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STUDIES ON RESIDUAL STRESSES AND DEFORMATION
DUE TO WELDING IN SHIPBUILDING

The association concerned has conducted a series of study mainly on shrinkage and
stress in fundamental ]OIIlt and obtained the basic 1dea of the problem on shrinkage and
residual stress to a certain extent. The study will be partly continued this year in
trying. to reﬂect the effort more on the practical aspect of the problem

Subjects studied in this work are as follows :—

1 Effect of welding sequence upon residual stresses

2 Measurement of residual stress in actual ships

‘a) Preliminary experiment with Gunnert’s appratus
b) Experimental construction of X-ray stress measurement device.

1 Effect of Welding Sequence on Residual Stresses

Effect of welding sequence on transverse shrlnkage and residual stress is investigated
in this report. ' h : : ' T '

Slit-type specimen, 1,200 X 800X 19 mm in size and having slit form butt joint in the
center' part’ of "it is used in this experiment. The experimént was performed in four
serieses of which main objects are mentioned below :— '

‘1st series: Investigation on thie principle of superposition in block sequence,

2nd series: - Effect of weld length (slit’is fully welded), -

3rd series: Effect of length of slit (constant weld length),

" 4th series: Comparison betwéen ‘multilayer and-block sequence

In the experiment the measurement was conducted on the following items:—

i) Transverse shrinkage produced by welding: by measurmg machine at each
layer of welding,

ii) Dislocation due to slitting along weld line: by measuring machine,

ili) Residual stress: by electric resistance wire strain gauges exceptmg one speci-
men on which Gunhert’s strain indicator was adopted.

In the course of analysis, the authors attempted to establish a method of quantitative
investigation on this problem. Theoretical treatment similar to Prandtl’s wing theory are
widely adopted in the ana1y51s of experimental results. The results obtained are summa-
rized as follows:— -

1) Transverse shrinkage

In case of specimens welded by multilayer sequence, the form of shrinkage constitutes
a fair curve taking larger value in the center region of slit; however, it does not con-
stitute a fair curve when block welding sequence is adopted. There exists a principle
of superposition in regard to the transverse shrinkage prodﬁced by block welding se-
quence. '

The value of transverse shrinkage increases in accordance with the progress of
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welding. In this connection there exists a linear relation between the mean value of
shrinkage and logarithm of weight of deposited metal or that of electrode consumed,
when the increase of shrinkage during multilayer welding is concerned. When the block
welding sequence is adopted, this logarithmic relation holds good as far as the increase
of shrinkage and that of weight of deposited metal are taken into consideration, but
this relation does not hold good when these values are considered across two blocks
and over.

The value of shrinkage rriay be affected by the change in degree of constraint of
weld joint. In order to carry out an analytical investigation on this problem, a coefficient
of constraint K expressing the degree of constraint is used. This coefficient K is defined

by following factors:—
i) length of slit,
ii) length of weld,
iii) relative situation of weld to slit.

By using above mentioned logarithmic relation and the coefficient of constraint K
the authors obtained an experimental formula expressing the value of shrinkage as a
function of coefficient of constraint K and weight of deposited metal.

2) Residual stress

Distribution of residual stress shows a fair curve when the specimen is welded by
block. Maximum value of residual stress in tensile is produced at the center of weld, and
the value of transverse stress at that point increases accordingly with the increase
in degree of constraint. When the specimen is welded by two or more blocks, however,
there occurs a fairly different phenomenon and the distribution of residual stress shows
much complicated one even when complete multilayer sequence is adopted.

3) Dislocation

Dislocation resulting from slitting along weld line is almost similar to transverse
shrinkage in its form and slightly small in its quantity. Consequently, the majority of
transverse shrinkage produced in this type of specimen is of elastic nature. Longitudinal
shrinkage has only a slight effect upon dislocation.

4) Relations among transverse shrinkage, dislocation and transverse stress

As there is a close relation among transverse shrinkage, dislocation and transverse
stress, an attempt was made for examining the interrelation of them, and a new method
of estimating the distribution of residual stress from the value of transverse shrinkage
has been established. ,

Since the distribution of residual stress on the weld line is considerably uneven when
any kind of welding sequence is adopted, therefore, it seems to be impossible in a
practical sense to control the distribution of residual stress on the weld line in actual
work. The value of strain energy U stored in joint, however, is considered to be possi-
ble to control. And in this connection, less value of strain energy is producéd by
block sequence. i

2 Measurement of Residual Stresses in Actual Ships

a) Preliminary Experiments with Gunnert’s Apparatus
It is an interesting problem to realize the magnitudes and the distributions of




residual stress in welded éhips, but this problem has not been studied due to the fact
that the measurement of residual stress in actual ship was considered very difficult.

