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Restraint Stresses and Strains Due to Slit Weld in Rectangular

Plate (Report i)t

-— Effective Restraint Intensities of a Slit in a Thick Finite Plate —

Yukio UEDA ¥, Keiji FUKUDA ** and You Chul KiM**#*

In recent years, according to the scaling up of welding structures, the demand for welding of thicker plates increases.
In case of the first pass weld of a thick plate, the throat thickness is smaller than the thickness of base plate. In this case,
it is hard to presume that the thickness of base plate at the groove is entirely effective. For this reason, two dimensional
restraint intensities estimated on the assumption that the plate thickness is entirely effective cannot be used as dynamical
measures for cold cracking caused by the first pass weld in the case of a thick plate.

In this paper, two types of restraint intensities are analyzed by three dimensional elastic analysis with the aid of the
finite element method. From the calculated results, the effect of the small throat thickness and the influence of the
shape of groove on the restraint intensity are studied. Moreover, assuming that the first pass weld is laid deviated from
the center of the plate thickness, the influence of the eccentricity is also investigated.

Based on these results, general formulae to evaluate effective restraint intensities are proposed. Henceforth, it is no
more necessary to conduct a three dimensional elastic analysis which requires a huge amount of computing time and

expense,
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1. Introduction

In order to prevent cold cracking, it is desired from the
dynamical viewpoint that welded stress and strain can be
predicted prior to an actual welding. In this regard, a
series of researches have been carried out on the first pass
weld of a slit welded joint representing a two dimensional
restraint state in which thermal expansion and shrinkage
varies along the weld line! ™). (The same kind of problem
in a one dimensional restraint state has been well studied.)

At present, restraint intensities are often used as a
dynamical measure for cold cracking in a two dimensional
restraint state. Restraint intensity R at a point can be
defined as,

R=p/§
where,

p: load per unit weld length (kg/mm)
&: dislocation in a groove (mm)

The value of the restraint intensity changes in accordance

with the change of values applied to » and 6 in the above

equation. There are mainly three types of restraint
intensities.

(1) Restraint intensity which can be calculated using
measured residual stresses and dislocation produced
by cutting the weld metal along the slit: R,

(2) Restraint intensity which can be calculated on the
assumption that residual stresses produced in the
weld metal are uniform along the slit (restraint
intensity under uniformly distributed loads): Rp

(3) Restraint intensity which can be calculated on the
assumption that dislocation is uniform along the slit
(restraint intensity under uniform dislocation): Rs

On the other hand, restraint stresses and strains (elastic

restraint strain + plastic restraint starin) produced in the

weld metal are presumed to be dynamical measures which
represent the severity of the dynamical restraint condition
in a two dimensional restraint state. Using these dy-
namical measures, the dynamical background and the
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applicability of restraint intensities have been investi-
gateda)ﬂ). Consequently, it is clarified that restraint
intensities can be applied as brief dynamical measures for
cold cracking in the two dimensional restraint state within
certain limits.

In recent years, according to the scaling up of welding
structures such as industrial machinery and pressure
vessels, the demand for welding of thicker plates increases.
In case of the first pass weld of a thick plate, the throat
thickness is smaller than the plate thickness of the base
plate, so that the major part of the base plate thickness
bears no stress. In this case, it is hard to presume that the
plate thickness of the groove is entirely effective. For this
reason, two dimensional restraint intensities estimated on
the assumption that the plate thickness of a groove is
entirely effective cannot be used as dynamical.measures
for cold cracking caused by the first pass weld of a thick
plate. It is, therefore, necessary to investigate the effect
of the throat thickness which is smaller than-the plate
thickness of the base plate®).

