8-13, all performed excellently, and failed

prior to failure of the structural components to which they

were bonded.

For LOP specimens In which the expected initiation

lives fell between 20,000 and 2 million cycles, l)-groove

notches with depths of 0.250-ln., 0.300-Id., or 0.400-in.

(6*35 nm, 7.62 mm or 10.16 mm) were used. A constant root

radius of 0.125-ln. (3.18 mm) was used for all grooves,
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except for gages CGl-A-3, CGl-A-7, and CGl-A-b where the

root radius wae 0.063-ln. (1.59 mm). A Bmaller root radius

was used in the design of the latter gages to limit the

depth of the notch to O.AOO-ln. (10.16 min); a root radius

of 0.125-ln, (3.18 am) would have resulted in a notch of

depth 0.600-ln. (13.2 mm) to Initiate a crack as desired.

Three U-groove gages, CGl-8-6, CGl-4-10, CGl-A-12, had Ini-

tiation lives corresponding to 65. 4X, 87.62 and 75.6% of

the predicted values, respectively. Nine of the crack.

gages, CGl-8-A,8,9 and 13 and CGl-4-4 , 5 , 6 , 9 and 11, had

initiation lives ranging from 1042 to 1492 of the predicted

values. The ratios for CGl-8-5, CGl-4-7, and CGl-4-b ranged

from 1922 to 2702. Only gage CGl-b-7 had an initiation

life greater than 3002 of the predicted value (3792). bow-

ever, this gage experienced severe out-of -plane bending

during the cyclic test, which probably reduced the effec-

tive tensile stress transferred into the gage, and caused

the crack to initiate much later than predicted (580,000

versus 153,000 cycles).

In Fig. 4.24 a plot of the analytically predicted

versus the experimentally estimated initiation life for all

the crack gages is presented. As shown in the figure, the

predicted initiation lives were in most instances less than

the experimentally estimated lives.

The performance of gage CGl-8-7 illustrates two of the

potential problems associated with the use of the crack

gage to detect the onset of fatigue damage Id structural
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nenibers, namely, out-of-plane bending, and variations In

stress In the gage with cyclic life. Out-of-plane bending

of the gage may be the result of ou t -of -pi anenesB or Inade-

quate stiffness of the thin part of the gage. The latter

can be addressed easily by Increasing the thickness ot the

thin part of the gage. Out -of -planeness of the gage can be

attributed to unsymmet rical machining and the application

of excessive pressure on the thin part of the gage during

various handling processes. These can be addressed by

careful machining and handling of the gages. None of the

gages tested, apart from CGl-8-7, experienced notable out-

of-plane bending.

At each stress level only one set of identical crack

gages was used. The notch In the gages were of the same

type, and had the same depth and root radius. Given the

random nature of fatigue behavior, the initiation lives

within each set of identical gages cannot be attributed

solely to differences in strain transfer. However, exami-

nation of the crack growth data presented in Figs. A. 25 to

4.31 indicates that In each set the gages experienced dif-

ferent crack growth rates. The variation in crack growth

rates reflects the different stresses experienced by the

gages, mainly as a result of possible variations In the

adhesive thicknesses, which as discussed earlier Id Sec.

4.2 does affect the strain transfer ratio.

Smith [56] and Torvik [63] have demonstrated that the

crack growth rate In a gage with a reduced section of
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square configuration, subjected to dl s pi a ceoen t con-

straints. Is approximately constant. This behavior was

observed also in the gages tested in the present study, as

indicated by the typical gage crack length versus cuaber of

loading cycles plot presented in Fig, 4.32. Prior to frac-

ture, however, the crack growth rates normally increased as

indicated by the non-linear region in Fig, 4.32. For a

given set of gages, the average stress intensity factor of

each gage will give a Indication of the stress experienced

by that gage. As a result of the linear relationship

between crack length and number of loading cycles, the

average crack growth rate, da/dn, was computed from a

linear regression analysis of the crack growth data,

excluding data in the non-linear region. The average

stress intensity factor for the gage was then computed by

neans of the Paris relationship [49,50], The crack growth

-10
constants C - 3.6x10 and m - 3.0 for ASTM A36 mild steel

were used [35]« The computed stress intensity factors are

presented in Table 4.8.

From Table 4.8 it is observed that the vee-notched

gages had consistent average stress intensity factors,

37.13, 36.12, and 36.30 ksi-\|Tn for gages CGl-8-10 to

CGl-8-12, respectively, and 30.29, 32.67, 32.41 and

31.52 ksi-\|in for gages CGl-4-13 to CGl-4-16, respec-

tively. This indicates that in each set the gages experi-

enced very similar stresses. As presented in Figs. 4.27

and 4.31, the measured crack growth data for the vee-
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notched gages were predicted very well, Indicating that the

actual gage stresses were identical nearly to the stresBes

obtained from the strain transfer analysis. Cages CCl-8-

4,6 and 9 and CG 1-4-5 , 6 , 8 , 1 1 and 12 also are well behaved,

Implying that the actual gage stresses were predicted very

well from the strain transfer analysis. However, the crack

growth prediction for Gages CGl-8-3,7,b and 13 and CCl-4-

3, A and 7 is not as good, and the actual gage stresses

appear to be slightly less than those obtained from the

strain transfer analysis. This conclusion is of particular

Interest in the case of CGl-8-7 because as mentioned ear-

lier, this gage experienced severe out-of-plane bending and

was expected to have an actual gage stress less than that

obtained from the strain transfer analysis.