In recent years, however, a simple instrument for measuring residual stress in welded
structure, namely, Gunnert’s strain meter, was imported into Japan. Consequently, this
strain meter was used for measuring the residual stress in welded ships through the
preliminary experiment.

This report is the result of measurement of residual stress in two ships built in
1954. These two ships were named *Ship A’ and ‘““Ship B’’, respectively. Their

outlines are shown in Fig. 2.1 and Table 21. The result on Ship A is shown in Figs.
23 to 26 and on Ship B in Fig. 27.
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IFig. 1-2 Welding Procedure

CRIAREH = LB-26) % JHu foo b OB T 1o & ket &z Table 1-1 o &
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e Fig. 1-2 W4 O L REMT TR % 4 Ba
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Table 1-1 Standard Welding Conditions

f

Hmenite type
B-17

Low Hydrogen typ
LB-26

Welding Arc Travelling .
Classification Current Voltage Speed gg?gzﬁlcori
(Amp.) (Volt) (mm;/min) y

JIS D 4301 170 ' 24 170 0.64

¢ JIS D 4316 185 ! 24 170 0.70

* Deposition Efficiency
A=W, /W

where, W:
Wy:

weight of electrode consumed
weight of deposited metal

The valué of deposition efficiency for these electrodes were quoted from

““ Welding Note,” 1955, published by the Kobe Steel Works.
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Table 1-2 Condition of KExperiment

1st Series: Investigation on the Principle of Superposition

in Block Welding Sequence

N ; Leggth of Slit Wuld‘Length‘ .
ool | Destuned) | Cesigned) Welding Sequence
(mm) (mm) |
\
1-1 500 166. 7 = —2> -3 |
1-2 500 166.7 Ei=—3—~— 2]
1-3 166. 7 = — > —2-» .
) 500 6 32—l —2>) Block welding sequence
1-4 300 150 Eo =25
1-5 300 150 =25 -=]
1-6 150 150 =15
2nd Series: Effect of Weld Length (slit is fully welded)
2-1 200 200
2-2 150 150 =]
(Same as Spec. No. 1-6)
2-3 100 100
2-4 75 75 =
3rd Series: Effect of Length of Slit (constant weld length)
31 500 166. 7 - ] //L,=0.33 (Same as lst block of Spec.
No. 1-3)
3-2 350 150 I]L,=0.43
3-3 250 150 | I/L,=0. 60
3-4 150 150 [/L,=1.00 (Same as Spec. No. 1-6)
4th Series: Comparison letween Multilayer and Block Welding Scquence
4-1 450 150 Complete multilayer
4-2 450 150 Block welding after completing 1st layer
4-3 450 150 Block welding after multilayer welding
4 layers
4-4 450 150 Multilayer sequence after welding 2 layers
by block sequence
4-5 450 150 Multilayer sequence after welding 4 layers
by block sequence
4-6 450 150 Multilayer sequence (shifted) after welding
‘ 4 layers by block secquence



