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A fillet weld keyhole bend test is proposed for gaging the quality of automatic 
and semi-automatic fillet welds in structural steel fabrication. The report cov
ers the development of the test and the standard results to be expected from it. 

The test is similar in form to the standard A W S tee bend test. A transverse 
slice of a test section (in the form of a T ) is relieved with a notch in the 
flange section of the T, on the side opposite the stem of the T formed by the 
web section, and bent to produce a uniform transverse elongation across the 
surfaces of the fillet welds connecting the web and flange. This test is called a 
fillet weld keyhole T bend test because of its appearance. Its purpose is to fill 
a gap not covered by currently accepted test procedures. 

• T H E PRESCRIBED TESTS em
ployed in the pre-qualifications of struc
tural fillet welding are unrealistic insofar 
as the major use of fillet welding is con
cerned by the California Division of 
Highways. 

This state's major use of fillet welds 
is the connection of webs to flanges of 
highway bridge girders and the current 
testing procedures do not insure metal
lurgical properties in accord with this 
purpose. The orthodox procedure which 
finds most use at present is outlined in 
the American Welding Society ( A W S ) 
specifications (2) . 

This lack of correlation between tests 
and practice first led the Division to 
abandon the prescribed test and substi
tute a qualitative visual soundness in
spection and a hardness requirement in 
the weld metal and heat-aflfected zone of 
a full-size test specimen. However, this 
too has been troublesome, since the heat-
affected zones in many fillet welds ex
ceeded the specified hardness (175 Brin-
ell, maximum, when welding A7 or A373 
steel) without apparent sacrifice in joint 
toughness. Other welds met the hardness 
requirement but lacked the ductility to 
provide protection against shock and 

against residual stresses developed in the 
member, particularly during the cooling 
of the joint. Furthermore, hardness tests 
and visual inspection provided no yard
stick for gaging the effects of hidden 
porosity, cracking, dendritic segregation, 
and weld profile on the mechanical prop
erties of the joint. Consequently, a test 
was desired which would evaluate the 
combined effect of all these factors on the 
toughness and ductility of fillet welded 
joints. Such a test was developed and is 
shown in Figures 1 and 2. 

The need for this type of test has been 
evidenced by inspection problems encoun
tered since 1951, when the Division of 
Highways first started to specify the ex
tensive use of welding for primary bridge 
connections. In 1952, a program to de
velop a quantitative fillet-weld test was 
initiated to fill this need. Most difficulties 
involved disputes over the qualitative 
evaluation of porosity and weld profile, 
and over the validity of using hardness 
alone as a criterion of fillet-weld quality. 
These difficulties were magnified when 
welds, which met requirements for hard
ness and appearance, demonstrated sus
piciously brittle fractures at relatively low 
stress levels when subjected to a standard 
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W E B 

DRILL HOLE A" TO EQUAL 
1 + ,-̂  INCH. 

CUT OUT CROSS HATCHED 
A R E A . 

F L A N G E 

SAW FINISH 

Minimum h > 4 B or 2 " 
Minimum L > 3 C or 5" 
Minimum W > I ' 4 C or I % " 

At least 2 specimens must be prepared from each sample 
Figure 1. Details for preparing test specimen. 

fillet-weld break test, whereas welds of 
doubtful appearance and excessive hard
ness frequently appeared quite ductile 
when subjected to the fillet-weld break 
test. Figure 3 shows samples exhibiting 
this reversed behavior. 

The problem, therefore, was to devise 
a test which would separate samples ac
cording to the toughness and ductility of 
the fillet-welded joint and to determine 
what toughness or ductility level could 
be defined as undesirable. The problem 
was jnirsued using polarized light, strain 

gages, and destructive testing with plastic 
and metal models to study the stressing 
effects of various test geometries and test
ing fixtures. 