From Figs. 4.25 to 4.31 it is also observed that in

most Instances the predicted crack growth curves are con-

servative. This is also Illustrated in Fig. 4.33 where the

predicted propagation lives are plotted against Che

observed lives.

The predicted total fatigue life for each specimen was

obtained by summing the predicted crack initiation life and

the predicted crack propagation life. The total fatigue

lives of the gages were predicted fairly well, although

somewhat conservatively, as shown In Fig. 4«34»
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A , 5 Comparison of Crack Cages with LOP Specliceni

In this study the development of a detectable cracK In

the crack, gages was desired to occur concurrently with the

development of a detectable crack in the LOP speclmenB to

which they were bonded. To evaluate the performance of the

gages in this regard, the experimentally estimated gage

initiation lives were plotted, as shown In Fig. A. 35,

against the ultrasonic estimate of the initiation lives for

the LOP Bpecinens. In Fig. 4.35 it is observed that the

experimentally estimated gage initiation lives were in most

instances greater than .the experimentally estimated LOP

initiation lives. Thus, it would appear that the gages

were not very effective in detecting the onset of crack

growth in the LOP specimens. However, it should be

emphasized that the gages were designed on the basis of the

analytical prediction of the LOP initiation lives, which as

shown in Fig. 4.20 were also greater than the experimen-

tally estimated LOP initiation lives.

To further clarify the above statement, the experimen-

tally estimated gage initiation lives were plotted against

the analytically predicted LOP initiation lives as

presented in Fig. 4.36. Given the random nature of fatigue

behavior and the fact that the analytically predicted LOP

initiation lives were not exact, the correlation achieved

between the estimated gage initiation lives and the analyt-

ical prediction of the initiation lives for the LOP
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speclmenB Is considered excellent. Thus, It can be con-

cluded that the gage designs were effective.

Finally, In Fig. A. 37 a comparison is aade between

gage total life and LOP total life. The solid symbols

shown in Fig. 4.37 indicate tests in which the LOP specimen

failed prior to complete fracture of the gage (Sec. A. A).

The symbols with the arrows indicate tests in which the

gage failed, but in which the LOP specimen did not (runout

tests). Excluding the solid symbols, in Fig. 4.37 It is

observed that in all instances the gage failed before

failure of the LOP specimen occurred. This satisfies the

desired gage design requirement that the gage should frac-

ture completely through before fracture of the LOP specimen

occurred. In an actual service application, complete frac-

ture (or significant damage) of a gage would provide

further warning of potential fatigue damage in the struc-

tural detail being monitored.
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CHAPTER 5

PRACTICAL APPLICATION OF CRACK GAGE CONCEPT

5.1 General

The objective of the fatigue crack gage study reported

herein Is to examine the feasibility of a method that pro-

vides a clear indication of fatigue crack Initiation and

early, eubcritical crack growth at a given detail in a

structural steel element. Previous Investigators have used

crack gage configurations which were pre-cracked so that

all of the fatigue life of the gage was spent in propaga-

tion of the crack. A modification of the crack gage con-

cept Is to use a notched gage with no pre-crack. Thus, in

this application the crack gage notch can be designed such

that it will initiate a detectable crack in the crack gage

concurrent with the development of a detectable fatigue

crack In the structural member. Alternately, the crack

gage may be designed such that It is significantly damaged

prior to the development of a detectable fatigue crack In

the structural member. The latter approach would require

Bore crack propagation in the crack gage than the former

aethod, and may be more desirable when Infrequent visual

inspection is used.
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In this chapter the steps Involved In the design of a

crack gage are outlined in Sec. 3.2, and numerical exairples

that Illustrate crack gage design are presented In Sec.

5.3. Finally, recomniendat Ions for the design of a crack

gage are presented in Sec. 3.4.

5.2 Crack Gage Design

A fatigue crack gage can be designed for use vith nost

structural steel oembers, provided a reasonable estimate of

the fatigue notch factor, K, , for the detail can be

obtained. Design of the crack gage for a given structural

detail involves proper correlation of the fatigue crack

initiation lives for the gage and the detail. The follow-

ing procedure, which is summarized also in a flow chart

format in Fig. 3.1, outlines the steps necessary to design

a fatigue crack gage:

1. Determine the fatigue notch factor for the structural

detail, K, . Peterson's equation [31,32] is fre-
*S

quently used to estimate K ,

:

Kj • 1 +
1 + A/r (5.1)

where K theoretical stress concentration factor,
t

r - notch radius* and

A - 0.001(300/0 )^*^ Inches (5.2)
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with ultimate tensile strength, In VlbI.
u

Estlnate the fatigue crack Initiation life of the

structural detail, N^ , using the fatigue notch tac-
b

tor, K, , the given load history, and the appropriate
S

low-cycle fatigue properties of the structural meniber.

The relationship between K and N for ASTM A36 steel

Is shown in Fig. 5.2 for four different constant-

amplitude remote loading stress ranges. A computer-

based solution, consistent with the low-cycle fatigue

requirements previously described. Is needed to estl-

nate N .

S

Adjust the crack gage Initiation life to suit the

crack gage design philosophy. If the Initiation lives

are to be matched directly, then no adjustment is

necessary and N. * N . However, N can be selected
^G S G

to be less than N to permit the gage crack to grow

to an appropriate size.

