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Introduction
     Welding has long been recognized
as an essential technology in the fabri-
cation process of various steel struc-
tures, such as a bridge composed of
plate girders. However, the welding
process often generates various types
of shrinkage and distortion in the
plate girder (Ref. 1). It is well known
that welding-induced shrinkage and
distortion deteriorate the dimensions
and performances of structures and
influence the appearance of the fin-
ished product (Refs. 2–4). Weld distor-
tion is typically controlled by preven-

tion or correction using mechanical
and thermal techniques, which in-
volves costly processing in addition to
the welding process (Refs. 5, 6). To im-
prove manufacturing efficiency, in-
process control methods to prevent
weld distortion are more preferable
than pre- or postwelding countermea-
sures (Refs. 7–11). Welding-induced
angular distortion, which is transverse
bending distortion perpendicular to
the weld interface, is generated due to
the temperature gradient through the
thickness of welded plates. In a fillet
welded T-joint, the angular distortion
tends to be larger due to the shrinkage

of the weld-deposited metal and the
temperature gradient through the
thickness of the welded plates. There-
fore, prediction and minimization of
angular distortion are important tech-
nical issues for fillet welded T-joints
(Refs. 12–14). 
     The reverse-side heating method
has traditionally been known as an ef-
fective way to minimize angular dis-
tortion. Reverse-side heating inde-
pendently before or after welding gen-
erates bending distortion in the oppo-
site direction of welding angular dis-
tortion. Reverse-side heating located
immediately below the weld torch
lessens the temperature gradient
through the thickness of the welded
materials to reduce the angular distor-
tion that develops during welding. In
recent years, an in-process control
method of welding with auxiliary re-
verse-side heating to reduce the angu-
lar distortion has been studied.
     Mochizuki and Toyoda (Ref. 15)
proposed auxiliary ahead reverse-side
heating to minimize the angular dis-
tortion by the superposition of pre-
heating and predistortion effects in a
fillet welded T-joint of aluminum alloy
sheets. Zhang et al. (Refs. 16, 17) con-
ducted fundamental studies on asym-
metrical double-sided gas tungsten arc
welding (GTAW) to demonstrate the
significant effect of the distance be-
tween gas tungsten arcs on the angu-
lar distortion of low-alloy, high-
tensile-strength steel plates. 
     In a numerical analysis, Okano et
al. (Ref. 18) found that auxiliary re-
verse-side heating located immediately
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behind the weld torch reduced the
compressive plastic strain that devel-
oped due to welding, and introduced
compressive plastic strain effectively
to bend the welded plate in the oppo-
site direction. Okano et al. (Ref. 19)
further clarified that welding with
trailing reverse-side heating is most
effective for sufficiently reducing the
angular distortion in the fillet welded
T-joint of mid-thickness structural
steel. Although these previous studies
showed the effectiveness of welding
with reverse-side heating to minimize
angular distortion, they were limited
to simple welding procedures on lab-
scale specimens.
     Kotani et al. (Ref. 20) first experi-
mentally validated the effectiveness of
welding with trailing reverse-side
flame heating to minimize the angular
distortion of a fillet welded T-joint of
9-mm-thick structural steel by gas
metal arc (GMA) welding of a lab-scale
specimen. The feasibility of welding
with trailing reverse-side flame heat-
ing was further investigated with the
focus on the thickness effect of a lab-
scale specimen, which was a compo-
nent of a plate girder, through the use
of tandem submerged arc welding,
which is the fabrication process used
in bridge construction (Ref. 21). The
results showed that angular distortion
can be almost completely prevented in
a fillet welded T-joint of structural
steel that is a maximum of 28 mm
thick. The optimized distance between

