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I TRODUCTIO 

FAIL RE A AL YSIS OF STEEL SPECIMENS 
SU BJ ECTED TO BLAST LOADS 

by 

John M. Bar om 
and 

James V. Pellegrino Jr. 

The \ ulnerability of multi - tory teel buildings to dispropon ionate collap,e caused by a terrori I attack 
and the resilience and capac ity of Iypical teel frame buildings that ha\ c been damaged from a blast 
loading have not been in ve tigated adequately. Large DOD pon ored programs arc underway to gather 
response data on Ihe global behavi r of exi ting steel cc tion and conm.:cti n . In uppon of thi effon. 
the American In titute of Steel Construclion (AISC) funded the present companion program to: 

I. conduct metallographic and frac tographic analyses to identify loca tions of frac ture initiation 
and frac tographic feature of fracture initiation and propagation in small blas t tested teel spec imens. 

2. charac teri ze the len ile mechanical propenies and n tch toughnes of Ihe base metal (BM). 
weld metal (WM J and heat affected zone (I-IAZ) of the te t specimens and their effec t on fracture 
performance of the Ie ted specimens. 

3. document Ihe fracture behavior of mall Ie t specimen so that. in combination with te t 
re ult from the DOD programs. their use to predict the behavior of full SiLC . teel fraille ections and 
connec tions may be determined. 

BLAST TESTS 

Ni ne 12- inch long specimens of A572 Grade 50 steel " ere bla t tested b) the Defem.e Threat Reduction 
Agency (DTRA) at Kirkland Air Force Base (KAFB) under the supen i ion of Karazogian and Case 
(K&C) . Three pecimen were rolled Wl4x 132 structural shapes cut next to euch other from a single 
piece. The olher ix specimens were welded shape similar in geotlletf) to the rolled sec tions. They 
were fabricated of lhree A572 Grade 50 plate welded using complete penetration weld . The nange 
plate were I-inch thick and 14-inches wide. Figure I. Three specimen were welded Wilh E70T-4 
electrode. The remaining three were welded with E70T-6 eleclrode. The lhree specimen in each et 
were blast tes ted with 10 pounds of C-4 charge. The tandoff distance of the charge for the rolled 
sec tions were 18. 24, and 30-inch. The standoff di stances of the charge for the we lded hapes were 24. 
30 and 42- inch. The re ult of the blast te ts are presented in Reference I. 

AS RECEIVED SPEClMENS 

Pieces about 18 inch long of the W 14x 132 structural shape and of the A572 Grade 50 built up members 
welded with E70T-4 and E70T-6 electrode were hipped to Bar om on ulting. Ltd. The pieces were 
cuI from the same sections lhat were bla t tested. The as fabricated piece were u cd to characteri ze the 
tensi le mechanical propenie and the notch toughnes of the BM . WM . and HAZs. 
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The te ted pecimens were shipped to Barsom Consu lting. Ltd .. Figure 2. In general. the pecimen 
fractured at the web-to-flange joint . Con equently. one of the \\eblflange fracture for each pecimen 
was arbitrarily designated a Fracture A. the other Fracture B. Figure 3 pre ents an example of this 
marking for weblflange fracture in Specimen 2. Sub equently. the location(s) of fracture initiation for 
every weblflange fracture was identified and marked as shown in Figure 4 for the web of Specimen 4 
and in Figure 5 for Flange A of Specimen 5. General views of the tested specimens. their fractures and 
the mark identifying fracture origi ns arc presented in Appendix A. 

MACRO IM AGES OF FRACTURE INITIATIO 

Most fracture surface of the blast te ted specimens were severely corroded/oxidized. Cleaning and 
tripping the fracture initiation ite and urrounding area wen.! partially successful in removing the 

adherent corrosion products . 