4. Use the estimate of N to obtain the fatigue notch
G

factor for the gage, K, . (Again, Fig. 3.2 may be used
G

If the gage is A36 steel.) It is necessary to deter-

nlne the crack gage aspect ratio, l./W, and the

adhesive^ characteristics, F , when evaluating the gage

fatigue notch factor*



7b

5. Adjust the notch depth, d, and notch radius, r, to

provide the appropriate K value. For Illustration
G

purposes, a slot with a circular radius, as shown In

Fig. 5.3, Is the notch type selected for the crack.

gage. The relationship between K, and the notch root
G

radius for a crack gage fabricated from ASTM A36 steel

is summarized In Fig. 5.4 for various values of the

notch depth.

As noted above. It may be desirable from an Inspection

standpoint to permit the gage crack to propagate to a par-

ticular size. A gage crack large enough for visual detec-

tion certainly would be logical. The number of loading

cycles to achieve a particular crack size can be computed

using Eqs. 2.30 and 2.31 in conjunction with the Paris

crack growth equation.

5.3 Numerical Examples

A fillet welded tee Joint, as shown in Fig. 5.5, has

been chosen to illustrate the fatigue crack gage selection

procedure. It is assumed that the connection is fabricated

using ASTM A36 steel and is designed to resist a zero-to-

tensloD cyclic loading of 16.67 ksi (115 MPa). Two numeri-

cal examples are given to illustrate different crack gage

design philosophies. Also, the sensitivity of the crack
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gage design to loadings different from the design loadlnj

is evaluated.

5.3.1 Example I

In this example, the crack gage is designed such that

fatigue crack initiation in the gage and the tee Joint

occur Bimul

t

aneously . Consequently, the initiation of a

crack in the gage would signal the inspector that the tee

Joint has experienced a loading sequence that Is suffi-

ciently severe to cause the formation of a fatigue crack.

The first step involves estimation of the fatigue

notch factor for the structure. A finite element analysis

of the Joints reported by Gurney [17] Indicates that the

stress concentration factor for a load-carrying fillet

o
welded member with a weld toe angle of A5 is 4.0. If this

value, along with a weld toe radius of 0.03 to O.OA in.

(0.76 to 1.02 mm), is used in Eqs. 5.1 and 5.2, the result-

ing range in K, values is 2.8 to 3.0. Consequently, the

fatigue notch factor for the structure, K , is assumed to

S

be 3.0.

Second, the crack Initiation life of the structural

detail Bust be estimated. The fatigue crack initiation

life for an A36 steel member with K, - 3.0 and o. • 16.67
*S ^

ksl (115 MPa) is 815,000 cycles. This value nay be com-

puted using an appropriate computer solution, or it nay be
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obtained approximately from Fig. 5.2.

Third, no adjustment in the Initiation life is needed

since the crack gage and the structure are to Initiate a

crack aimul

t

aneousl y . Consequently, N - N .

Fourth, the required value of the fatigue notch factor

for the crack gage will be determined. The crack gage

geometry in the unbonded region will be assumed square with

1 /W 1.0. Moreover, the thick section of the gage will

be fully bonded giving 1^ - 1„; for this condition

F > 1.0. Finally, It is assumed that the characteristics
g

of the adhesive are known and that F - 0.9. Consequently,
a

the crack gage stress given by Lq. 2.27 Is 15.0 ksl (1U3

MPa). From Fig. 5.2 we find that K - 3.35 Is needed to
G

provide N- - 815,000 cycles.
G

Finally, the notch geometry parameters must be

selected to provide the appropriate K, value. Fig. 5.

A

G

can be used to determine the necessary crack gage notch.

For example, a gage with r 0.15-ln. (3.8 mm) and d

0.20-ln. (5.1 mm) produces the appropriate K, value. It

G

should be noted that other combinations of r and d would

also provide the desired K, value.
*G

5.3.2 Example II

In this example, the crack gage will be designed to be
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"significantly damaged" before crack Initiation in the

structure occurs. This scheme provides further warning

since the gage will initiate a crack, before a crack forms

In the tee joint. The "significantly damaged" condition Is

assumed to correspond to a crack that has propagated 0.30-

In. (12.7 mm) across the gage width; a crack of this size

can be detected easily using visual Inspection.

As in the first example, K « 3.0 and N - 815,000
S b

cycles. However, In this example the Initiation life of the

gage is adjusted as follows:

G S '^G

(5.3)

Using Eqs. 2.30 and 2.31, in conjunction with the crack

growth constants for A36 steel, the propagation life of the

gage, Np , for d - 0.20-ln. (5.1 mm) is estimated to be
G

459,000 cycles. Consequently, from £q . 5.3 the value of

V^ is given as 356,000 cycles. From Fig. 5.2, a value of

G

K^ > 3.84 Is selected to obtain this value of N .

G G

The Dotch geometry parameters must be selected to

reflect the gage fatigue notch factor. Consequently, notch

values of r - 0.10-in. (2.5 mm) and d - 0.20-in. (5.1 mm)

are selected from Fig. 5.4. It can be noted that a notch

radius, smaller than that required in the previous example,

vas necessary to provide for the higher K, value.
*G

The gage design should be selected to match the
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Inspection philosophy. The thoroughness and frequency of

the Inspection program should be considered when correlat-

ing the critical damage level in the crack gage to fatigue

crack Initiation In the structural detail. The aethod used

in the first example may be preferable if the structure is

Inspected frequently, while the method in the latter exam-

ple nay be better for inspection programs that require only

occasional inspections.