the weld torch and the trailing reverse-
side flame heating depended on the
welding heat input conditions in tan-
dem submerged arc welding rather
than the thickness of the flange plate.
These studies clarified the effective-
ness of welding with trailing reverse-
side flame heating to minimize the an-
gular distortion of a fillet welded T-
joint of mid-thick structural steel,
which is a component of a plate girder.
In this regard, however, very few stud-
ies have discussed the feasibility of
this method from a practical applica-
tion perspective. 
     This paper investigates the feasibil-
ity of welding with trailing reverse-
side flame heating to minimize weld-
ing-induced geometric imperfections,
especially angular distortion, of a
large-scale specimen of a plate girder
in bridge construction. Various types
of geometric imperfections are meas-
ured after assembling and welding, re-
spectively, and then compared with
and without trailing reverse-side flame
heating. The foci are longitudinal and
transverse shrinkages and bending
distortions of the upper and lower
flange plates, height and flatness of
the web plate and perpendicularity be-
tween the web and flange plates at
both the upper and lower sides of the
plate girder. In addition, yield and ten-
sile strengths and Charpy value of the
welds are compared with and without
trailing reverse-side flame heating.
Through the investigations, the use-

fulness of welding with trailing re-
verse-side flame heating in near-net-
shape manufacturing of the plate gird-
er in bridge construction is discussed.

Fabrication Procedure of
Test Specimens and
Experimental Setup

Materials under Test and
Configuration of Specimen

     The steel to be welded in the exper-
iment was 490 MPa class high tensile
strength structural steel, JIS G 3106
SM490A. Submerged arc welding wire,
US-36 (JIS Z 3351 YS-S6), which has a
diameter of 4.8 mm, was used in com-
bination with MF-53 (JIS Z 3352
SFMS1) fluxes. The chemical composi-
tions of the steel plate and the welding
wire are shown in Table 1. 
     Figure 1 shows the configuration of a
large-scale specimen of the plate girder
to be constructed by tandem submerged
arc welding. The plate girder consists of
a web plate and two flange plates on
both the upper and lower sides of the
web plate. The dimensions of the web
plate were 3400 mm long, 1500 mm
high, and 12 mm thick. The dimensions
of both the upper and lower flange
plates were 3400 mm long, 500 mm
wide, and 22 mm thick.

Procedure for Fabricating Plate
Girder

     Tandem submerged arc welding was
conducted in the experiment. The
leading and trailing torches were set at

Fig. 1 — Configuration of plate girder to be constructed by tandem submerged arc welding.

Fig. 2 — Welding direction and se
quence in the fabrication process of the
plate girder.Table 1 — Chemical Compositions of Steel Plate and Welding Wire Used

                              C             Si            Mn            P              S               Cu          Ni          Cr         Fe

Steel plate         0.16        0.28        1.50       0.016      0.002            —          —          —       Bal.
Welding wire    0.12        0.01        1.97       0.013      0.005          0.10      0.01      0.02     Bal.
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a 15-deg inclination angle with an in-
terelectrode distance of 25 mm. Table
2 lists the welding conditions. The to-
tal electrical input energy provided
from the welding power sources was
approximately 46 kW. The welding
conditions were determined in order
to obtain a leg length exceeding 8 mm
in the fillet weld. To construct the
plate girder, a total of four welding
passes were performed in the direction
and sequence shown in Fig. 2. 
     Trailing reverse-side flame heating
was performed by using a gas burner
located with a following distance of
150 mm from the leading torch, as
shown in Fig. 3. Table 3 shows the
conditions of the reverse-side heating
using a gas flame. The orifice of the
gas burner was 3.4 mm in diameter.
Additionally, flame length and gas
torch height were 30 and 20 mm, re-
spectively. These conditions had al-
ready been optimized in a previous
study to minimize the angular distor-
tion generated in the fabrication
process of a fillet welded T-joint,
which is a component of the plate

girder (Ref. 21). With-
in the welded plate,
the rough temperature
resulting from torch
flame heating was con-
sidered to reach over
800°C based on other
numerical investiga-
tion. In the experi-
ment, the assembled
specimen of the plate
girder to be welded
was placed on the

stand and inclined at a 45-deg angle in
each welding pass to maintain a flat
position of welding at all times, as
shown in Fig. 3.
     To maximize the space for reverse-
side flame heating with the gas burn-
er, the plate girder specimen was fur-

ther moved upward by raising the plat-
form. Figure 4 shows a photo of weld-
ing with trailing reverse-side flame
heating using the gas burner. It can be
seen in the photograph that welding
with trailing reverse-side flame heat-
ing was conducted in a deeply inclined
direction. Trailing reverse-side flame
heating stayed in the start tab before
welding began.