Rolled W-Shape Test Specimen 

Specimens I. ~ and 7 were rolled WI4xl32 structura l hapes te ted at charge tandoffdistances of 24. 
16 and 30 inch. respectively. The web and fl anges of Specimen I deformed severely without breaking, 
Figure 6 . The web of Specimens 4 and 7 defonned pia tically then eparatcd from the flange . 
Maximum pia tic di placement to fracture of the web in Specimen ~ was larg.:r than in Specimen 7, 
Figure 6. Fractures of both speci mens initiated in the webs along the maximum tres concentration at 
the weblflange fillet . Figure 7 and 8 are fractographic images of the web at the location of crack 
initiation along the fillet radiu . Vi ual examination of the fracture surfaces indicated that the fracture 
in Specimens 4 and 7 initiated and propagated in a ductile shear manner. Crack propagations beyond 
thi depth wcre different. rack propagation in Specimen 4 con tinued to be ductile shear through the 
web thickne . Crack propagation in pecimen 7 changed to flat brittle appearance at mid-thickne s of 
the web then to primarily ductile shear at termi nation of the fracture . 

Cro ection th rough the fracture of Specimen 4 and 7 arc pre ented in Figures 9 and 10. 
respectively. They show that the fracture in Specimen 4 initiated and propagated through the thi ckne s 
of the web along the 45/60 degree shear plane. The cross section in Figure 10 show that the fracture in 
Specimen 7 initiated and propagated abou t 0.25-inch along a hear plane then about 0.5-inch 
perpendicular to the applied tension and bending stres es caused by the blast load. Finally. the crack 
changes to hear slip-plane propagation. 

Scanning e lec tron microscopy (SEM) images of the fracture urfaces of Specimens 4 and 7 are 
pre cnted in Figure II and 12, re pectively. These micro copic images confirmed the preceding 
ob er\'ation . Fracture of Specimen 4 initjated and propagated by ductile shear void coale cence along 
slip planes. Fracture of Specimen 7 initiated and tenninated by ductile shear void coalescen e a long lip 
plane . Between the initiation and termination. it propagated in a brittle cleavage manner. 

Test Specimens Welded With E70T-4 Electrode 

Specimen 2. 5 and 8 were welded wi th an E70T-4 electrode and te ted at charge standoff distance of 
24, 30 and 42 inch. respecti vely. The webs of the speci mens were evered from the flanges, Figure 13. 
The webs were subjected to different plastic deformations prior to fracture. The web at 24-inch standoff 

-3-



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

di tan e deformed in the shape f a si ne wa\ c. At 30-inch '> tandoff db-tance the web defomlcd 
as) Jllmetricall) \\ith maximum pla~tic denection at about third width. At -I:2-inch tandoffdi,tancc. the 
web dcform.:d s) mrnetrically with maximum plasti c dcnection at mid width. 

Fra tographic Images of fracture initiation and propagation for Specimens :2. 5 and are presented in 
Figure 14. 15 and 16. re pecti\c1) . The fra ture exhibited primarily brittle fcature . Fracturc of 
Specimen :2 and 8 initiated at thc toe of the ,\eld on the nange faces and propaga ted into the nange 
producing a divot fracture. Fracture of Fracture A in Specimen 5 initiated n the weld surface between 
weld pa ses. Somc lack of fusion and porosity werc pre ent at about mid thickncs of the wcld. 
However. the dis ontinuitics did n t contributc to the fracture. Fracturc of Fracture B in Specimcn 5 
initiated in th.: weld metal at the toe along the wcb. Ie up image of se\cral fracturc initiation ites 
in Specimens:2. 5 and 8 re\ealed the pre encc of porosit). Figure .. 1-1. 15 and 16. re'pectl\c\) . The 
fracture appeared to hav e initiated in a ductile manner for a \cr) sh n di,tance that ,aried bct\\ecn 
about 0.0 1:2 and 0.025 inch. 

ero. cction through fracture initiation of pe imcn 2.5 and arc pre cnted in Figures 17. 18 and 
19. respecti\ ely. They dcmon trate that the fracture initiated in the weld mctal and that nangc divot 
fracture f nned \,hen fracture initiated at \\ eld toe along nange face . 

E 1 images of the fracture urface, for Specimcn :2. 5 and 8 are pre ented in !-igur.:, :20. :2 I and 2:2. 
respectively . They demon trate that fractures initiated dllctilely for a very h n di wnce and propagated 
in a brittlc manncr. 