5.3.3 Sensitivity Analysis

In a survey on bridges [64], the actual stresses

experienced by girders were found to be considerably lower

than the design stresses. If a crack gage is bonded to a

structural joint which experiences a stress range signifi-

cantly different from the design stress range, the crack

initiation life of the gage, as well as that of the Joint,

will change. For the crack gage to function as desired, it

must still be able to initiate and propagate a detectable

fatigue crack prior to the development of a detectable

fatigue crack In the structural Joint. Moreover, the

fatigue crack initiation life of the gage must change in

the same proportion that crack initiation life of the

structure changes when subjected to a stress range dif-

ferent than the design stress range. In other words, the

gage must ^be ' able to function independent of the applied

remote loading.
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To examine the sensitivity of the crack gage design to

loadings different than the design loading, the fatigue

crack initiation lives of the tee Joint and the crack gage

designed in Example I were evaluated at two other stress

levels. It was assumed that the actual stress experienced

at the joint was (a) 10 ksl (69 hPa) and (b) 20 ksi (138

MPa), instead of 16. b7 ksi (115 MPa). The corresponding

gage stresses are (a) 9 ksi (62 MPa) and (b) 16 ksl (124

hPa), instead of 13 ksl (103 HPa). For a Joint stress of

10 ksl (69 MPa) the fatigue crack initiation lives of the

tee Joint and the crack gage are 2.82x10 and 2.71x10

cycles, respectively. The corresponding lives for a Joint

stress of 20 ksi (138 MPa) are 330,000 and 323,000 cycles,

respectively. In both cases the crack gage Initiates a

fatigue crack before the tee Joint, and thus still func-

tions as desired.

The above sensitivity analysis was extended to the

design in Example II. The crack propagation life of the

gage when subjected to a Joint stress of 10 ksi (69 MPa)

6
was estimated to be 1.86x10 cycles; the corresponding

crack propagation life for a Joint stress of 20 ksi (138

HPa) was estimated to be 232,000 cycles. The fatigue crack

initiation life of the tee Joint at the two stresses are

the same as above, 2.82x10 and 330,000 cycles, respec-

tively. Thus, the required fatigue crack initiation life

for the gage would be 2.64x10 and 98,000 cycles, respec-

tively. For a gage with K - 3.84 as obtained in Example
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b
11, the fatigue crack Initiation lives are 8.3yxlO and

173,000 cycles for Joint atrees ranges of 10 ksl (69 hPa)

and 20 ksi (13b HPa), respectively. Thus, at the lower

•tress range the gage would still function as designed,

although a fatigue crack would be initiated ouch earlier

6 7
than expected (8.39x10 versus 2.6^x10 cycles). However,

•t the higher stress the design philosophy would not be

satisfied since a fatigue crack would initiate in the gage

later than required (173,000 versus 98,000 cycles).

The sensitivity analyses described above illustrates

the importance of knowing and using the actual expected

stress in the design of a gage. If the actual stress and

design stress are expected to be considerably different,

then matching fatigue crack initiation for the gage with

crack initiation for the structural detail will provide

satisfactory results.

5.4 Recommendations for Design

Based on the findings of this study the following

recommendations are made when considering the notch design

of a crack gage:

1. For fatigue crack Initiation lives less than 20,000

cycles, gages with sharp, vee-shaped notches nay be

used. A notch depth of 0.20-in. (5.08 mm) Is suffi-

cient for most purposes.
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For fatigue crack Initiation lives between 20,000

6
cycles and 2.0x10 cycles, gages with U-shaped notches

provide the best performance. The notch depth and

root radius should be selected In accordance with the

procedure outlined in Sec. 5.2.

6
For initiation lives greater than 2.0x10 cycles,

gages with a gentle circular notch can be used.

Again, the procedure outlined in Sec. 3.2 should be

used to select the appropriate notch dimensions.

4. If the actual stress range at the structural detail

being monitored is expected to be considerably dif-

ferent from the design stress range, then the crack

gage should be designed by directly matching crack

Initiation in the gage with crack initiation in the

structural detail.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

The primary objective of this research was to

experimentally Investigate the feasibility of using a crack

gage to detect the onset of fatigue crack initiation and

early crack growth in structural steel details. A

secondary objective was to further examine the effect of

lack of penetration (LOP) discontinuities on the fatigue

behavior of transverse butt-welded Joints.

Twenty-nine notched crack gages, adhesively bonded to

twenty-nine LOP specimens were tested under a rero-to-

tension cyclic loading with stress range values between 12

ksl (82.7 MPa) and 30 ksi (207 MPa). In addition, ten

plain plate and sixteen sound butt-welded specimens were

tested under a zero-to-tension fluctuating load to provide

reference data for comparisons with the LOP tests. Two

load transfer tests were conducted to evaluate the

performances of Loctlte Depend and Dymax engineering

adheslves, and also to determine the fraction of the

applied load transferred Into the crack gages through the
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adheslves .

The crack gage fatigue test results are compared with

analytical predictions of the fraction of cyclic life spent

Id crack Initiation and crack propagation. The plain

plate, sound veld and LOP fatigue test results from this

study are compared with those from three other studies.