Measurement of Geometric
Imperfections

     Various kinds of geometric imper-
fections were measured using a taper
gauge with a resolution of 0.1 mm at
room temperature after assembling
and each welding pass, and then com-
pared with and without trailing re-

Fig. 3 — Setup of plate girder in welding with trailing re
verseside flame heating.

Fig. 4 — Photo of welding with trailing reverseside flame heating.

Table 2 — Welding Conditions in Tandem Submerged Arc Welding

                                                                                                     Lelectrode                 Telectrode

              Welding current, I (A)                                                       650                               650
                 Arc voltage, V (V)                                                             33                                 38
       Welding speed, v (mm/min)                                                                       900
Total weld heat input per unit length, Q (J/mm)                                           3100
                 Leg length (mm)                                                                                    8

Table 3 — Conditions of ReverseSide Heating Using a Gas Flame

                                                                                                              Propane              Oxygen

Gas flow rate (L/min)                                                                              24                       100
Gas pressure (MPa)                                                                               0.11                     0.53
Travel speed, v (mm/min)                                                                                   900
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verse-side flame heating to investigate
the effectiveness of minimizing the
imperfections by welding with trailing
reverse-side flame heating. 
     The transverse shrinkage and angu-
lar distortion of the upper and lower
flange plates and the perpendicularity
between the web and flange plates were
measured at five different positions in
the direction of the longitudinal axis of
the weld, as shown in Fig. 5. The trans-
verse shrinkage is a negative value when
the flange plate shrinks. The angular
distortion is a positive value when the
flange plate bends inward. The perpen-
dicularity between web and flange
plates was measured at each fillet weld
zone and is a negative value when the
flange plate bends inward. To measure
angular distortion and perpendicularity
between web and flange plates, close at-
tention must be paid to the differences
in the positive/negative values in the
bending direction of the flange plate. 
     The longitudinal shrinkage and
bending distortion of the plate girder
were measured at the upper and lower
flange plates, as shown in Fig. 6. The
longitudinal shrinkage is a negative
value when the flange plate shrinks.
The longitudinal bending distortion
was quantified by using the vertical
displacement at the longitudinal cen-
ter of the plate girder. The plate girder
was placed horizontally to measure
these deformations independently of
the deformation under its own weight.
The longitudinal bending distortion
convex to outside is defined to be posi-
tive in both the upper and lower
flange plates. 
     The web plate height, which de-
pends on transverse shrinkage per-

pendicular to the weld interface of the
web plate, was measured at three dif-
ferent positions in the direction of the
longitudinal axis of the weld, as shown
in Fig. 7. The plate girder was placed
horizontally to measure the height of
the web plate independently of the de-
formation under its own weight. The
height of the web plate is a negative
value when the web plate shrinks. The
flatness of the web plate was also
measured at three different positions
in the direction of the longitudinal
axis of the weld, as shown in Fig. 7.
The flatness of the web plate was
quantified based on the horizontal dis-
placement from the web plate to a lev-
eling string extended between the up-
per and lower parts of the web plate.
The displacement on the right side of
the web plate, which corresponded to
the same side of the fillet welds in the
second and fourth welding passes, was
defined to be positive. 