In this paper, among the formerly mentioned three
types of restraint intensities, two types which can be
determined only from the geometry under uniformly
distributed loads and uniform dislocation are chosen
and directly analyzed by a three dimensional elastic
analysis with the aid of the finite element method. From
the calculated results, the effect of the small throat
thickness is investigated. In these analyses, I-groove is
used, though there are various types of grooves for actual
welding. Therefore, it is necessary to further investigate
how different grooves influence restraint intensity. More-
over, assuming that the first pass weld is laid deviated
from the center of the plate thickness, the influence of
the eccentricity is investigated. Based on these results,
more general equations to calculate effective restraint
intensities (restraint intensities under consideration of the
influence of the small throat thickness) are proposed.
Henceforth, it is no more necessary to conduct a three
dimensional elastic analysis which requires a huge amount
of computing time and expense.

2. Two Dimensional Restraint Intensities Under Entirely
Effective Plate Thickness of a Groove

An analytical method to accurately estimate restraint
intensities Rp and Rg, respectively under uniformly dis-
tributed loads and uniform dislocation, and highly ac-
curate approximating equations have been already prop-
osed”. In the analysis, an analytical solution for an
infinite plate and a finite element solution are superposed
so that the boundary conditions are satisfied. They are
reviewed here since their results are needed in Chapter 4.
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2.1 Two dimensional restraint intensity under uniformly
distributed loads
If the plate breadth B, the plate length L, and the slit
length [ are in the ratio of B/I>1.8 and L/I>>1.5, this kind
of two dimensional restraint intensity can be simply
calculated with accuracy by the following equations.

1) Rp=(1-Bp) Ry e))
: restraint intensity of a finite plate
= E h
2) Rp=22(1-6,)7 @
: average restraint intensity of a finite
plate
- E h 1 _
3)Rp Y T T 3)
: restraint intensity of an infinite plate
(analytical solution)
where,
Bp = 0.6/(L/N" +0.75/(B/1)"*2 (4)

n=58/(B/I)?* +2.2
Bp: correction factor to a finite plate
E: Young’s modulus, #: plate thickness,
X =2x/1

2.2 Two dimensional restraint intensity under uniform
dislocation

With the same ratio of B/I>>1.8 and L/I>>1.5 asin 2.1,
this kind of two dimensional restraint intensity can be
simply and accurately calculated by the following
equations.

1) Rs = [1—(1 —X?)Bs0lRs
: restraint intensity in a finite plate

&)

2) The average restraint intensity cannot be calculated
because the integrated value of Rj along the slit
becomes infinite.

E h 1

w_ £ n 1 6
: restraint intensity in an infinite plate
(analytical solution)
where, ,
Bso=26p (7

: correction factor to finite plate
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2.3 Relative relations between two types of restraint
intensities, R, and R,

In the region where B/I>1.8 and L/I>1.5, the correc-
tion factors to a finite plate, 8, and fs¢, have a relation
shown by Eq. (7). In this regard, two restraint intensities,
Rp and R, can be related as follows.

Rp= m (1 — ﬁp)\/l —X

Rs 2 1-2B,(1—X?)

®

In this consequence, these restraint intensities can be
converted each other using Eq. (8).

The relative relation (Eq. (8)) between these restraint
intensities in a finite plate is in the proportion of
(m/2)[(1 — Bp)/(1 —2Bp)] at the center of the slit,
though their distributions along the slit are complicated.
If the correction factor 8, to a finite plate is set zero in
Eq. (8), the relative relation between these restraint
intensities in an infinite plate can be given as,

Rp/R; = (n/2)/1 — X*

This equation indicates that the magnitude at the center
of the slit is (7/2) and the distribution along the slit is
elliptical. On the other hand, if B/I>4 and L/I>3.5, the
restraint intensity R p approximates to that of an infinite
plate. So is the restraint intensity Rs with B/I>5 and
L/I>4.5. Therefore, Eq. (9) can be applied to the region
where B/I>5 and L/I1>4.5.

©)

3. Effective Restraint Intensities by Three Dimensional
Elastic Analysis with the Aid of F.EM.

Applying the finite element method (F.E.M.), ef-
fective restraint intensities are obtained by a three dimen-
sional elastic analysis. The effectiveness of the throat
thickness is investigated from the calculated results.