Finally, recommendations for crack gage design are

discussed, and two examples are provided to illustrate the

crack gage design procedure.

6.2 Conclusions

The following conclusions are based on the limited

number of experimental tests and the analytical evaluations

presented in this report.

1. Adhesively bonded notched crack gages can be used as

visual inspection aids to provide a reasonable

Indication of fatigue crack initiation and early

crack growth at a given detail in a structural steel

ember.

2. Notched crack gages can be designed to satisfy a

broad range of expected crack initiation lives in

structural steel details subjected to fatigue

loading

:
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(a) For a structure that la inspected

frequently, the notch can be designed such that

it initiates a detectable crack in Che crack gage

concurrent with the development of a detectable

fatigue crack in the structural member.

(b) For 8 structure that is inspected less

frequently, notched crack gages can be designed

such that they are "significantly damaged" before

crack Initiation in the structure occurs. The

presence of a crack across a significant portion

of the gage width, which is easy to detect

visually, will provide further warning of

potential crack initiation and growth in the

structure. For this crack gage design

philosophy, however, the applied stress range

must be well known.

(c) Shallow circular notches can be used to

provide fatigue crack initiation lives greater

than 2 million cycles. For expected crack

Initiation lives between 20,000 cycles and 2

Billion cycles, U-shaped notches are recommended.

For initiation lives less than 20,000 cycles,

which are unlikely for most practical situations,

'Sharp vee-notches should be used.
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(d) A square configuration for the reduced

portion of the crack gage, 1 /W-1,0, will provide

a fairly uniform crack growth rate

adhesively bonded gage.

In

(e) The Torvik etress Intensity factor solutions

(63], together with knowledge of the stress

transferred into a crack gage, can be used to

obtain a reasonable prediction of the crack

growth In the gage.

3. Lack of penetration (LOP) discontinuities

significantly reduce the fatigue strength of a weld.

The reduction in strength due to LOP is obvious when

compared to the fatigue strength of plain plate or

sound weld specimens. For example, the fatigue

strength, relative to plain plate material, of sound

transverse butt welds and butt welds with LOP

discontinuities at 100,000 cycles and 2 million

cycles were found as follows: 93 and 53 percent for

sound weld material; 71 and 43 percent for welds with

1/8-in. (3.2 mm) LOP discontinuities; and 52 and 43

percent for welds with 1/4-ln. (6.4 mm) LOP

discontinuities*

4. The ^ onset of crack initiation at the LOP

discontinuities as detected by ultrasonics occurred



88

within 19Z of the total life for nost of the

specimens .

3« An adhesive with low viscosity, such as Dymax

Engineering Adhesive 845, was found Co perform better

under cyclic load than a similar adhesive with higher

viscosity. However, the strain transfer

characteristics of the adhesive oust be known to

obtain reasonable estimates of the stress transferred

into the crack gage. A bonding process that limits

the extent of deformation within the adhesive will

Improve the strain transfer characteristics of the

adhesive .

6.3 Recommendations For Future Work

The tests and analyses presented in this report have

demonstrated that it may be feasible to use notched crack

gages as visual inspection aids to provide a reasonable

indication of crack initiation and early crack growth in

steel structures. However, further research is required to

Inprove upon the design features and procedures to make the

crack gage aore versatile. The following suggestions for

future research and study are recommended to Inprove the

understanding of crack gage behavior and to test their

suitability for actual implementation and use under service



89

conditions .

1. Since aosc practical load appllcatlone will be

significantly different from the constant amplitude

loading used in the experiments conducted in this

study, the performance of notched crack gages under

complex load histories should be evaluated.

2. The crack gage experiments described herein were

conducted under controlled environmental conditions

in a laboratory and do not reflect the environmental

conditions experienced by actual structures. It is

conceivable that the performance of a crack gage

under actual environmental conditions, such as high

humidity and the extreme ranges of temperature that

occur from summer to winter, nay differ from that

observed in the laboratory. The question of

paramount importance is: How does a crack gage

perform under actual environmental and service

conditions? This question can be addressed only

through Che direct application and nonitorlng of

crack gages on actual structural steel members which

are subjected to cyclic loadings, such as bridges and

offshore structures. Such a study would not only

provide useful data on the performance of crack gages

In the field, but would also provide Information

regarding adhesive and material effects that could be
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used In the design of a more versatile crack gage.

3. Further research to evaluate the load transfer and

defornatlon characteristics of the structural

•dheslves will provide a more accurate evaluation of

the stresses Induced In the crack, gages.
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Table 2.1 Shape Function Valueb for Stress-
Intensity Factor of Edge-Cracked Gage
Subjected to Displacement Constraints [63

8/W

1

1^/V -

0.5 1.0 2.0

0.1 0.848 1.028 1.094

0.2 0.606 0.854 1.053

0.3 0.A89 0.717 0.991

O.A 0.A17 0.615 U.887

0.5 0.373 0.540 0.798

0.6 0.3A1 0.489 0.724

0.7 0.320 0.453 0.666

0.8 0.303 0.432 0.615

0.9 0.290 0.417 0.572
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TabJe 3.2 Chemical Properties of ASTh A36 SteeJ
and AWS Ek7uS-b Solid Llectrode Wire

