
Usefulness of Undermatched Welds for 
High-Strength Steels 

Undermatched welds reduce preheating requirements and 
improve the feasibility of using high-strength steels in construction 

BY A. UMEKUNI AND K. MASUBUCHI 

ABSTRACT. This paper presents results of 
experimental and numerical studies on 
the effects of undermatched welds on 
high-strength steels. The study involved 
HT-80, HY-100 and HY-130 steels, 
whose ultimate tensile yield strength is 
approximately 750, 700, and 900 MPa, 
respectively. The goal was to justify re- 
duced requirements for preheating tem- 
peratures, while preventing crack initia- 
tion and improving fracture toughness, 
using undermatched welds for the first 
pass in partial penetration groove- 
welded joints involving high-strength 
steels. The test parameters investigated 
were 1) the strength of the weld metal, 
and 2) the preheating temperatures. The 
test methods included restraint cracking 
tests, tensile strength tests, and fatigue 
tests. From the result of the restraint 
cracking tests, it has been found that an 
application of undermatched welds at 
the first pass resulted in reduction of the 
minimum preheating temperatures re- 
quired to prevent cold cracking in the 
weld metals. However, the reduction of 
these temperatures was affected not only 
by the strength of the undermatched 
welds, but also by their other properties, 
such as fracture toughness. The tensile 
strength tests showed that the tensile 
strength of the undermatched welds in- 
creased due to restraint by the surround- 
ing even-matched welds and the base 
metal. The result of the numerical analy- 
sis was in complete agreement with that 
of the experiments. 

The result of fatigue testing showed 
both undermatched and even-matched 
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welds have similar relations between 
crack growth rates and the stress inten- 
sity factor. 

Introduction 

Mild steels commonly used in con- 
struction in the past no longer meet all 
structural and safety demands. For ex- 
ample, in regions such as Japan and the 
western U.S., earthquakes have occurred 
in densely populated areas. It has be- 
come vital to increase the strength of 
steel and reinforced concrete buildings, 
without significantly adding to the 
weight of these structures. There have 
been studies on high-strength steels such 
as high-strength low-alloy and thermo- 
mechanically control led processed 
steels (Ref. 1), which have an ultimate 
tensile strength of approximately 600 
MPa, for use in the construction of high- 
rise steel buildings and other structures 
that require long spans of steel. For even 
better structural integrity, we must look to 
high-strength steels with ultimate 
strength of at least 700 MPa. However, 
recent seismic activity has shown that we 
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must consider the fracture toughness of 
joints in steel structures. One of the prob- 
lems with high-strength steels of over 700 
MPa ultimate strength occurs when these 
steels are welded. Preheating to a high 
temperature is necessary to prevent weld 
crack initiation at the roots of the 
grooves. This procedure is difficult to 
perform in actual construction, and the 
required conditions can impair produc- 
tivity and increase costs significantly. Un- 
dermatched welds have proven to be 
very effective with high-strength steels, 
reducing the need for preheating (Refs. 2, 
3). By using undermatched welds at the 
root, where the risk of weld cracking is 
highest, we can potentially reduce pre- 
heating requirements without decreasing 
the tensile strength of the joints. This pro- 
vides twofold benefits: not only can 
even-matched welds be applied after the 
second pass, but we can also expect in- 
creased strength with the undermatched 
welds in the first pass due to restraints. In 
the case where the second pass is per- 
formed immediately after the welding of 
the first pass, it is expected that the heat 
of the first pass would act as a preheat to 
prevent cracking for later passes. 

This research includes both experi- 
mental and numerical studies. The pur- 
pose was to investigate the use of under- 
matched welds for partial penetration 
groove weld joints of high-strength 
steels, with an eye to the reduction of 
preheating temperatures and the preven- 
tion of crack initiation at the roots. 

Description of Experiments 

The parameters for the experiments 
were yield tensile strength and ultimate 
tensile strength of the base metal and 
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weld metal, as wel l  as preheating tem- 
peratures. Restraint crack test specimens 
were used to study the effects of these pa- 
rameters on crack initiation. Specimens 
of HY series steels were used to observe 
the differences in residual stresses be- 
tween undermatched and even-matched 
welds. Tensile and fatigue tests were con- 
ducted to compare behavior among un- 
dermatched welds. 