Table 1-3 Details ofAWelding Sequence

(a) 1st Series: Block Welding Sequence

Spec. No. 1-1 Spec. No. 1-2 Spec. No. 1-3
BLOCK BLOCK ] BLOCK
- 1 2 T3 1-2 1 3 2 1=3 3 1 2
A4 7 15 | 23 A4 |7 23 15 A-423 7 15
A-3 | (5) | 13 21 A3 | 5 21 | 13 | A3 1721 | (5) | 13
w | A2 (3 Ty | a9y | x| A2 [T3Y | (9) | a1y’ ~ A2 A9 | (3) |aD
g A1) T an @ AT [ (D) |dd [-(9) E A-1 | aD (1) [(9)
< [ B-1 ] (2)] (0) | (I18) < | BT | (2) ] a8 | ao < [ B-1]38 ] (2) | 1o
= B2 | (1) |12 o = [ B-2 | (4) | (20 | (12 = B2 120 | (4) | (12
B-3 | (6) [ (19) |2 B-3 | (6) | &2 | a4 B-3 |7 (Z2) | (6) | (14
B4 (8)17(16) | (29 B-4 [ (8) 124 | (6) B-4 | (24) | (8) | (16)
Spec. No. 1-4 Spec. No. 1-5 Spec. No. 1-6
BLOCK BLOCK R BLOCK
¥1 4 e 1-5 5 1 1-6 7
A-4 |7 T A4 |15 7 A4 7
A3 5 13 A-37| 13 5 A3 5
v A2 (3) [ dy v A2 | (1) |(3) v A2 (D)
;r:‘ A1 (D) 9y B AT (9) | () 8 AT (1)
= [ B11 ) a0 Z MBI a0 (D 2B
= 1 B-2 [ (4) [ 12)] = | B-2 | (%) | (4) = I'B-2 | (1)
B3 | (6) | (4) B-3 | (14) | (6) | B-3 (6)
B-4717(8) | (18 B-4 | (16) | (®) B-4 | (8)
(b) 4th Series: Comparison between Multilayer and Block Welding Sequence
Spec. No. 4-1 Spec. No. 4-2 Spec. No. 4-3
Complete Multilayer 1st Layer: Multilayer Ist~4th Layer: Mult.
2nd~8th Layer: Block 5th~8th Layer: Block
BLOCK BLOCK BLOCK
4-1 1 2 3 4-2 1 2 3 -3 1 2 3
A4 719 " 20 [ 21 ] T (A4 | 9 16 23 - (A4 | 15 19 23
A3 713 |14 |15 A3 | 7 14 21 AZ3 713 17 21
w | A2 7T 8 |9 x| A2 5 12 | 19 w |[A2[7 8 9
g AT (1Y) 2y (%) = TATT |1 2 [ (3y ;4 A1 | 1 2 | (3)
< |B17 1 5 ] (6) : B-1 | 4 11 18 < |[Ba1 ] 14 5 6
= B2 10 11 | (12) | = B-2 | (6) | 3 | 2O = B2 | 10 11 | (12)
‘B3| 16 177 (18) B-3 8 | 15 | 22 B-3 |14 | 18 | 22
B-4 | 22 | 23 | (24) B-4 | (10) | (17) | (24) B-4 | (16) | (20) | (24)
Spec. No. 4-4 Spec. No. 4-5 Spec. No. 4-6
lst~4th Layer: Block Ist~2nd Layer: Block Ist~4th Layer: Block
Sth~8th Layer: Mult. 3rd~8th Layer: Mult. 5th~8th Layer: Mult.
(Shifted)
BLOCK BRLOCK BLOCK
e 1 (2 3 45 T [ 2 | 3 46 1 [ 2] 3
A [TI9| T30 T2 A4 719 20 21 A-4 | 21 |32 | @3)
A3 T3 a5y A-3 | 13 14 15 A-3 | 1371415 | (16)
o | A2 [ 3T T w | A2 7 |8 _[(9) v | A2| 3 |7 l 11
2 AL T 5 9 BAT T 3 5 BOoA-1 1 ] 5 9
< | Bl 2 [ 6 10 < | B-1T(2)|(4)] (6) : B-1 | 2 ) 6 10
= B2 T4 T8y T = | B-2 7] 10 11 ] (12) =S [ B-2 | (4) | (8) | 12)
B3 | 16 | i7 |8y B-3 | 16 17 | (18) B-3 | 17 [18 [ 19| (20)
B-4 | 227 5|20 B4 | 22 23 | (24) B-47| 24 |25 | (26)

1) 2nd & 3rd Series: Details of welding sequence for specimens belonging to 2nd and 3rd series
" of experiment are the same as that of Spec. No. 1-6.
2) Direction of Welding : Welding was performed from the left to the right in the above tables.
3) Measurement of Shrinkage: The values of shrinkage were measured at some stages of welding.
Brackets ( ) in the above table show these stages.
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Table 1-4 Length of Slit and Weld Length