Methods for Mechanical
Testing of Welds
     Mechanical testing was further per-
formed to investigate the effect of

trailing reverse-side flame heating on
the strength and toughness of the
plate girder welds. Static tensile test-
ing was conducted to determine prop-
erties such as ultimate tensile
strength, yield strength, and elonga-
tion at fracture. Two pieces of full
thickness tensile test specimens were
prepared from the welded flange plate,
as shown in Fig. 8, with and without
trailing reverse-side flame heating.
The tensile specimen based on JIS Z
2241 had a length of 220 mm, and a
width of 40 mm in the parallel por-
tion. The gauge length was 200 mm in
the center of the parallel portion. 
     A Charpy impact test, also known
as the Charpy V-notch test, was also
conducted to determine the amount of
energy absorbed by the material dur-
ing fracture. The Charpy specimens
were prepared from the lower side of
the welded flange plate with and with-
out trailing reverse-side flame heating,
respectively. Three different kinds of
specimens were prepared so that the
V-notch tip region was brought into
line just below the web plate and with
the linearly heated portions during the
first and second welding passes to in-

Fig. 5 — Measurement of transverse shrinkage and angular distortion in both
upper and lower flange plates, and perpendicularity between web and flange
plates.

Fig. 6 — Measurement of longitudinal shrinkage and
bending distortion in both upper and lower flange
plates.

Table 4 — Measurement Results of Transverse Shrinkage of Flange Plates (mm)

                                                                 Longitudinal Position            Avg.        Allowable value
                                                              A         B        C      D      E

  Welding only                 Upper         0          0        0      0      0              0                              
                                           Lower         0          0        0      0      0              0                              
                                                                                                                                                 ±2.0
Welding with trailing     Upper         0          0        0      0      0              0                              
reverseside flame          Lower         0          0        0      0      0              0                              
       heating
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vestigate the effect of trailing reverse-
side flame heating in detail. The
Charpy specimen based on JIS Z 2242
had a length of 55 mm, a width of 10
mm, and a thickness of 10 mm. Three
of each kind of Charpy specimens were
prepared from the same position, as
shown in Fig. 8. 

Results

WeldingInduced Geometric
Imperfections

     In this section, the measurement
results of the geometric imperfections
in the constructed plate girder are

compared with and without trailing re-
verse-side flame heating, and also
with the allowable limits regulated by
the specifications for highway bridges
(Ref. 22). 
     Table 4 shows the measurement
results of transverse shrinkage of the
upper and lower flange plates. The
transverse shrinkage is too small to be
observed at all measurement positions
in both upper and lower flange plates
and is only slightly influenced by trail-
ing reverse-side flame heating. Tables
5 and 6 show the measurement results
of angular distortion of the upper and
lower flange plates and the perpendic-
ularity between the web and flange
plates, respectively. These distortions

vary drastically depending on whether
trailing reverse-side flame heating was
performed. From the results, the an-
gular distortion can be reduced to
nearly zero and the perpendicularity
can be kept within the allowable limits
by welding with trailing reverse-side
flame heating. 
     Tables 7 and 8 show longitudinal
shrinkage and bending distortion of
the plate girder, respectively. The re-
sults show longitudinal shrinkage in-

Fig. 7 — Measurement of height and flatness in web plate.

Fig. 8 — Preparation of mechanical test
specimens from the welded flange plate.

Table 5 —Measurement Results of Angular Distortion of Flange Plates (mm)

                                                                                                                 Longitudinal position                                         Avg.           Allowable value
                                                                                                     A               B                 C                D              E                                                 
                                                       
      Welding only                                           Upper               5.8             5.8              5.9           5.6            5.2               5.6                           
                                                                         Lower               6.0             6.2              6.1           6.2            6.1               6.1                           
                                                                                                                                                                                                                                —
Welding with trailing reverseside             Upper               0.0            –0.3            –0.4          0.0            0.0              –0.1                          
      flame heating                                           Lower               0.3             0.0              0.0           0.0            0.3               0.1                           

Table 6 — Measurement Results of Perpendicularity between Web and Flange Plates (mm)

                                                                                                                                     Longitudinal position                         Avg.            Allowable value
                                                                                                                           A             B             C           D          E