Te .. t [)Ccimcn, Welded With E70T-6 Electrode 

Specimens 3. 6 and 9 were welded with an E70T-6 electrode and te t.:d at Mandon· charge di,tancc of 
:2-1. 30 and -1:2 inch. re.pecti\el) . The web-to-n:lIlge weld of Specimen 3 and 6 fractured at both 
nange . Figure :20. Only onc \\eld in Specimen 9 fractured. Figure:20 how that pia ti c ddonnation at 
fraclUre occurred at about one third width of the wcb and at mid width in Specimen 6 and 9. Ma~imum 
plastic dcncction at fracture \\crc about cqual in pecimcns 3 and 6 and was much larger in Specimen 9 
tested at -1:2 in h charge standoff di tance. 

Fractographic images of fracture initiation and propagation for Specimens 3. 6 and 9 are pre entcd in 
Figures 21. nand 23. re pecti\ely. They indica te that thc fracture initiated at the toe of the weld in the 
web and propaga tcd about 0.2 to 0.25 inch in ductile hear. ero s sections through fracture in itiation 
location in pecimens 3. 6 and 9 are pre ented in Figures 24. 25 and 26. re pecthcly. Thcy 
demonstrate that ductile initiation and propagation cClIITed in the heat affected z ne of the web platc. 
Sub cquentl). the fracture propagated in a brillie manner and terminated in a ductile manner. 

Material Propcnies 

Examination of the blast tcsted pecimens showed that the fracture initiated at tress ri er of the 
webmange fillet radiu for the WI4~1 3:2 structural hape and at the weld toe for the welded pecimen . 
Because of the hon distance from fracture initiation to the out ide urface f the nangc . 0.25- inch 
• pecimen wcre machined transvcr e to the k-line and to the dcpo itcd weld metal to cnsure that the 
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location of fracture iniliation in the blast tested specimens would be located \\ithin the uniformly 
sIre e section of the tensile specimens. 

The room temperature tensile properties transverse to the k-line of the W 14 x 132 rolled section and 
transverse to the deposited E70T-4 and E70T-6 weldmcnts are presented in Table I . Yield and tensile 
strength of the rolled section were higher than for the weldmcnts. however. elongation and reduction of 
area were the same for the three pecimen types. Fracture of the E70T-4 tension specimens were in 
weld metal. The E70T-6 tens ion specimens fractured in the base metal HAZ. The stre - train curves 
for the three types of blast tested spec imen are presented in Figures 27, 28 and 29. 

Room temperature Charpy V -notch toughness test results of the BM. WM and HAZ arc presentcd in 
Table 2. The WI4xl32 rolled section exhibited 10 ft-Ib energy absorption and zero hear fracture . The 
deposited E70T-4 weld metal had an average 13 ft-Ib energy absorption and 19 percent hear fracture . 
The depo ited E70T-6 weld metal had an average 47 ft -Ib energy ab orption and 66 percent hear 
fracture. The HAZ along the E70T-4 and E70T-6 deposited weld mctals had an average 66 ft-Ib energy 
absorption and 63 percent shear fracture. and 38 ft-Ib energy absorption and -B percent shear fracturc. 
respectivel y. 

DISCUSSIOI 

Thc three types of blast tested pecimens resulied in fracturc that could not be corrd:llcd with tcn ile 
mechanical propel1ies or notch toughness. The room tcmperature transverse tensile spcci mcns acro s 
the k-line and the deposited weld metals had equal elongations and reduction of area . Therefore. 
difference in fracture perfornlancc could not be related to the e propel1ics. 

Thc A572 Grade 50 WI4xl32 structural shape Specimen I tested at 24 inch charge standoff distances 
deformed severely and did not fracture . The WI4xl 32 Specimens 4 and 7 tested at 18 and 30 inch 
standoff distance. re pectively. fractured in a ductile manner through the web thickne s. The ductile 
shear fractures initiated in the k-line of the WI4xl 32 sec ti ons at the location of maximum stress 
concentration in the weblflange fillet radius. The notch toughne s of the BM at thi locati on wa 10 f-Ib 
at 70"F with zero to 5 percent hear fracture. At thi s level of notch toughne . cracks hould propagate 
in a brittle manner unles fracture toughness i not the governing parameter. The large deformation of 
Specimen I and the ductile shear fractures of Specimens 4 and 7 along slip planes of the W 14x 132 
specimens indicated that the steel shear trength rather than fracture toughness were the controlling 
parameters. This observation should not be construed to imply that fracture toughne can be di scounted 
as a contributing factor to the fracture performance of steel components subjected to blast loads. 