Materials 

Experiments were conducted to ob- 
serve effects of undermatching on high- 
strength steels, HT-80, HY-100 and HY- 
130, as given in Table 1. The mechanical 
properties and chemical composit ions of 
materials are shown in Tables 1 and 2. 
The combinations for the base and weld 
metals are shown in Tables 4 and 5. Spec- 
imens are expressed as fol lows: 

HT-80-A20: Type of base metal, serial 
number, preheating temp. in °C. 

Table 3 shows welding conditions. As 
shown in Table 4, for HT 80, three kinds 
of solid electrodes were used. Gas metal 
arc welding was performed by using CO2 
shielding gas. The d iameter  of sol id 
welding wires used was 1.2 ram. The two 
kinds of covered electrodes used for the 
HY series of steels are given in Table 5. 
The diameter is 2.6 mm. All electrodes 
were in sealed tins, and they had been 
baked for more than one hour at 350°C 
just before welding. 

Description of Specimen 

The dimensions for the restraint 
cracking specimens are shown in Fig. 1. 
These dimensions were the same as those 
for the Tekken test specimen (Refs. 4, 5), 
but the groove at Section I in the middle 
of the specimen was different. The 
groove at Section II was a double V as 
shown in the figure. The groove of the 
specimens at Section I was a single-bevel 
partial-penetration groove. 

It was reported that specimens with 
single-bevel grooves used for the re- 
straint cracking test specimens gave safer 
predict ion regarding required preheat 
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Fig. 1 - -  Geometry of  restraint cracking specimen and location of strain gauges. 

Table 1 - -  Mechanical Properties of Base Metal and Weld Metal 

0.2% Y.S. UTS 
(MPa) (MPa) 

EL EV 
(%) J (at °C) 

Base Metal 
HT-80 760 813 22.4 250 (-45%) 
HY-100 689 814 - -  - -  
HY-130 896 986 - -  - -  
Weld Metal 
ER7OS-G 460 560 30 130 (O°C) 
ER80S-G 590 660 30 120 (-5°C) 
ER110S-G 715 850 23 84 (0°C) 
E8018-B2L 574 674 24 40 (-40°C) 
E11018M 705 774 22 88 (-51 °C) 

Correlation between AWS specification and JIS specification is as follows: ER70S-G: YGWl 1 (YM26); ER80S-G: YGW21 (YM60C); 
ER110S-G: (YM-80C) 

Table 2 - -  Chemical Compositions of Base Metal and Weld Metal 

C Mn P S Si 

HT-80 0.12 0.85 0.008 0.009 0.25 
HY-100 0.12 0.20 0.25 0.25 0.25 
HY-130 0.12 0.70 0.010 0.010 0.20 
ER70S-G 0.09 1.11 0.011 0.010 0.50 
ER80S-G 0.06 1.25 0.003 0.009 0.38 
ER110S-G 0.06 1.20 0.002 0.007 0.50 
E8018-B2L 0.04 0.64 0.010 0.011 0.52 
E11018M 0.05 1.52 0.021 0.013 0.034 

Cr Ni Mo Cu 

0.45 1.05 0.41 0.24 
1.00 2.90 0.30 0.20 
0.50 4.80 0.45 - -  

- -  - -  0.35 - -  
- -  2.28 0.42 - -  

1.10 1.10 0.51 - -  
0.20 1.85 0.32 - -  
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Fig. 2 - -  Geometry and procedure for fabricating tensile and fatigue test specimen. A - -  Restraint 
cracking test specimen; B - -  tensile and fatigue test specimen. 
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Fig. 3 - -  Schematic o f  the stress distribution in an H-shaped beam. 