The model used in this three dimensional analysis is
shown by Fig. 1. Three dimensional analyses are carried

z
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A-A section

o o
N

Fig. 1  Slit weld specimen of thick plate
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out on the Y-groove weld cracking test specimen (B =150,
L = 200, I = 80 (mm)) keeping the throat thickness
h,, =5 mm constant and changing the plate thickness as
h =30, 50, and 100 (mm).

The first pass weld is presumed to be laid at the cneter
of the plate thickness. In this consequence, the model to
be analyzed becomes symmetric with respect to x, y
and z axes, so that 1/8 of the whole specimen is analyzed.

3.1 Effective restraint intensity under uniformly distri-
buted loads: (R,)y

Uniformly distributed stresses p, (kg/mm?) are loaded
only for the throat thickness along the slit. The disloca-
tion 8¢ (z) produced in the throat thickness is obtained
by a three dimensional elastic analysis, so that the effec-
tive restraint intensity (Rp)y can be calculated by the
following equation.

1 hy/2

(Rp)n =pohyw/ e

o s 85 (2) dz

(10)

In Fig. 2, the calculated results of the effective restraint
intensity (Rp)y along the slit are shown by solid lines for
respective cases when the plate thickness is 30 mm and
50 mm. The broken lines indicate the results of the two
dimensional restraint intensity R, calculated by Eq. (11)
on the assumption that the plate thickness of the base
plate is entirely effective.

(Rp )y (kg/mm-mm )

i | i 1 ¥
]
g000 L =30 mm !
Rp i
6000 | \ 7 /]
/', r/
4000 L e i
2000 t:: """"" (Rp )\ |
7 Rp
0

8000

6000

4000

2000

1.0

Fig. 2 Distribution of effective restraint intensities along slit
(uniformly distributed loads)
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3.2 Effective restraint intensity under uniform disloca-
tion: (R; )p

A thick plate is loaded with uniform dislocation §, for
the throat thickness. According to the conventional
definition, if the stress og (z) produced in a throat -under
such loading condition is obtained by a three dimensional
elastic analysis, the effective restraint intensity (Rs)p is
calculated by the following equation using the obtained
stress gy (2).

1 Aw/2 ‘
Rodn=s [0 0 @dz-hulsy (1)
—wi

However, an accurate analysis based on the theory of
elasticity reveals that the stress gy produced in a throat
under this loading condition is infinite (05 (Zhy,[2) = =)
on the top and .bottom surfaces of the throat (z=
*h,,/2)®), so that the restraint intensity under uniform
dislocation cannot be calculated.
the finite element method is applied to a calculation,
the reaction force produced in the throat can be estimated
as the nodal reaction force Fj, so that the integrated value
of the stress in the throat becomes finite. The nodal
reaction force F; can be obtained by a three dimensional
elastic analysis. Therefore, the effective restraint intensity
(Rs )y under uniform dislocation can be calculated by the
following equation.

(Rg )y (kg/mm-mm )

i i I

i 'II
h=30 mm Ry #

8000 |-

6000

4000

2000

0

8000

6000

4000

2000

Fig. 3 Distribution of effective restraint intensities along slit
(uniform dislocation)

Contrary to this, if
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1 k '
(Rs)n = T 121 Frléo (12)

The effective restraint intensity (Rs)y distributed
along the slit is shown by solid lines in Fig. 3 for respec-
tive cases when the plate thickness 4 is 30 mm and 50 mm.
The broken lines show the two dimensional restraint
intensity Rs calculated by Eq. (5). Both restraint intensi-
ties become infinite at the slit end.

As is stated above, when the throat thickness is smaller
than the plate thickness of the base plate, the plate
thickness of the groove is not entirely effective and
restraint intensities decrease a great deal. In this con-
sequence, as far as the first pass weld of a thick plate is
concerned, the effect of the smaller throat thickness
needs be corrected. The method of correction is stated
in the following chapter.

4. Effectiveness of Base Plate and Proposal of a Cor-
rection Factor for Smaller Throat Thickness

When the throat thickness is smaller than the plate
thickness of the base plate, restraint intensities decrease a
great deal. In this chapter, it is shown that the analytical-
ly derived correction factor n for the effect of smaller
throat thickness of a one dimensional restraint joint
(Fig. 6) which has been already proposed in Ref. 1) is
also applicable to the two dimensional restraint state.
The applicability of the factor is thus to be proved.