The deposi ted E70T-4 weld metal had lower strength and very si milar elongation. reduction of area and 
notch toughness as the steel of the W 14x 132 structural pecimens. However. unlike the blast 
performance of the rolled sections. the specimens welded with E70T-4 electrode initiated and 
propagated in the we ld metal. Initiation occun'ed at stress risers with a very small ductile zone and 
propagated through the weld metal in a brittle manner. Fracture toughness of the deposited E70T-4 
weld metal was a contributing factor to the brittle crack propagation behavior. 
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Failure of the ASn Grade 50 peClnlenS welded with E70T-6 electrodes fractured at the stres 
concentrations along the weld toe in the web. The fractures initiated and propagated about 0 .25 inch in a 
ductile manner in the HAZ. The HAZ had an average impact Charpy V-notch toughness of 30 ft-Ib at 
70"F. which corre ponds to about 6S ksi-lin impact frac ture toughness [2] . The depth of the ductile 
fracture initiation and propagation zone was constant irrespective of the charge standoff di stance and. 
therefore. the blast pressure. This behavior indicates that the fractures were not governed by fracture 
toughness. The WM had an average notch toughness of 47 ft -Ib at 70"F. The de po ited E70T-6 WM 
had adequate fracture toughness and fracture res istance to prevent WM fracture under the blast te t 
loads. 

A OMAUES 

Fracture of the bla t tested pec imen indicated that the test resu lt were innuenced by uncontr lied te t 
parameters. Specimens I. 4 and 7 were cut adjacent to each other from a single AS73 Grade 50 
W 14x 132 rolled sec ti on. Negligible variation in chemical compos ition. pro essi ng and mechanica l 
propcnies would be pre ent within such a small rolled length . Therefore. any difference in 
deformations were. most like ly. related to testing variables. Web max imum plas tic denection at fracture 
for Specimen 4 at IS-inch charge standoff di stance wa essen tiall y equal to that of Specimen 7 at 30-
inch tandoff distance. On the other hand. Specimen I at 24-inch standoff di stance deformed severely 
and did not fracture . This contradictory behavior que tion the reproducibility of the test. 

Maximum plasti c denections of WI4x 132 Specimens 4 and 7 te ted at IS- and 30-inch charge standoff 
di stances. re pectivcly. werc essentiall y equal to the dencction of pecimen 2.5 and 8 o f the E70T-4 
welded spec imens tested at 24. 30 and 42 inch standoff di stance. re pectively. This imilar behavior 
occurred despite the significant difference in fracture behavior from fully ductile for the ro lled ections 
to primarily brittle for the welded specimens. 

Web pIa tic deformations to fracture of the specimen we lded with E70T-4 elec trode are unique. Figure 
13. At 24- inch charge standoff distance. the blast load deformed the web of Specimen 2 into a 
inu oidal wave. Maximum positive plasti c denections to fracture. in the direction of bla t loadi ng. 

occurred at abou t one third widths of the web. The web did not deform at midwidth. Web of Specimen 
5 tested at 30-inch standoff di stance. exhibited asymmetric plastic deformation with maximum 
denecti on to fracture on one side at about third width . At 42-inch standoff di stance. the web of 
Specimen S exhibited a symmetri c deformation with maximum pIa tic dcnection to frac ture at 
midwidth. The e ignificantly different web deformations cannot be related to differences in steel 
propenies. They must be related to nonuniformity of the blast pre ure and differences in the boundary 
conditions at the welded and bolted " feet" o f the test spec imen . The welds attaching the fect to nange 
edge were very different in size. length and strength . Some feet broke off with minimum pecimen 
deformation while others remained attached to the nanges despite severe speci men deformations. The 
differences in web defornlations to fracture may be related. al 0, to nonuniform fas tening of the feet to 
the concrete base. The different response of the web defonnation to the blast charges suggest Ihal 
cladding may have a ignificant effect on the performance of steel sections subjected to blast loads. 