Table 3 - -  Welding Conditions 

Type of Electrode Voltage (V) Current (A) Velocity (cm/min) 

ER70S-G 29-30 230-270 23-30 
ER80S-G 34-35 280-290 30-39 
ER110S-G 34 280-300 25-32 
E8018-B2L 36 90-100 24 
E11018M 36 90-100 24 

Heat Input (kJ/cm) 

17.4-21.1 
19.0-20.3 
18.4-23.6 

8.60 
8.60 

temperature than the specimens with 
sloped grooves used for the Tekken test 
specimens (Ref. 6). These single bevel 
groove welds are often used for both par- 
tial-penetration groove welds and full- 
penetration groove welds of columns 
and girders of steel buildings. The thick- 
ness of the HT-80 series specimens was 
32 mm, while the thickness of HY series 
specimens was 12.6 mm. The tensile and 
fatigue test specimens were machined 
from restraint cracking specimens, and 
they were fabricated as shown in Fig. 2. 
When welding joints in H- or box-shaped 
sections, steel members are subjected to 
actual load, and tensile stresses at the 
outside of the flanges are always greater 
than those at the inside of the flanges. 
Also, out-of-plane distortions of the 
flanges are restrained by the other por- 
tion of members as shown in Fig. 3. 
When the partial penetration groove 
joints used in this experiment were sub- 
jected to tensile load, the joints were bent 
inward, (toward the roots) due to bal- 
ances of moments. Then, the tensile 
stresses at the outer surfaces of the weld 
become less than those at the root. In 
order to accurately reproduce the stress 
distribution in joints on steel buildings in 
actual service, the specimen shapes 
shown in Fig. 2 were adopted. Two strips 
were welded together symmetrically 
along the centerline, and the weld rein- 
forcement was removed to prevent its in- 
fluence on test results. 

Description of the Test Procedure 

The restraint crack tests were per- 
formed by welding the first pass using 
preheating conditions described in Ta- 
bles 4 and 5, respectively. Preheat was 
done with a gas flame. Twenty-four hours 
after the welding, specimens were sliced 
off along the centerline as shown in Fig. 
2A. A laser microscope (Refs. 7, 8) was 
used to observe the cracks at the surface 
of Section I. Then, two specimen pieces 
were rejoined in the original shape of the 
restraint crack test specimens, and they 
were welded to the last pass. During the 
welding, the specimens were restrained 
by jigs to avoid any influence of welding 
out-of-plane distortion on cracks. 

To measure residual stresses, strain 
gauges were attached on the top and bot- 
tom surfaces of HY series specimens. 
Since the specimens were welded to the 
last pass after measurements, destructive 
methods were not acceptable in these ex- 
periments. Thus, strain gauges were at- 
tached at the location where there were 
no effects of heat to measure the residual 
stresses. The location of strain gauges are 
shown in Fig. 1. The changes of strains 
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Fig. 5 - -  Typical cracks in the HY series specimens after the first pass. 

were measured before and after welding 
of the first pass. 

After the observation of crack initia- 
tion at the surface of Section II, two strips 
were removed from each specimen by 
saw cutting, as shown in Fig. 2A. They 
were joined in one piece by welding so 
as to be symmetrical, as shown in Fig. 2B. 
Then tensile and fatigue test specimens 
were machined. 

For all of the HT-80 series specimens, 
tensile tests were carried out to obtain 
tensile strength of the joints. For the HY 
series specimens, fatigue tests were pef- 
formed by a fatigue test machine. The 
loading cycles were at alternating cycles. 
The maximum and minimum stress ap- 
plied were +120 MPa and -120 MPa at 
the welds. These stresses were deter- 
mined for joints wi th  even-matched 
welds to fail in 20,000 to 100,000 cycles, 

according to empir ical  data. The fre- 
quency was seven cycles per second. 
Figure 4 shows an alternative cyclic load- 
ing condition. 

Results 

Crack Initiation 

The results of restraint cracking tests 
for HT-80 and HY series steels are shown 
in Tables 4 and 5, respectively. Table 4 
shows no crack initiated in the first pass 
with undermatched welds. Therefore, for 
the HT-80 series, when undermatched 
welds were used for the root pass, pre- 
heating was not necessary to prevent 
crack ini t iat ion. When even-matched 
welds were applied, it was necessary to 
use preheating temperatures in excess of 
100°C to prevent cold cracking. After the 

second welding pass, small cracks initi- 
ated at the roots of the specimens, except 
the HT-80-D series, due to bending of 
the specimens by welding. In practical 
application, joints are more restrained 
and there are less out-of-plane distortions 
than was exhibited by the restraint crack- 
ing test specimen used in these tests. 
Therefore, these small cracks observed 
dur ing testing are relat ively inconse- 
quential in actual construction, as re- 
ported in some studies (Ref. 3). For the 
HY series, preheating prevents cold 
cracking in both undermatched and 
even-matched welds. However, the ef- 
fects were unable to be observed during 
these tests, although the degree of re- 
straint of HY series specimens was less 
than that of HT-80 series specimens. The 
reasons are described later in the discus- 
sion. Photographs taken by a laser mi- 
croscope, shown in Fig. 5, indicate typi- 