C R I T E R I A 

Resistance to stress seldom governs the 
size of fillet welds in bridge and girder 
design. For instance, shear load at the 
junction of the web and flange in an aver
age welded beam 80 f t long and 4 f t deep 
may approach 4,000 lb per lin in. of fillet 
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BEGINNING O F T E S T 

I N T E R M E D I A T E S T A G E 
O F T E S T I L L U S T R A T I N G 
MANNER OF B E N D 

L o a d and bend to fa i lu re or unti l keyhole 
" V " n o t c h i s c l o s e d . 

Fai lure indicated by opening in weld e u r f o c * 
or crossection greater then 1/16" in any direction. 

Figure 2. Method of testing. 

weld at the maximum condition. A cross-
section large enough to withstand this 
stress would need only yi-in. fillet welds 
while actually the minimum size used 
would be about %o i ' l - This is because 
the minimum fillet size allowable is gov
erned in most cases by the mechanical 
and metallurgical limitations inherent in 
the applied welding processes. These l imi
tations make it difficult to consistently 
produce a sound fillet weld smaller than 
^1(5 in. on the steel thickness commonly 
used in welded bridge-girder fabrication. 

I t is impractical to calculate completely 
all possible stresses in a fillet weld as they 
may be altered by the indeterminate t r i -
axial strains which are inevitably applied 
to the fillet by the reaction of the struc
ture to unpredictable combinations of live 
load and diflferential thermal and residual 
stresses. For protection against such un
certain quantities, it is considered that 
complete continuity of mechanical prop
erties across the joint from parent metal 
to weld iTietal is desirable. 

Figure 3. Post-test appearance of (top) specimen with 
1%-in. flange and failure of soft weld metal of R B 87 
hardness due to segregation and porosity; (center) 
specimen (before satisfactory test) with 1%-in. flange 
and weld metal of R B 87 hardness: (bottom) speci
men with 2%-in. flange and weld metal of R B 90 

hardness exhibiting no failure. 
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Thus, a test devised to evaluate fillet 
weld quality would not necessarily dupli
cate the applied design stresses to meas
ure the adequacy of the fillet weld from 
the design intent standpoint. However, it 
should measure those mechanical proper
ties of the joint which enable one to gage 
the soundness and uniformity of the struc
ture in the weld area. 

Those fillet weld properties which can 
be compared conveniently and quantita
tively are limited to ultimate strength and 
ductility. Ultimate strength is related to 
hardness and can be so measured ade
quately for this purpose. Fillet joint in
tegrity as measured by the fillet weld key
hole T bend test is dependent upon joint 
and weld shape, weld and heat-aflfected 
zone hardnesses, weld metal soundness 
and continuity, and weld metal segrega
tion and chemical composition. When 
using a suitable welding procedure, these 
factors can be controlled by a competent 
welder to produce a joint with sufficient 
ductility and strength to satisfy the re
quirements for this test. Thus fillet-weld 
hardness and ductility can be used to 
compare quantitatively and to evaluate 
welding processes or procedures and 
welders. 

D E S I G N O F T E S T C O N F I G U R A T I O N 

Four types of standard A W S tests are 
presently in use which deal with fillet 
weld soundness and strength. These are 
the tee-bend test, the fillet-weld-break 
test, fillet-weld-soundness test, and the 
transverse and longitudinal fillet weld 
shear tests. Only the shear tests are quan
titative, and these are not designed to test 
machine welds or simulate fillet-welded 
T-shaped joint geometry, nor do these 
tests provide any means of quantitatively 
comparing ductility. The fillet-weld break 
and soundness tests are qualitative tests 
for soundness, and the usual tee-bend test 
is a qualitative test of parent metal weld-
ability requiring the preparation of a 
specified test shape. None of these latter 
tests lends itself to any quantitative evalu
ation of the weld. They also require 
preparation from sections and shapes 

which may not resemble the girder fillet 
geometry they are intended to represent. 