Pretest analyses were performed by K&C to estimate the size of the charge to be used and to determine 
an appropriate standoff to produce a response of interest [I] . The analyses were performed using LS-
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DY A [3J, a nonlinear finile elemenl analy is program. The bla~1 load, wcn: c,limaled u,lIlg onWcp 
(4). a program used 10 estimate pressure and impulc ba cd on charge lIeight and tandoff. Dunn [I J 

state that C n\Vep"i likel) to produce only a rough estimate of the actual loading becau,.: of the clo e 
tandoff and hape of the pecimen.'· Failure analy. is of Ihe lesled pecimcns indicale Ihal Ihe blast 

pre ure wa exce i\e and nonuniform. The analytically predicted beha\ ior of Ihe bla I Ie ted 
pecimen were ignificantly different fr m the actual performance of the pe imcn [II . The predicti\c 

capabilitie of the analyse need to be ill\cstigated and improved. Also. thc test condition, required t 
cn ure reproducibility of Ihe Ie ts mUSI be established before Ihis Iype of lesling is u cd to chara leri/e 
the performance of leel seclion under blast loading conditions. 

Fracture anal} cs hme been conducled on blast loaded A5n Grade 50 \' 14x 132 siruciural hape 
pccimcn and similar hapcs of A5n Grade 50 plale, lIelded wilh E70T-4 and E70T-6 eleclrodes. The 

foil II ing are a fc\\ conclusion. ba cd in Ihe n: ults of Ihe presenl ill\e'ligalion. 

I. There lIere no obvious correlation belween fraclure perfonnance and len lie mcchanlcal propenies 
or nOlch loughnes ' of Ihe sleels or deposiled weld melals . 

., ariabilily I' web pia lie deformations 10 fraclure indicaled Ihat Ihe bla,1 pre sures alhon and 
intermediale charge siandoff di>tances were nOI uniform across Ihe web. 

3. onunifonn deformation of Ihe web uggest thai Ihe pre encc of claddlJlg bel\\cen Ihe charge and 
the te I pecimen could affect the fracture performance significanlly. 

4. Deformation and fraclures f the \\cb and nanges. especially at hon charge standoff dilance . 
indicaled Ihm Ihe pecimcns \\erc subjecled 10 IreS'>es Ihat c~ceeded the ultimate . hear and ten ile 
propenie of the leel. 

5. ariabilities in f1xturing and anaching Ihe lesl . pecimens 10 Ihe concrCle pedestal appear to ha\c 
affecled Ihe fracture performance. 

6. Finile clement analy is predicted deformation and fractures . ignificanlly differenl from a tual 
performance of the tested pecimens. The differences may be caused either from Ihe finile demenl 
analysis or from Ihe m del used 10 predici the desired charge weighl and slandoff dislance. 

7. The Ie I conditions required 10 en ure reproducibilily of Ie I results mUSI be establi.,hed before this 
type of blat ICSI i u ed to charaCleri7c Ihe performance I' steel component under blast condilions. 
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Tabk I. \kchanical Propcrli~s at 70"F 

Yidd Strength T ensi Ie Strength 
ksi ksi 

\\ ' I-hI32 88.5 89,0 
87,S 9.0 
89.0 90.0 

E70T--1 (li .0 81.0 
\\' ddlllcnt 6-1,5 81,0 

65.0 83.5 

!::70T-() ClS.O 8-1.0 
Wddlllcnt ()o.O 81.0 

66.5 83.5 

Elong~ItILJn 

" " 

13 
16 
IS 

13 
1-1 
11 

13 
<) 

18 

Reduction 
or Area 

". 
65 
M 
63 

57 
59 
61 

67 
65 
66 

Frac ture 
Location 

BM 
BM 
BM 

WM 
WM 
WM 

IIAZ 
II AZ 
II AZ 
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Table 2. Charpy V ·Notch TOllghncs at 70"F 

Location Ab orbed Energy. 
n·lb 

\\· I·hI32 BI\I 10 
10 
10 

E70T ·4 \\' i\ I 12 
14 
1-1 

E70T·-I HAZ 58 
72 
68 

E70T·(, Wi\1 50 
(,2 
30 

E7Cr1 .(, IIV ' , .' 
3() 

·w 

Lateral E\pan Ion. Shear, 
Inch 00 

0 .007 5 
O.01J65 0 
0.005 0 

lUll:! " 0.013 26 
IUJIS 26 

O.(J27 30 
o.1i5<J 75 
IU)55 85 

I).()·n 70 
D.OS3 2 
(J.O}2 .-17 

1>.035 -17 
Il.O}} 36 
1i.1)3S -17 
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Figure 1.1. 