Chemical Compos it Ion , X

Element ASTM A36 AWS Ek70S-6 Solid

Steel^ Electrode Wlre^

Carbon 0.23 0.07-0.15

Manganese 0.90 l.AO-1.85

Silicon 0.05 0.80-1.15

Phosphorus 0.039 0.025

Sulfur 0.012 0.035

Nickel <0.05 -

Chromium 0.10 -

Titanium <0.01 -

Columblum <0.01 -

Copper <0.05 0.50

Molybdenum <0.05 -

Aluminum <0.008 -

Vanadium <0.01 -

a - Obtained from a laboratory chemical analysis on steel
shavings

.

b - Obtained from electrode manufacturer specifications.
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Table 3.3 Welding Parameters

Weld Type Pass # Volt age Current Wire Feed Speed

(vol ts ) (amps )

a
Setting

b
Sound 1-2 29 290 2.5

3-8 2A 230 1.25

Lack of 1-2 33 320 2.5
Pene t ration 3-6 Ik 230 1.25

a - Setting on a Linear 1 Hobart welding machine.
b - First pass was background before second pass was placed

Shielding gas :- 981 Argon, 2Z Oxygen at a flow rate of
A2 cfh.

WELD PASS SEQUENCES

Sound Weld

Lack of Penetration (LOP)
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Table 3.5 Adhesive Properties

Propert y

NAME OF ADHESIVE

LOCTITE DEPEND DYMAX 845

Color

Viscosity

Handling
St rength

Full Cure

Peel
St rength

Tensile Shear
Strength

Thermal Range

Clear

70,000 cps

1-2 Binutes

A-24 hours

28 lb/in. (A800 N/m)

2700 psi. ( 19 MPa)

-60 to 250° F

Amber

3,000 cps

45-bO seconds

24 hours

30 lb/In. (5140 N/m)

3500 psi. (24 MPa)

-65 to 400° F
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Table 3.6 Crack Gage Details

Specimen Notch
(in.) (ln\) (In.)ID Type

CGl-8-1 Circular .030 .250 .200
CGl-8-2 II .029 .250 .200
CGl-8-3 It .030 .250 .200
CGl-8-4 U-Groove .028 .125 .300
CGl-8-5 II .029 .125 .300
CGl-8-6 II .029 .125 .250
CGl-8-7 11 .030 .125 .250
CGl-8-8 II .030 .125 .300
CGl-8-9 II .030 .125 .250
CGl-8-10 Vee .027 .010* .200
CGl-8-11 II .030 .010* .200
CGl-8-12 II .030 .010* .200
CGl-8-13 U-Groove .030 .010* .200

CGl-4-1 Circular .029 .250 .275
CGl-A-2 II .031 .250 .275
CGl-4-3 U-Groove .028 .063 .400
CG1-4-A II .030 .125 .300
CGl-A-5 It .030 .125 .300
CGl-4-6 It .030 .125 .300
CGl-A-7 II .030 .063 .400
CGl-4-8 It .029 .063 .400
CGl-A-9 II .031 .125 .400
CGl-4-10 •1 .029 .125 .400
CGl-A-11 II .030 .125 .400
CGl-A-12 II .030 .125 .400
CGl-A-13 Vee .029 .010* .205
CG1-4-U It .028 .010* .207
CGl-4-15 •1 .029 .010* .207
CGl-4-16 II .030 .010* .208

W - 2.0 in., L - 6.0 in., L - 2.0 in., and L - 2.375 in.
for all crack gages.

a - Radius for maxiDum K * Peterson's material parameter,
A *
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Table A.l Average Strain Transfer Ratios and Factors

Number Average Load Average Load
of Trans t e r Trane f er

Cycles Rat lo Factor, F

0-20,000 1.03 0.86

> 20,000 0.9U 0.76

Table A. 2 Control Test Results - Plain Plate Specimens

Specimen St resB Freq. Cycles Location

Number
Range
(ksi) (Hz)

to
Failure

of
Fracture

PPL-1*
PPL-IR

35.0 3.3 2,000,000 —
54.0 2.0 126,800 Fillet

PPL-2 42.0 3.3 1,436,500 i>

PPL-3 42.0 3.3 984,300 II

PPL-A 54.0 2.0 74,900 Straight sec.
PPL-5 54.0 2.0 96,700 Fillet
PPL-6 47.0 2.0 312,500 II

PPL-7 47.0 2.0 257,300 Straight sec.
PPL-8*
PPL-8R

35.0 3.3 2,000,000 —
47.0 2.0 274,500 Fillet

LTT-1*
ltt-ir"*

30.0 3.3 2,000,000 —

-

47.0 2.0 274,500 Fillet
LTT-2 30.0 3.3 2,000,000 —

-

a - Test declared a runout
b - Specimen previously tested at a lower stress range

Specimens designated LTT were used in the Load Transfer
Function Tests.
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Table A. 3 Control Test Kesults - Sound Weld Specimens

Specimen Stress Cycles Locat ion

Number
Range
(ksl)

to
Failure

of
Fracture

SWD-1 A2.0 260, 100 Weld toe
SWD-2 42.0 176, 100 1

SWD-3 42.0 88,600
SWD-A 37.0 378, 100
SWD-5 37.0 224,600
SWD-6 37.0 186,700
SWD-7 37.0 176,000
SWD-8 32.0 461,400
SWD-9 32.0 1,055,700
SWD-10 32.0 874,800 1