           Welding only                                      Upper right                          –3.1         –4.2        –4.5      –4.7    –5.9           –4.5                             
                                                                          Upper left                           –2.5         –1.6        –1.2      –0.6       0.3           –1.2                                
                                                                        Lower right                          –4.7         –3.4        –2.8      –1.9    –0.7           –2.7                                
                                                                          Lower left                           –1.7         –2.8        –3.0      –4.0    –5.2           –3.3                                
                                                                                                                                                                                                                                      ± 2.5
    Welding with trailing                               Upper right                          –1.8         –1.0        –1.0      –2.0    –1.8           –1.5                                
reverseside flame heating                           Upper left                             1.0           1.0          0.8        2.0       1.0            1.2                                  
                                                                        Lower right                            0.5           0.4          0.8        0.0       0.0            0.3                                  
                                                                          Lower left                           –0.3         –0.6        –0.6        0.0    –0.6           –0.4                                
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creased slightly and longitudinal bend-
ing distortion was generated in the op-
posite direction due to trailing reverse-
side flame heating. This is because the
total heat input provided to the weld-
ed plate girder increased due to trail-
ing reverse-side flame heating. Howev-
er, these deformations were small
enough to be within the allowable lim-
its regulated by the specifications for
highway bridges. 
     Similar results were obtained in the
height and flatness of the web plate,
as shown in Tables 9 and 10, respec-
tively. The height of the web plate was
too small to be observed in both with
and without trailing reverse-side flame
heating. The flatness of the web plate
generated was slightly larger in the op-
posite direction due to trailing reverse-
side flame heating but was small
enough to be within the allowable lim-
its regulated by the specifications for
highway bridges. 
     Based on the results, it can be con-
cluded that the applied methodology
of welding with trailing reverse-side
flame heating can successfully control
welding-induced geometric imperfec-
tions of the plate girder within the al-
lowable limits regulated by the specifi-
cations for highway bridges and with-
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Fig. 9 — Variations of angular distortion in
the upper and lower flange plates during
fabrication.

Fig. 10 — Variations of perpendicularity between web and flange plates during fabrica
tion. A — At lower side of the plate girder; B — at upper side of the plate girder.

Table 7 — Measurement Results of Longitudinal Shrinkage of Flange Plates (mm)

                                                                                                                     Allowable Value 

    Welding only                                            Upper          –1.0                           
                                                                       Lower          –1.0                           
                                                                                                                            ±3.0
Welding with trailing reverseside             Upper          –1.5
          flame heating                                      Lower          –2.0

Table 8 — Measurement Results of Longitudinal Bending Distortion of Flange Plates
(mm).

                                                                                                                               Allowable value 
     Welding only                                                  Upper               0.0                               
                                                                               Lower              –1.0                              
                                                                                                                                          ± 3.4
Welding with trailing reverseside                    Upper               0.0                               
    flame heating                                                 Lower               1.0                               

Table 9 — Measurement Results of Height of Web Plate (mm)

                                                                              Longitudinal position Allowable Value
                                                                            Start      Center      End

    Welding only                                                      0             0            0                         
                                                                                                                                     ± 4.0
    Welding with trailing reverseside                0             0            0                     
    flame heating

Table 10 — Measurement Results of Flatness of Web Plate (mm)

                                                                                                                      Longitudinal Position                                               Allowable Value
                                                                                                           Start                Center                 End                                                             

                            Welding only                                                            0                      –1                      0.5                                                  
                                                                                                                                                                                                                     ±6.0
Welding with trailing reverseside flame heating                          0                       2                         0                                                    

A B
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out significant negative influences on
other deformations. Consequently, im-
proving manufacturing efficiency can
also be achieved by reducing the time
and effort required to correct welding-
induced geometric imperfections. 