Table 4 - -  List of Specimens of HT-80 and Crack Length after the First Pass and after the Last Pass 

Temp. of Crack Length (mm) 
Specimen Preheats Weld Metal for Weld Metal for after the First Pass 
Number (°C) the First Pass after Second Pass Right Side Left Side 

HT-80-A-20 20 ER70S-G (U) ER70S-G (U) 0.0 0.0 
HT-80-B-20 20 ER70S-G (U) ER80S-G (U) 0.0 0.0 
HT-80-C-20 20 ER70S-G (U) ER110S-G (E) 0.0 0.0 
HT-80-D-20 20 ER80S-G (U) ER110S-G (E) 0.0 0.0 
HT-80-E-20 20 ER110S-G (E) ER110S-G (E) 10.7 13.7 
HT-80-A-50 50 ER70S-G (U) ER70S-G (U) 0.0 0.0 
HT-80-B-50 50 ER70S-G (U) ER80S-G (U) 0.0 0.0 
HT-80-C-50 50 ER70S-G (U) ER110S-G (E) 0.0 0.0 
HT-80-D-50 50 ER80S-G (U) ER110S-G (E) 0.0 0.0 
HT-80-E-50 50 ER110S-G (E) ER110S-G (E) 11.5 12.2 
HT-80-A-100 100 ER70S-G (U) ER70S-G (U) 0.0 0.0 
HT-80-B-100 100 ER7OS-G (U) ER8OS-G (U) 0.0 0.0 
HT-80-C-100 100 ER70S-G (U) ER110S-G (E) 0.0 0.0 
HT-80-D-100 100 ER80S-G (U) ER110S-G (E) 0.0 0.0 
HT-80-E-100 100 ER110S-G (E) ER110S-G (E) 11.1 11.9 

Crack Length (mm) 
after the Last Pass 

Right Side Left Side 

0.2 0.2 
0.3 0.2 
0.0 0.1 
0.0 0.0 

14.5 16.2 
6.5 4.6 
0.1 0.3 
0.0 4.9 
0.2 0.0 

11.5 12.9 
0.2 0.1 
0.0 0.0 
0.2 0.2 
0.0 0.0 
9.9 18.0 

(U) :  U n d e r m a t c h i n g  (E): E v e n - m a t c h i n g  
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cal cracks at the roots of HY-100 series 
specimens, after first pass welding. Most 
cracks initiated at the roots and propa- 
gated along the interfaces. 

Residual Stresses 

Figure 6 shows the result of measuring 
residual stresses of the HY series after the 
first pass. Residual stresses at the top and 
bottom surfaces were averaged to avoid 
the influences of bending. In HY-100- 
H20, the residual stress perpendicular to 
the welding line was -397 MPa at 12.7 
mm from the end of the welds. Residual 
stress in HY-100-H20 was -308 MPa as 
listed in Table 6. Residual stresses per- 
pendicular to the welding line at 12.7 mm 
from the end of the welds were almost the 
same value in both specimens. The total 

amount of residual stresses for the speci- 
mens with undermatched welds were 
lower than those of the specimen with 
even-matched welds. Undermatched 
welds lead to lower residual stresses than 
even-matched welds. This has the poten- 
tial to reduce crack initiation. 