Length of Slit (mm) ; ngd I(ngth ! (mm)
No. of Spec. No. of Block — = o —i
! Vl,‘)]f,l;g',}ful, i Agtua{l ,leu'“ ' Dcmgned Agtudl
. _ ¥4 ¢ O Rl L {) . -
1-1 1 l 500 513 166. 7 173
2 333. 3 340 166. 7 166
3 166. 7 174 166, 7 174
1-2 1 500 523 166. 7 174
2 333.3 349 166. 7 175
3 166.7 174 166.7 | 174
1-3 1 500 510 166. 7 163
2 166. 7 176 166. 7 176
3 166. 7 171 166. 7 171
1-4 1 300 340 150 168
2 150 172 150 172
1-5 1 300 337 150 172
2 150 165 150 165
1-6 — 150 202 150 ‘ 202
2-1 — © 200 224 200 224
2-2 — Same as Spec. No. 1-6
2-3 — 100 129 100 129
2-4 — 7 96 75 96
3-1 — Same as 1st Block of Spec. No. 1-3
3-2 - . 350 390 150 149
3-3 , — 250 300 150 150
3-4 — Same as Spec. No. 1-6
4-1 — 450 492 450 492
4--2 — 450 493 - 450 493
4-3 — 450 495 450 495
4-4 — 450 495 450 495
4-5 — 450 491 450 491
4-6 — 450 489 450 489
& 1-1~1-5 o7 ey v EDIIE Lo CHTURO B ORE 0347 2 5, 3R 1-1, 1-4 &

1-2, 1-5 L TR ENROTWD, Thbb 1-1 0ff 2 7w 2B 14 0 1 7ey 2k
KRIEBEOHEF L, DKL DITh BN e Dl ~FE A T2 Tl h, KEHT 1-2, 1-5 o Fhic
D TEINH D AN B BRI B IHICHFEHSAT >0 5, E0@nlt 1-1~1-3 ik Tk « 4
MOFICNNCIEHET B b0, I T m o 2 BREBICIERT 5 b0, K LU T A L0 EER
TiB,

B2, 00 3 AN RO 1 RPN B B0 TR 80 T e STV

FieE LTCER LA LD TH>T, Tl Lo, 2% 70 o b—ME-T o8 a1 o0 T

DIFTFEEOEMA, 03 BN EOE G0 A Y & F DR SOWMA L6~ L 910 DT
o

— 5 —
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Table 1-5 Characteristics of Strain Gaugces

Type Gauge Length Gauge Resist. Gauge Factor Remarks
- (mm) ()
K-22 9 120 2.0
KR-4 9 120 2.0 Dual direction

These gauges are manufactured by Kyowa-musen Kenkyujo Co.
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(@) Experimental results (4th series).
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Note:

1) Comparison between Block and
Multilayer Sequence C
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0 05 i 10 15 Mult. after Block Weld. 2 Layers:
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mm

-05L

{b) Schematic diagram . 2)
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Fig. 1-11 Decrease in Shrinkage by the Employment of Block Sequence
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No. of | Slit | Weld ?‘Jcefr;ts‘t 7/ at | Ku,<' at
No. | Spec. & |Length Length| 4L |20 /Omm; log w, log w, Remarks
Block Lmm | /mm . g =1.0 =10
/mm

1 1 513 173 0.334 51.6 0.420 21.7

2 |1-1] 2 340 164 0.488 56.4 0.350 19.7

3 3 174 174 1.000 76.8 0.337 25.8

4 1 523 174 0.330 52.0 0.385 20.0

5 |i-2]| 2 349 175 0.502 55.2 0.440 23.25

6 3 174 174 1.000 76.8 0.275 21.1

7 1 510 163 0.320 38.3 0.525 20.2 Same as Spec. No. 31

8 11-3]| 2 176 176 1.000 76.0 0.315 23.9

9 3 171 171 1.000 78.2 0.320 25.0

0,01 340 168 0.494 57.0 0.337 19.2

11 2 172 172 1.000 77.8 0.315 24.5

120, 201 337 172 0.510 55.5 0.370 20.5

13 2 165 165 1.000 81.0 0.300 24.3

207 . Same as Spec. No. 2-2.