Mechanical Properties of Plate
Girder Welds

     In this section, the mechanical test-
ing results are compared with and
without trailing reverse-side flame
heating to clarify the effect of the
heating on the plate girder weld me-
chanical properties. Table 11 shows
yield and ultimate tensile strengths in-
creased slightly due to trailing reverse-
side flame heating. As shown in Table
12, the Charpy values obtained also in-
creased due to trailing reverse-side
flame heating at any location from
which the specimens were prepared.
The cause of the increased Charpy val-
ues is still not clearly known, but it
can at least be guaranteed that the
toughness of the plate girder weld con-
structed by welding with trailing re-
verse-side flame heating was not nega-
tively influenced.
     It is thus concluded that near-net-
shape manufacturing of plate girders in
bridge construction can be achieved
without negative influences on weld
strength and toughness by welding with
trailing reverse-side flame heating.

Discussion
     To provide a more detailed descrip-
tion of the effect of trailing reverse-

side flame heating on welding-induced
geometric imperfections of the plate
girder, the variations in angular dis-
tortion of the flange plate and the per-
pendicularity between the web and
flange plates during four welding pass-
es of plate girder construction are dis-
cussed. Figure 9 shows the measured
variations of angular distortion. Simi-
larly, Figs. 10A and B show the meas-
ured variations of perpendicularity be-
tween the web and flange plates.
Without trailing reverse-side flame
heating, large angular distortion of the
flange plate occurs and the perpendic-
ularity between web and flange plates
moves significantly in the negative di-
rection at the welded side and in a
slightly positive direction at the oppo-
site side. These distortions are gener-
ated additively in the subsequent
welding pass at the opposite side. Con-
sequently, these generated distortions
are significantly large. Similar distor-
tion behavior can be seen in the se-
quence at both the upper and lower
sides of the plate girder. In contrast,
both welding-induced angular distor-
tion of the flange plate and perpendic-
ularity between the web and flange
plates can be successfully controlled by
trailing reverse-side flame heating. 

Conclusions

     In this study, a plate girder used in
bridge construction was welded with
trailing reverse-side flame heating, and
then the effectiveness in controlling the
welding-induced geometric imperfec-
tions within the allowable limits regu-

lated by the specifications for highway
bridges was discussed. In addition, the
mechanical properties of the plate gird-
er fillet welds were investigated, with a
focus on the effect of trailing reverse-
side flame heating. The following con-
clusions were obtained.
     1) Welding with trailing reverse-
side flame heating was realized by us-
ing a gas burner and was applied dur-
ing the fabrication process of the plate
girder in bridge construction. 
     2) The effectiveness of welding
with trailing reverse-side flame heat-
ing in controlling welding-induced
geometric imperfections in the plate
girder was validated through compari-
son with the allowable limits regulated
by the specifications for highway
bridges. Angular distortion of the
flange plates and perpendicularity be-
tween web and flange plates can be
successfully controlled without signifi-
cant negative influences on other
deformations. 
     3) The mechanical properties of
strength and toughness of the plate
girder welds were investigated, with a
focus on the effect of trailing reverse-
side flame heating. It was confirmed
the strength and toughness of the
plate girder welds were not influenced
negatively by trailing reverse-side
flame heating.

      1. Pasternak, H., Launert, B., and
Krausche, T. 2015. Welding of girders with
thick plates — fabrication, measurement
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Table 11 — Results of Tensile Tests

                                                                                    Yield Strength, Y (MPa)             Tensile Strength, T (MPa)            Elongation (%)          YR (%)

                      Welding only                                                          343                                                    520                                           22                        66
                                                                                                       344                                                    521                                           23                        66

   Welding with trailing reverseside                                       373                                                    532                                           25                        70
                     flame heating                                                         366                                                    532                                           23                        69

Table 12 — Results of Charpy Impact Test

                                                                              Notched Tip Position                      Absorbed Energy (J)                               Brittle Fracture Rate (%)

            Welding only                                                      1st pass                                                 69                                                                  40
                                                                                           center                                                  87                                                                  35
Welding with trailing reverseside                              1st pass                                                 96                                                                  40
          flame heating                                                     2nd pass                                                91                                                                  25
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