Increase of Strength of Weld Metal Due 
to Restraint 

Table 7 shows the results of tensile 
strength tests of the HT-80 series. The 
strength of the welds was calculated from 
the depth of the first weld pass and the ul- 
timate tensile strength of the weld metal. 
By comparing the experimental ultimate 
tensile strength and estimated ultimate 
tensile strength, the effects on increased 
weld strength due to restraint became ev- 

ident. The tensile strength of under- 
matched welds increased due to restraint 
produced by even-matched welds (after 
the second pass) and the base metal in a 
partial penetration groove weld as shown 
in the table. The ratio of the ultimate ten- 
sile strength of the undermatched weld to 
that of the weld metal was 1.1 6 to 1.23 as 
a whole joint. In the case where only the 
first pass of the weld was restrained by the 
base metal and an even-matched weld, 
such as HT-80-C, D, the ratios of the ulti- 
mate tensile strength of undermatched 
weld to that of the weld metal were 1.26 
for HT-80-D and 1.40 for HT-80-C on only 
the first pass. The ratios are affected by the 
combinations of weld metal. The ratios in- 
crease as the difference in strength be- 
tween HT-80 and the weld metal in- 
creases. When the ER70S-G electrode was 

Table 5 - -  List of Specimens of HY-100, 130 and Crack Length after the First Pass and after the Last Pass 

Temp. of Crack Length (ram) 
Specimen Preheats Weld Metal for Weld Metal for after the First Pass 
Number (°C) the First Pass after Second Pass Right Side Left Side 

HY-100-F-20 20 E8018 (U) E8018 (U) 0.70 1.35 
HY-1 O0-G-20 20 E8018 (U) E11018 (E) P e n e t r a t i o n  Penetration 
HY-IOO-H-20 20 E11018 (E) E11018 (E) 1.30 1.30 
HY-100-1-20 20 E8018 (U) E8018 (U) P e n e t r a t i o n  Penetration 
HY-100-J-20 20 E8018 (U) E11018 (E) P e n e t r a t i o n  Penetration 
HY-IO0-K-20 20 E11018 (E) E11018 (E) 0.16 0.16 
HY-100-F-50 50 E8018 (U) E8018 (U) Defects Defects 
HY-100-G-50 50 E8018 (U) E11018 (E) 1.25 1.35 
HY-100-H-50 50 E11018 (E) E11018 (E) 0.00 0.00 
HY-100-1-50 50 E8018 (U) E8018 (U) 0.00 0.00 
HY-100-J-50 50 E8018 (U) E11018 (E) 0.00 0.00 
HY-100-K-50 50 E11018 (E) E11018 (E) 0.15 0.14 
HY-130-L-20 20 E8018 (U) E8018 (U) 2.85 2.00 
HY-130-M-20 20 E8018 (U) E11018 (U) 0.00 0.00 
HY-130-N-20 20 E11018 (U) E11018 (U) 0.00 0.00 
HY-130-L-50 50 E8018 (U) E8018 (U) 0.00 0.00 
HY-130-M-50 50 E8018 (U) E11018 (U) 0.12 0.00 
HY-130-N-50 50 E11018 (U) E11018 (U) 0.00 0.00 

(U): Undermatching (E): Even-match ing  

Crack Length (mm) 
after the Last Pass 

Right Side 

0.20 
3.00 
2.14 
2.00 
2.20 
0.40 

Defects 
3.72 
0.00 
0.00 
0.45 
0.00 
1.21 
0.00 
0.00 
0.00 
0.00 
0.00 

Left Side 

2.56 
1.30 
1.00 
2.20 
3.20 
0.00 

Defects 
1.00 
0.00 
0.30 
1.35 
0.00 
1.35 
0.00 
0.00 
0.00 
0.00 
0.00 
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Weld Distance 
Metal from 
for the End of Residual 

Specimen First Weld Stress 
Number Pass (mm) (MPa) 

HY-100-F-20 E8018 (U) 12.7 -308 
HY-100-F-20 E8018 (U) 38.1 -181 
HY-100-H-20 El108 (E) 12.7 -397 
HY-IO0-H-20 El108 (E) 38.1 -94 

(U): Undermatching (E): Even-matching 

applied to HT-80 in the first pass, the ratio 
of increased strength is highest. For the 
HT-80-E specimens with large cracks, the 
ratios were not calculated, because it was 
difficult to evaluate the effective area of 
the section accurately. 

Fatigue Tests 
Fig. 8 - -  Crack propagated during fatigue test (HY-lOO-H20, 25,000 cycles) 
(1200X). 