The geometry of the joint is important 
in that the action of a thick section of steel 
in quenching an adjacent fillet weld wi l l 
provide weld metal and heat-afifected 
zones with ductilities and toughnesses 
different from those obtained when plac
ing the same weld against a thinner sec
tion. Furthermore, the parent metal struc
tures are different for different flange 
thicknesses because of the refinements in 
grain structure affected by the additional 
rolling undergone with thinner plates. 
Therefore, extrapolating presently pre
scribed weld-test results f rom one ex
tremity of plate thickness to another is 
not a good procedure. 

Two other means of testing remain to 
be considered. Fillet welds can be com
pared using small tensile tests cut longi
tudinally from the fillet. Judging a weld 
by this means is difficult since the tensile 
section includes only a small portion of 
weld metal and none of the heat-affected 
zone, and i t parallels the direction fo l 
lowed by most of the discontinuities oc
curring in the weld. Furthermore, this 
type of test is insensitive to weld shape 
or geometry. These limitations and the 
expense and time involved in preparing 
such specimens make a tensile test im
practical as a means of testing fillet welds. 

Lastly, one can attempt to duplicate 
the design geometry and loading with a 
shear test. During this study, such a test 
was performed by preparing a T-shaped 
specimen. The specimen was locked in a 
punch and the leg representing the web 
sheared from the top or flange portion of 
the T. In this test the shear strength 
correlation with hardness was acceptable 
but correlation between ductility and weld 
defects was poor. This would indicate 
that the volume of weld metal tested was 
too small and the strain orientation was 
wrong and so could not be considered as 
a representative test of weld quality. 

Guided by the premises and considera
tions reflected in the previous paragraphs, 
minimum prerequisites for the form of a 
workable test can be inferred as follows: 

1. The test should strain the largest 
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volume of fillet-weld metal that is practi
cal. Therefore, the test specimen should 
include a complete section of the entire 
fillet weld, and would necessarily have to 
include portions of the web and flange. 

2. I t would not be practical to pull or 
shear such a specimen nor to bend it 
about any axis not parallel to the axes of 
the fillets. Therefore, the specimen would 
have to be bent transversely about an 
axis adjacent to or coinciding with the 
fillet axis and away from the web portion 
in a fashion similar to the standard tee 
bend test. 

3. The specimen geometry must be 
altered in some regular fashion so the test 
wil l produce similar strain configurations 
in fillet welds for the majority of flange 
and web thicknesses encountered in weld
ing fabrication. Therefore, the flange por
tion of the test specimen would have to 
be relieved with some type of notch in 
order to locate the strain in the fillets. 

E X P E R I M E N T A L D E S I G N P R O C E D U R E S 

The average bridge fillet-weld size is 
approximately proportional to the web 
thickness. Thus the width and depth of a 
notch necessary to relieve the flange so as 

to distribute stresses uniformly across the 
fillet was assumed to be related to web 
thickness. Starting with this assumption 
and the prerequisites cited previously, 
several trial shapes were designed and 
studied. 

Polarized light was used to determine 
the elastic stress distribution in plastic 
models of various notch configurations. 
Those which seemed favorable were re
produced in fillet-welded metal speci
mens. These were tested by a fixture 
which stressed the specimen by beam 
loading the flange portion on either side 
of the notch (Fig. 4 ) . The results of test
ing with notches of several difJerent 
shapes are shown in Figures 3, 5, and 6. 

Stress analysis proved to be impractical 
as a means of determining the best notch, 
but it has proven helpful in interpreting 
the statistical analysis of experimental test 
results. Strain gages and polarized light 
proved useful, but here again the strain 
range was too limited and the strain dis
tribution in a homogeneous plastic model 
could not be accurately extrapolated to a 
heterogeneous structure of wrought and 
weld metal with discontinuities at the 
junction of the web and flange. The pro
gram consisted of applying estimated 

Fieure 4. Testing fixture showing (left) initial and (right) final stage of sample with no failure. Spacers 
are used to prevent lower linkage from moving (nearest spacer removed to show test specimen). 
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Figure 5. Experimental specimens, showing (top) first 
simple V-notch tried, which consistently caused fai l
ure of fillet toe, and (bottom) second modification 
with notch milled out to relieve the center and raise 
the neutral axis toward the flange fillet toe. Elonga
tions and angles improved, but failures remained 

consistently in the fillet toe region. 