C-4 Explosive Charge 

Styrofoam Block to Establish Standoff/Secure 
Charge 

;;;~;;;;;;;:i"- Standoff 

Figure I . Weld Ie t specimen and Ie I elup[ I] . 
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28 Web 

lBFlange 

Figure 3. Fracture initiation at the web and flange of ide B in Specimen 2. 
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Figure 4. Fracture initiations on bOlh side of Specimen 4 web. 
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Figure 5. Fracture initiation on Flange A of Specimen 5. 
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~~~=-- Test 1- 24" 

Web remained intact with flanges 

~=:-~- Test 4- 18" 

K-line (web) failure 

- Test 7- 30" 

K-line (web) failure 

Figure 6. Comparison of re ult for bla I lesled rolled struclUral shape pecimen [I] . 



I: 
J 

I 
I 
I 
I 
I 
I 
I 
I Figure 7.1 Fracture A I.7X. 
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I Figure 7.2. Fracture B 1.7X 

I Figure 7. General views of Fractures A and B in Specimen 4. 
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Figure 8.1. Frac ture A 2.2X. 
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I Figure 8.2. Fracture B 2.2X. 

I Figure 8. General view of Fractures A and B in Specimen 7 

I 
I 
I 
I 
I 



In 
~ . 
..0 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 9. Transverse cross section through Fracture A in Specimen 4. 3.2X. 
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I Figure 10. Transverse cro s section through frac ture initiation site in Fractu re B of Specimen 7. 4.3X. 
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Figure 11 .1 

Initiation 

lOX. Figure 11.2. IOOX . 
Initiation 

10 . Figure 11.4. 
Terminal Fracture 

I Figure II . canning-electron image of ductile hear initiation and temlinal fracture in Frn ture A of pecirnen 4. 
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Figure 12.2. Ductile hear inili, tion 100 . Figure 1_ .3 Cleavage propagmi n IOOX. 

Figure 12.1. I7X . 

Figure 12.4. Terminal1l1i,cd mode rraclure IOOX . 
Figure 12. anning-eleclron images or Fracture B In pecimcn 7 
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Weld/web failure 

Test 5- 30" 

Weld/web failure 

Test 8- 42" 

Weld/web failure 

Figure 13. Comparison of results for blast tested specimens welded with E70T-4 electrode [I J. 
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Figure 14.1. C lose up images of initiation of Fracture A in Specimen 2. 2X . 

Figure 14.2 . Higher magnification image of Fracture A initiation site in Specimen 2. S.4X . 
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Figure 14.3. Close up images at increasing magnification of Fracture B in Specimen 2 showing multiple initiation ile . O.75X . 
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Figure 14.4 2.2X. 

Figure 14.5. 5.4X 

Figure 14. Hjgher magnification images of Fracture B initiation site in Specimen 2. 
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Figure 15. General views of Fracture A in Specimen 5 
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Figure 15 .3. General views of Fraclure B in Specimen 5. I.4X . 
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Figure 15.4. 1.8X. 

Fraclure origin 

Figure 15.5. Higher magnification image of Fraclure B in Specimen 5 showing inilialion 
al poro ily in weld . 5.4X. 
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Figure 16.1. 0.9 . 

Figure 16.2. 5.4X. 

Figure 16. General and clo e up views of fracture initiation in Fra ture A in Specimen 8. 
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Figure 16.4. 2.2X . 

Figure 16. General and do e up views of fracture initiation in Fracture B in Specimen 8 
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Figure 16.5. 10 e up view of local fracture initiation ite in Fracture B f pecimcn . 8.5X. 
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Inilialion in we ld metal 

Figure 17.1. 

Figure 17 .2. 

Figure 17 . Tran verse cro 

Fracture A 2.7X. 

Iniliation in weld metal 

FraClure B 2.7X. 

eClion through fracture inilialion ites in pecimen 2. 
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Figure 18.1. Fracture A 2.2X. 

Initiation at poro iry between weld IM',,-".' .. 

Figure 18.2. Fracture B 2.2X 

Figure 18. Transverse cross sections through fracture initiation sites in Specimen 5. 
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Initiation in we ld meta 

Figure 19, I. Fracture A. 3,2X, 

Figure 19,2, 

Figure 19, Transverse cro s sections through initiation ites in Specimen 8, 
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Figure 19. 1. 