Figure 7 shows crack propagation dur- 
ing fatigue tests. Crack growth lengths are 
averages of all cracks in the same speci- 
men. HY-100-150, whose welds have the 
lowest strength, failed at 93,000 cycles. 
The crack growth rate of HY-100-J50 be- 
haved similarly to that of HY-100-150 
under 25,000 cycles. During 
25,000-60,000 cycles, the crack growth 
rate of HY-100-J50 decreased. The speci- 
men failed at 121,500 cycles. In HY-100- 
K20, whose welds have the highest 
strength, cracks propagated 0.2 mm at 
300,000 cycles. In this experiment, en- 
durance limits for welded joints were in 
proportion to the strength of weld metal 
when all joints were subjected to the same 
loading. However, there were some dif- 
ferences of dimensions among specimens 
due to the procedure of fabrication. The 
photograph in Fig. 8 shows a crack in HY- 
100-J50 during the fatigue test. The crack 
propagated straight along the interface. 

Discussion 

Effects of Undermatched Welds 
on Cold Cracking 

The results of restraint cracking tests 
indicate that the application of under- 
matched welds to high-strength steels 
leads to the reduction of minimum pre- 
heating temperatures for preventing cold 
cracking in the weld metal. When under- 
matched welds were used for the first pass 
in HT-80 steel, no cracks initiated at room 
temperature (20°C). It is known the mini- 
mum preheating temperature to weld 
joints for HT-80 steel is 120°C (Ref. 3). 
Therefore, the minimum preheating tem- 
perature required to prevent crack initia- 

Table 6 - -  The Result of Measuring Residual 
Stress of Under- and Even-Matched Joints of 
HY-100 

/ 

/ 
/ 

" /  I 
f 

I 

I 
E Et v o y o u 

(GPa) (GPa) (MPa) (MPa) 

=80 206 0.6 0.3 760 813 
70S-G 206 1.0 0.3 460 560 
80S-G 206 0.7 0.3 590 660 
l l0S-G 206 0.7 0.3 715 850 

Fig. 9 - -  Mesh division for the model. 

tion at the first pass for undermatched 
welds of HT-80 steel was at least 100°C 
lower than that required for even- 
matched welds. In HY series specimens, 
the effect of undermatching on cracks 
was not observed. One of the reasons for 
differences between the results of HT-80 
series specimens and those of HY series 
specimens is that with the HT-80 series 
specimens, the solid welding wires with 
lower strength that were used had higher 
ductility and fracture toughness. 

Conversely, the covered electrodes 

used for the HY series showed that lower 
strength doesn't always mean higher 
ducti l i ty and fracture toughness, as 
shown in Table 1. In some cases, higher- 
strength weld metal could have higher 
ductility and fracture toughness. In these 
tests, it was considered that E8018-B2L 
and E11018-M had similar characteris- 
tics regarding ductil ity and fracture 
toughness. Electrodes used with the HY 
series specimens were covered elec- 
trodes. With the HT-80 series, solid weld- 
ing wires were used. Solid welding wires 
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Table 7 - -  The Result of Tensile Strength Tests of HT-80 

Specimen 
Number 

HT-80-A 
HT-80-B 
HT-80-C 
HT-80-D 

Strength Ratio Strength Ratio 
Weld Metal Weld Metal Calculated Experimental as a 

for the for after UTS UTS Whole Joint 
First Pass Second Pass Crcal (MPa) Crex(MPa) O'ex/O'ca l 

ER7OS-G ER70S-G 560 674 1.21 
ER70S-G ER80S-G 592 729 1.23 
ER70S-G ERI I OS-G 663 799 1.21 
ER80S-G ERI I 0S-G 719 835 1.16 

at the 
First Pass 
O'ex. f /O'cal_ f 

1.40 
1.26 

contain far less hydrogen than covered 
electrodes, and this may have been a fac- 
tor in the results. It is necessary to con- 
sider not only strength of weld metals, 
but also ductility, fracture toughness, and 
hydrogen content when selecting weld 
metals for undermatching. From a point 
of view of preventing cracking, it is rec- 
ommended that welding wire such as 
ER80S-G is used with undermatched 
welds. 