SWD-11 27.0 824,000 tf

SWD-12*.
SWD-12R

27.0 2, 190,000 —
42.0 178,400 Weld toe

SWD-13 27.0 424,200 II

SWD-U 27.0 920,700 II

SWD-IS*^ 24.0 800,400 II

SWD-lb*^ 24.0 782,200 II

a - Test declared a runout
b - Specimen previously tested at a lower stress range
c - Fractured weld surface had severe porosity
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Table 4. A LOP Fatigue Test ResultB

GroBS Net Total
Specimen Stress Stress Fat igue Renarks

ID Range Range Life
(ksi) (ksl) (cycles)

LOPl-8-1 15 19.3 >2, 000, 000 Runout
LOPI-8-2 15 19.4 >2,00U,000 Runout
LOPl-8-3 15 19.2 >2,00D,00U Runout
LOPl-8-4 25 32.6 324,000
LOPl-8-5 25 32.4 296,000
LOPl-8-6 20 25.2 847,400
LOPl-8-7 20 24.3 >3, 640, 000 Runout
LOPl-8-8 25 33.8 2,250,000
LOPl-8-9 20 26.6 556,400
LOPl-8-10 30 42.3 227,100
LOPl-8-11 30 42.5 146,900
LOPl-8-12 30 43.0 215,800
LOPl-8-13 20 25.3 1,598,000

LOPl-4-1 12 17.5 >2, 000, 000 Runout
LOPl-4-2 12 18.4 >2, 000, 000 Runout
LOPl-4-3 22.5 35.6 484,800
LOPl-A-4 17.5 28.6 539,900
LOPl-A-5 17.5 24.8 >2, 000, 000 Runout
LOPl-4-6 17.5 25.7 2,991,600
LOPl-4-7 22.5 32.5 524, 100
LOPl-4-8 22.5 37.3 1,288, 100
LOPl-4-9 20 33.0 607,900
LOPl-4-10 20 33.1 >2, 272, 000 Runout
LOPl-4-11 20 37.1 959,500
LOPl-4-12 20 35.0 516,000
LOPl-4-13 25 42.6 163,300
LOPl-4-14 25 39.8 295,300
LOPl-4-15 25 41.3 122,300
LOPl-A-lb 25 41.3 41,100
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Table A. 5 Summary of Fatigue Strengths (Stress Range)

FATlGUt STRENGTH (ksi)

Plain Sound LOPl-8 LOPl-A
Plate Weld Series Series

^100,000 56.5 62.5 4A.9 30.6

^500,000 45.2 30.3 24.3 21.2

^1,000,000
A2.2 2A.A 20.2 18.9

^2,000,000 39.5 19.6 16.8 16.9
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Table A. 6 Predicted and Estimated LOP Initiation Lives

(1) (2)

Analyt leal Ultrasonic
Predicted Est inat ed Total (1)

Spe clmen Inlt let ion Initiation Fat igue
ID Life Life Life (2)

(cycles ) ( cycles ) ( cycles )

LOPl-8-1 1,300,000 >2, 000, 000 >2, 000, 000 -

LOPl-8-2 1,190,000 >2, 000, 000 >2, 000, 000 -

LOPl-8-3 1,330,000 100,000 >2, 000, 000 -

LOPl-8-4 33,140 50,000 324,000 0.154
LOPl-8-5 34,740 35,000 296,000 0.118
LOPl-8-6 166,420 105,000 847,400 0.124
LOPl-8-7 257,560 a >3, 640, 000 -

LOPl-8-8 26,940 50,000 2,250,000 0.022
LOPl-b-9 110,000 50,000 556,400 0.090
LOPl-8-10 8,650 3,000 227,100 0.013
LOPl-8-11 8,510 7,500 146,900 0.051
LOPl-8-12 7,990 4,000 215,800 0.019
LOPl-8-13 163,770 60,000 1,598,000 0.038

LOPl-4-1 4, 160,000 71,500 >2, 000, 000 -

LOPl-4-2 2,360,000 1,445,000 >2, 000, 000 -

LOPl-A-3 23,330 45,000 484,800 0.093
L0P1-4-A 86,910 100,000 539,900 0.185
LOPl-A-5 176,800 50,000 >2, 000, 000 -

LOPl-4-6 142,600 50,000 2,991,600 0.017
LOPl-4-7 34,210 25,000 524,100 0.048
LOPl-A-8 20,200 10,000-

20,000
1,288,100 <0.001

LOPl-4-9 39,190 80,000 607,900 0.132
LOPl-4-10 38,030 10,000 >2, 272,000 -

LOPl-4-11 27,720 20,000 959,500 0.021
LOPl-4-12 32,240 20,000 516,000 0.039
LOPl-4-13 10,990 3,000 163,300 0.018
LOPl-4-14 13,000 a 295,300 -

LOPl-4-15 11,950 5,000-
10,000

122,300 0.041-
0.082

LOPl-4-16 11,650 15,000 41, 100 0.365

a - Initiation life could not be estimated from polaroid
photographs .