14 1-6 202 202 1.000 66.2 0.321 21.2 % No. 3.4

15 2-1 224 224 1.000 59.6 0.375 22.3

16 2-3 129 129 1.000 103.5 0.240 24.8

17 2-4 96 96 1.000 139.1 0.190 26.4

18 3-2 390 149 0.382 45.6 0.465 21.2

19 3-3 290 150 | 0.518 52.2 0.400 20 85

. - Welded by Multilayer
20 441 492 492 1.000 27.7 0.780 21.4 Sequence
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Fig. 1-17 Effect of Degree of Constraint on Transverse
Shrinkage (log w;=1.0)
Note:

1) K: Coefficient of constraint defined by Eq. (10)

2) Notations 1, 2,....and 19 show the number of weld as shown below.
First and second number show the number of specimen; and the third
the number of block.

1: 1-1-1 (L)....Ist block of specimen No. 1-1

2: 1-1-2 (L)....2nd block of specimen No. 1-1

3: 1-1-3 (K)....3rd block of specimen No. 1-1

4: 1-2-1 (L), 5: 1-2-2 (S), 6: 1-2-3 (&),

7: 1-3-1 (E) and 3-1 (&), 8: 1-3-2 (&), 9: 1-3-3 (L),

10: 1-4-1 (L), 11: 1-4-2 (£),

12: 1-5-1 (S), 13: 1-5-2 (E), 14: 1-6 (E) and 2-2 (E),

15: 2-1 (E), 16: 2-3 (E), 17: 2-4 (F),

18: 3-2 (E), 19: 3-3 (L), 20: 4-1 (), Multilayer Seq.,
where, notations L, S, E indicate the relations between the direction of weld-
ing and the geometry of joint as shown below.

Notation L: Welding is performed starting from the part where the con-
straint is large to that small.
Notation S: Welding is performed starting from the part where the con-
straint is small to that large.
Notation E: Geometry of joint is symmetric about the center of slit.
The effect of welding direction on shrinkage is studied by comparing these
notations. ' ) :
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1) % oM
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4=(4.82 logw+3.06) K3 ... (1-8)
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Change of Unfairness Index of
Shrinkage ¢ during the Progress
of Welding (4th Series)
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Table 1-7 Comparison between Wing Theory and Theory of Inherent Stress

Wing Theory

=G

AY
(=
Oxo

velocity : u, v

wing breadth: &
Down-wash: w

1 ¢ 1 ,dr
= . LI %
w 4rx S—/,/z x—x’ < dx )l *
I'; circulation
p : density

r=2b Vi Ay sin nf
[}

W=V nA, S0l
w=1 sin §

where,
V: velocity at infinity

x:%cos 7]

Lift: L

b2

L:pVS/

-hi2

I'(x)dx

T,/
=V (z Ausin n()) sin 0 do
{0 1

= 72r pb*V*EA,

The magnitude of lift is determined only
by the value of A,. '
Induced Resistance

Ty
D;= pS I'(x)w(x)dx
-b)2

= T oBVEY n A
w=1
put,
ZnA’IL::(1+6)A|:
1
Di 21»(1 +é)L*
npb*V*

2
The magnitude of induced resistance be-
comes to the minimum when the distribution
of circulation is of elliptical one if the lift
and wing breadth are constant.
(Down-wash is uniform along the
wing breadth.)

Theory of Inherent Stress

stress: oz, gy, Tz
weld length: L (slit length)
Transverse stress on slit line: oy,

oo ESL/E 1 <(lli’ij>‘ Ay’

4z d—; e x—x"\ dx
E

. [7]: dislocation (transverse shrinkage)

Younge’s moduls

[v]= i Ay sin n
- n=1

S nAqsin né

£
2L = sin f

Typ=

where x= -Ié—cos [

Mean Dislocation (Mean Shrinkage): [i'
e
2]

e oo
- 19 %(z Ay sin n0>sin 6do
[ 1 \

[v]dx

-Le—

T
=—"_A
et

The magnitude of mean dislocation is
determined only by the value of A..
Strain Energy: U

1

Lz —
U= TJS#A/:’ ”,"u‘i ~dx
= _L nkt i nAn®
16 =1
put,
SnAL=1+0)AF
- ”1_?(1%)/11:: *;rf [T F(L9)

The magnitude of strain energy becomes
to the minimum when the distribution of
dislocation is of elliptical one if the weld
length and mean dislocation (mean shrinkage)
are constant.

(Transverse stress along the weld
line is uniform.)
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Fig. 1-24 Strain Change due to Reicasing
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Fig. 1-25 Distribution of Residual Stress
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