Effects of Undermatched Welds on the 
Increase of Strength Due to Restraint 

From the tensile strength tests on the 
HT-80 series, an increase in strength was 
confirmed. The ratio of increase of 
strength for the first pass was affected by 
the strength of the latter passes. From the 
point of view of strength, combinations 
of undermatched welds for the first pass 
and even- or overmatched welds for later 
passes are suggested, such as in the HT- 
80-D series where undermatched welds 
are applied to structural joints. 

To confirm the effects on the tensile 
strength, a numerical analysis using 
models from the HT-80 series were done. 
In this analysis, undermatched welds 
with two kinds of weld metal such as HT- 
80-C and HT-80-D were analyzed by fi- 

nite element method code ADINA (au- 
tomatic, dynamic, and incremental non- 
linear analysis) (Ref. 9). The mesh divi- 
sion used in numerical anlysis is shown 
in Fig. 10. An elastic and plastic material 
model and 9-node two-dimensional ele- 
ment was used, assuming liner strain 
hardening, von Mises yield condition 
and plane strain. Properties of materials 
used for the analysis are shown in the fig- 
ure. Figure 11 shows the relationship be- 
tween nominal stresses and overall 
strains. An analysis was also done for the 
model made of only HT-80 specimens to 
compare with undermatched models. In 
this model, there are no effects of restaint. 
Since plane strain was assumed in this 
analysis to consider actual welded joints 
with long welding lines, the yield and ul- 
timate strengths are about 1.1 times 
greater than those given in Table 1. All 
stress-strain curves show early yielding 
due to stress concentration at the roots. 
The curves converge toward the same ul- 
timate tensile strength as in the experi- 
ment. These stress-strain curves corre- 
spond directly to the results of 
experiments shown in Table 7. The ratio 
of the ultimate tensile strength of the un- 
dermatched weld to that of the weld 
metal increases as the degree of under- 
matching becomes higher. 

Effects of Undermatched Welds 
on Fatigue Strength 

Figure 11 plots the relation between 
crack propagation rates, log da/dN, and 
stress intensity factors, log AK. All data 
are concentrated along one typical log 
da/dN vs. IogAK curve. This result means 
that each specimen has similar threshold 
values, crack propagation rates in Paris 
laws region, and critical values. There- 
fore, undermatched welds have similar 
fatigue characteristics to even-matched 
welds. In this experiment, according to 
observations of failure surfaces in the 
specimens, weld penetration along the 
welding line was not constant due to the 
procedure in fabricating the specimens. 
As a result of this, fatigue strength was 
different among the specimens. It can be 
considered that the fatigue strength of all 
specimens is similar, as reported in past 
experimental studies (Ref. 6), if the spec- 
imens had exactly the same dimensions. 

Conclus ions 

The following conclusions can be 
drawn from the experimental and nu- 
merical studies: 

1) Application of undermatched 
welds to high-strength steels in the first 
pass allows a significant reduction in re- 
quired preheating temperature without 
decreasing the strength of the joints. 
However, the properties of the weld 
metal are also a factor in the effectiveness 
of undermatched welds on high-strength 
steels. 

2) In this experiment, for under- 
matched welds of HT-80, the combina- 
tion of ER70S-G and ER110S-G is suitable 
to reduce preheating and tensile strength. 
Low hydrogen electrodes applied to high- 
strength steels permit a reduced preheat- 
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ing temperature to prevent cold cracking; 
however, for the combination of HY se- 
ries steels and covered electrodes used in 
this study, it is still required to preheat to 
prevent cold cracking, even if under- 
matched welds are applied. 

3) Comparison between the results of 
numerical analyses and the experiments 
shows that computed stress-strain curves 
of joints with undermatched welds, com- 
pare favorably wi th the measured ulti- 
mate tensile strength of the joints. The de- 
signer can, therefore, evaluate the 
strength of welded joints wi th several 
kinds of under-, even-, or overmatched 
weld metal by numerical analysis. 

4) The residual stress of an under- 
matched weld is lower than that of an 
even-matched weld. This can lead to re- 
duction of cracking. 

5) Both undermatched and even- 
matched welds have similar crack prop- 
agation rates. 
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