Stresses to the notch design using plastic 
models. These were studied under polar
ized light and further refined to produce 
the acceptable strain distribution. Subse
quently this notch was reproduced in a 
steel specimen and tested. Results were 
used to re-evaluate the stress estimates 

Figure 6. Specimen of upper type was beam loaded 
by means of a narrow plunger that contacted the 
specimen at the bottom of the notch, with test re
sults governed by geometry rather than weld quality. 
Specimen of lower type, loaded as shown in F i g . 4, 
has a 90° included notch opening relieved with a 
central hole, indicated by tests as too far away from 

the fillets to control the break. 

used in designing new plastic models. 
The notch was refined to its final form 
by repeating this step sequence several 
times until the results of testing actual 
pieces were consistent and seemed com
mensurate with the desired aims. Then a 
program of testing was begun to accumu
late sufficient data to set a standard re
quirement (Fig. 7 ) . 

S P E C I M E N P R E P A R A T I O N 

The test specimens were prepared and 
tested as shown in Figures 1, 2, and 4. 
The fillet-weld samples were sawn trans
versely into pieces of selected lengths 
which were given a finish of sufficient 
smoothness to provide accurate hardness 
readings. Then the relief hole was located 
and drilled. Following this, the sides of 
the notch were located and sawn with a 
band saw. 

Elongation was determined at the fillet 
weld surface by means of marks made at 
the web and flange toes of the fillets. The 
distance between these marks was meas-
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B R I N E L L H A R D N E S S 

144 150 160 170 180 190 2 0 0 210 2 2 0 2 3 0 2 4 0 

LEGEND 
• Defective o Satisfactory 

Previously Judged 
Defective 

A Critical Value 

Previously Judged 
Satisfactory 

A - 3 7 3 

eS'Bend Specified in 
California Procedures 

8 5 9 0 9 5 

R O C K W E L L B H A R D N E S S 

FiKure 7. Fillet weld keyhole T bend test resnlta, ahowinc apparent minimnm elongation and angle of failure 
T» weld hardnew necesaary to eliminate defective fillet welds. Experimental data average for each apecimen 

plotted to show corcelation with previous qualitative evaluation of specimen. 
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ured before and after the test and the 
percent elongation was calculated f rom 
these measurements. 

Figure 7 was prepared with data ac
cumulated from 400 actual procedure test 
specimens taken from slightly over 100 
test samples. Each point plotted on the 
graph represents an average of tests per
formed on a single sample. The number 
of test specimens per sample varied with 
the length of the sample and was from 
two to sixteen T-bend specimens per 
sample. The purpose of this graph is to 
show correlation of keyhole T bend test 
to test procedures previously used by 
California. Whether or not the sample 
was judged satisfactory was based upon 
whether or not the majority of test speci
mens from it were judged satisfactory. 
This judgment was qualitative and based 
on the following factors; 

1. Porosity, slag, and/or cracking 
(visible before or after failure) in accord
ance with the limits of currently accepted 
specification practice; 

2. Undesirable weld profile—undercut, 
roll over, unequal leg, lack of penetration, 
excessive penetration, excessive crown or 
concavity—as generally described in 
A W S Handbook D2.0-56, Articles 508 
and 509; 

3. Hardness of such extremes as to 
produce: (a) a sharp audible snap at 
failure accompanied by intergranular 
fracture with negligible elongation (5 
percent or less) and (b) a failure in par
ent metal with negligible elongation in 
the weld; and 

4. Segregation sufficient to produce an 
intergranular fracture with elongations 
less than about 8 percent under small 
loads. 