> - Indicates test was declared a runout after that many
cycles.
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Table 4.8 Computed Stress Intensity Factors Based on Average Measured

Crack Growth Rales

Specinien

ID

avg

(k6i-\|T^)

CGl-8-4
CGl-8-5
CGl-8-6
CGl-8-7
CGl-8-8
CGl-8-9
CGl-8-10
CGl-8-11
CGl-8-12
CGl-8-13

31.97
27.69
25.34
20.67
27.90
22.76
37.13
36.12
36.30
20.67

CGl-4-3
CGl-4-4
CGl-4-5
CGl-4-6
CGl-4-7
CGl-4-8
CGl-4-9
CGl-4-10
CGl-4-11
CGl-4-12
CGl-4-13
CGl-4-14
CGl-4-15
CGl-4-16

25.41
14.32
19.49
21.51
21.90
27.74
15.75
17.80
24.55
23.00
30.29
32.67
32.41
31.52
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Cycles

Figure 2.1 Set-Up Cycle for Compressive Residual Stress
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J-

Figure 2.3 General Crack Gage Dimensions
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Figure 3.1 220,000 lb. (979 kN) Fatigue Testing Machine
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(a) Sound Weld Specimen

3/4"

70*

\o^
AJii

1/4

(b) LOPI-8 Specimen
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(c) LOPI-4 Specimen
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Figure 3.4 Veld Groove for Sound and

Lack of Penetration Welds
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(a) Setting Vibration Frequency

(b) Welding Set-Up showing Vibration Inducer

Figure 3.5 Meta-Lax Vibration Indu cer



- 118 -

.03*^

/

3/6

V \

3/8* 2*

Figure 3.6 Blank Crack Gage Dimensions
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Figure 3.7 Set-Up Guide used Id Boodlng Process
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Figure 3.8 Load Transfer Specimen showing

Strain Gage Locations
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Structura
Component

Dummy Crack
Gage (unnotched)

Notched Crack Gage

Figure 3.9 LOP Test Specimen with Bonded Crack Gages
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Figure 3.11 Ultrasonic Transducer, Signal Conditioner,
and Oscilloscope used in Scanning the LOP
Welds
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Figure 3.12 Crack Growth MeasureneDt InstrumentaClon
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lb) 15.000 cycles

fc) 45.000 eyelet

Figure 4.17 Ultrasonic Pulse Reflections froa Lack
of Penetration Discontinuity (LOPl-4-3}
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(a) cycle

(b) 5.000 oycles

(c) 50,000 cycles

Figure^4.i6 Ultrasonic Pulie Reflections from Lack
of Penetration Discontinuity (LOPl-4-14)
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Fillet Welded Tee Joint

Crack Gage

Figure 5.5 Crack Gage Placement on Fillet Welded Tee Joint
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Appendix A Measured LOP Depths

The lack of penetration (LOP) depths were aeasured

after fracture of each specimen at five different locations

• 8 Illustrated In Fig. A.l. The LOP depths were lieasured

with the aid of the tele-al croscope and digital readout

•ssenbly which was used to measure the crack lengths in the

crack gages (Sec. 3.3.2). The neasured LOP depths are

presented in Table A.l.
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Table A. 1 Measured Lack of Penetration (LOP) Depths

Speciaeo

Munber

Lack of Penetration ([LOP) Deipth, 2a , (in.)

1 2 3 4 5 Average

LOPl-8-1 .163 .157 .173 .180 .165 .168
LOPl-8-2 .160 .176 .174 . 186 .162 .172
LOPl-8-3 .134 .150 .154 .170 .225 .167
LOPl-8-4 .152 .180 .189 .186 .180 .177
LOPl-8-5 .194 .148 .175 .159 .190 .173
LOPl-8-6 .161 .130 .161 .156 .182 .156
LOPl-8-7 .139 .138 .103 .126 .156 .133
LOPl-8-8 .172 - - - .219 .196
LOPl-8-9 .166 .189 .182 .200 .180 .187
LOPl-8-10 .211 .230 .193 .222 .249 .221
LOPl-8-11 .201 .240 .227 .207 .239 .223
LOPl-8-12 .232 .256 .222 .226 .219 .231
LOPl-8-13 .136 .174 .146 .157 .163 .159

LOPl-4-1 .233 .232 .207 .234 .250 .231
LOPl-4-2 .232 .303 .237 .257 .271 .260
LOPl-4-3 .267 .283 .273 .283 .268 .276
LOPl-4-4 .308 .317 .286 .276 .267 .291
LOPl-4-5 .222 .170 .204 .242 .261 .220
LOPl-A-6 .262 .233 .234 .241 .224 .239
LOPl-4-7 .226 .213 .243 .234 .235 .230
LOPl-4-8 .256 .261 .318 .317 .328 .296
LOPl-4-9 .309 .275 .302 .292 .280 .292
LOPl-4-10 .329 .296 .346 .256 .251 .296
LOPl-4-11 .343 .330 .347 .346 .343 .342
LOPl-4-12 .324 .321 .306 .310 .333 .319
LOPl-4-13 .352 .324 .278 .293 .298 .309
L0P1-4-U .349 .246 .265 .250 .305 .283
LOPl-4-15 .256 .265 .328 .291 .321 .296
LOPl-4-16 .254 .285 .300 .320 .340 .300
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LOP Discontinuity

1/2'

1/2'

1/2*

1/2*

r®

-®

®
-®

®

Figure A.l LOP Depth Measureoent Locations



178

Appendix B Photographs of Fracture Surfaces

After tach Crack Cage/LOP test the ends of the frac-

tured LOP speclBen were nachlned off approximately one Inch

from the LOP discontinuity* The two fracture surfaces were

then placed side by aide and photographed. In Fig. B.l the

photographed fracture surfaces are presented for all the

LOP speclmeDS.
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