Figure 19.2. '. 
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Initiati on in we ld metal 
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Figure 19. Tran verse cross sections through initiation sites in Specimen 8. 

3.2X. 
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I--- Test 3- 24" 

Weld failure both ends of web 

Test 6- 30" 

Weld failure both ends of web 

.~~~~- Test 9- 42" 

Partial failure (Weld fracture only at one 
end of web) 

Figure 20. Comparison of result for blast tested pecimens welded with E70T-6 electrode [I] . 
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I Figure 2 1. General views o f Fraclure A in Specimen 3 

I 
I 



I~ 
v.' 
,0 

I 
I 
I 
I 

II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Fi gure 2 1.3. Close up view of Fractu re A in Specimen 3. 7X. 
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Figure 21.4. 1.65X. 

Figure 21.5. 2.25 . 

General view of Fracture B in Specimen 3. 
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Figure 2 1.6. Close up of Fracture B in Specimen 3. 5.6X. 
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Figure 11.1. 1.2SX. 

Figure 22.2. 2.2X . 

Figure 22. General views at increasing magnificarion of Fracture A in Specimen 6. 
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Figure 22.3. Higher magn ificati on image of fracture initiation site in Fracture A in Specimen 6. 9X. 
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Figure 22.4. 

Figure 22.5. 
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Figure 22. General view of Fracture B in pe imen 6. 
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Figure 22.6. Higher magnification image of fracture initiation site in Fracture B in Sample 6. 7X. 
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Figure 23 .1. 

Figure 23.2. 

1.65X. 

2.4X. 

Figure 23 . General and clo e up views of fracture in Specimen 9. 
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Figure 23.3. Close up of fracture initiation site in Specimen 9. 8X. 
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Initiation in HAZ at toe f weld 

Figure 24. 1 . Fracture A 2.5 . 

niliation in HAZ alloe of weld 

Figure 24.2. Fracture B 2.5 

Figure 24. Transverse cross secli ns through fracture initiation ite in pccimcn 3. 
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Figure 25.1. 

, Ini,liai iOIl in HAZ al loe of weld 

........... :. 

FraclUre A 2.1 X. 

Ini tiation in HAZ at toe or weld. 
, 

Figure 25 .2. Fracture B 2.3X. 

Figure 25. Tran verse cross section th rough fracture initiation ites in Specimen 6. 
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Initiation in HAZ at toe of weld 

Figure 26. Tran verse cros section through fracture initiation ite in pecimen 9. 2X. 
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Figure 28. Stress-Strain curve for specimen welded with E70T-4 electrode. 
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Figure 29. Stre -Strain curve for pecimen welded with E70T-6 electrode. 
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Figure 3.3. 

Fracture 2 

Figure 3.2. 

Fracture 2A Figure 3.4. Fracture 2B 

General view of Fracture A and B in Specimen 2. 
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Figure 4. 1. As-recei ved Specimen 3 Figure 4.2. 

General views of Fracture A and B in Specimen 3. 



I 
V1 

1'° 
Fracture -'A 

I 
I 
I 
I 
I 
I 
I 
I Figure 5.1. A -received Specimen 4 Figure 5.2. 

I 
I 
I 
I 
I 

General views of Fractures A and B in Specimen 4. I 
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Figure 6.1. 

Figure 6.3 . 

Figure 6.2. 

Fracture SA Figure 6.4. Fracture 56 

General view of Fractures A and 6 in Specimen 5 
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Figure 7.2. Fracture 6A 

.... "' ~t"re 6A 

- F,·acture 6B 
Figure 7.2. 

Figure 7.3 . Fracture 6B 

General views of Fractures A and B in Speci men 6. 
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Figure 8.1. Figure 8.2 Figure 8.3 

General views of Fraclure A and B in Specimen 7. 
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Figure 9.3. Frac tu re SA 

_--- Fracture A 

Figure 9.4. Fracture S6 

General views of Fractures A and 6 in Specimen S. 
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Figure 10.2. 

igure 10.1. 

Web ide of fracture Figure 10.3. Range ide of fracture 

General view of fracture in Specimen 9. 