.A.S a secondary check on the slope of 
the go-no go line on the chart, certain 
"critical" points were plotted on the 
graph. These were determined from sam
ples which had both acceptable and de
fective specimens. This was done by aver
aging the average of acceptables, the 
average of defectives, the high defective, 
and the low acceptable for the particular 
sample the point represents. 

The solid fines represent the extremes 
of these "critical" values. The dashed line 
represents the apparent parting line for 
the defective and non-defective judg
ments, taking into consideration the ma
jori ty of points plotted. The critical area 
falls along the same slope as the over-all 
average and apparently indicates general 
correlation. 

The 25-deg bend limit was based on a 
discontinuity in the test results which 
was apparent in the initial data taken 
from the test program. Results grouped 
above and below this value correlated 
well with observed weld quality, hence 
the 25-deg limit has been in use in judg
ing fillet-weld procedures. 

The Brinell maximum of 175, specified 
in the past for the heat-affected zones of 
fillet welds on A7 steel, represents the 
average tested unit tensile strength of the 
parent metal plus 25,000 psi. I f this same 
formula is apphed, in terms of hardness, 
to fillet-weld metal on A373, A7, and 
A242 steels, the hardnesses obtained are 
about 171, 175, and 182 Brinell, respec
tively. By plotting these hardnesses, a 
corresponding minimum elongation can 
be obtained which would match the hard
ness requirement. This information is 
presente<l in the conclusions of this paper. 
A t present this is an arbitrary but logical 
correlation. Later statistical analysis may 
show that less stringent hardness require
ments coupled with elongations or bend 
requirements may be practical. 

The angles represented in the right-
hand ordinate (Fig. 7) correspond ap
proximately to the elongations in the left-
hand ordinate for an average specimen. 
Actually this is not strictly true, because 
the elongation for a given angle of bend 
will change slightly with web thickness 
and hardness. However, the preliminary 
statistical study of the data indicates that 
a minimum quality requirement for A7, 
A373, and A242 steels which is based on 
the graphed separation line, wi l l be low 
enough to compensate for any variation 
brought about by changes in section ge
ometry. Statistical results indicate that 
the following equation may be used to 
express average results (not minimum) 
to be expected from keyhole T bend tests 
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performed on sound fillet welds on A7, 
A373, and A242 steels: 

Bend Z ° = 113.6-0.58 (Weld 
Hardness) - 0.23 ( H A Z * 

Hardness -f- Web Hardness) 
— 2.59 (Web Thickness) 

in which hardness is Rockwell B, and 
thickness is in inches. 

Thus when the specimen is prepared 
as shown in Figure 1, the bend and elon
gation test results can be predicted from 
weld hardness, heat-affected zone hard
ness, web parent metal hardness, and 
web thickness for sound welds (provided 
the web thickness is less than the flange 
thickness). The effect of flange thickness 
can be neglected, considering that the 
principal effects f rom this source are 
measured indirectly by the character of 
the weld metal and heat-affected zones. 
The eff'ects of flange metal hardness are 
such that no positive correlation with test 
results is possible. 

CONCLUSIONS 

(1) The fillet weld keyhole T bend 
test fulfills the need for a quantitative 
quality control test for use with automatic 
and semi-automatic welding procedures. 

(2) The test is suitable for use in the 
average structural steel welding shop, 
since (a) the test specimen may be pre

pared by simple sawing and drilling op
erations^ and (b) evaluation of results 
can be stated as a simple go-no go value. 

(3) Based on the data in Figure 7, the 
average tolerable elongation and bend of 
failure of a structural fillet weld is as fo l 
lows : 

Min. Min. 
Base Elongation Angle 
Metal ( % ) (deg) 

A373 13 36 
A7 12 34 

A242 11 32 

Note: Failure is denoted by the appear
ance of any opening in the fillet 
weld (face or section) which ex
ceeds in. in any direction in 
the course of bending. 

(4) Practical experience indicates that 
a 25-deg minimum angle can be used as 
a minimum specification limit for the bend 
test specimen. 
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