The above mentioned correction factor 1 is com-
bined with respective two dimensional restraint intensities,
Rp (Eq.(1)) and Rs (Eq.(5)), so that the effective
restraint intensities (R p)n and (Rs )y are obtained.

(Rp)n = an (13)

: effective restraint intensity of a finite
plate under uniformly distributed loads
(Rs)n=nRs (14)
: effective restraint intensity of a finite
plate under uniform dislocation

where,

1
T3 8 <sin muh,, R\’ _sinh? mnB/h
B m=1 ma\ mmuh,,/h / sinh2mnB/h+2mnBlh
: correction factor for the effect of
smaller throat thickness

(15)
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The effective restraint intensities calculated by
Egs. (13) and (14) are shown by the chain line respectively
in Figs. 2 and 3. They indicate that Eq. (13) gives an
accurate effective restraint intensity under uniformly
distributed loads (Fig.2), while Eq. (14) provides one
under uniform dislocation somehow overestimated near
the slit end (Fig.3). Nevertheless, Eq. (14) is more
practical than a three dimensional analysis which requires
a huge amount of computing time and expense.

The average effective restraint intensity (Rp)y of a
finite plate subjected to uniformly distributed loads can
be calculated as follows.

= E h
Rpn =201 — Bp) —
: average effective restraint intensity of
a finite plate under uniformly
distributed loads

(16)

In Fig. 4, the average effective restraint intensity cal-
culated by Eq. (16) is shown by a solid line and the result

(Rp )y (kg/mm-mm )

T L I
B =150 = |
6000 - | - 200 ARt
2= 80 “ord g
hw= 5
(in mm)
4000 |- L 4
1R,
2000 | -
® ® ;: 3-dim. analysis by F.E.M.
L 1
0 5 10 15 20

h/ hy

Fig. 4 Effect of plate thickness on (Rp)n

of a three dimensional elastic analysis by [®_|. The chain
line shows the result calculated by Eq.(16) with n=1,
which corresponds to the two dimensional average re-
straint intensity Rp (Eq.(2)) calculated on the assump-
tion that the plate thickness of the groove is entirely
effective.

In accordance with the increase of the ratio between
the thickness of the base plate /4 and the throat thickness
hy, hlhy, the effective restraint intensity increases
monotonously so as to converge to a certain value (Fig. 4).
As far as h/h,, is less than 3.5 (k/h,,<3.5), the plate
thickness of the groove can be considered to be entirely
effective.
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The solid line in Fig. 5 shows the correction factor
for the effect of smaller throat thickness, 1, calculated
by Eq. (15), which corresponds to the increase of k/h,,.
While ["®_] in Fig. 5 shows the result of the three dimen-
sional elastic analysis which is the average of n along the
slit length. The correction factor 7 calculated by Eq. (15)
represents well the effect of throat thickness also for the
two dimensional restraint state.

7(%)
100 T T T
B=150
L =200
80 - 7 2= 80 7
] hy= 5
\( (in mm)
60 - -1
®
40 - =
® ; 3-dim. analysis
by F.E.M.
20r 7 8 h hlz h B/1 ]
= h sin mah,/ inh2mz B/h
145 2l T ) n Toun B/F £ 2mn BT
0 J I |
1 5 10 15 20
h / hy

Fig. 5 Correction factor: 7 for throat thickness

5. Effect of Grooves and Influence of Eccentricity from
the Center of Plate Thickness

I-groove is used to the three dimensional elastic analy-
sis. However, there are many kinds of grooves which are
used in practical cases. In this chapter, therefore, it is
investigated how the effective restraint intensities are
influenced by the shape of groove and the eccentric
distance of the first pass weld from the center of the
plate thickness,

5.1 Effect of the shape of groove

The influence of the shape of groove on the effective
restraint intensities is investigated based on the stress
distribution produced in a one dimensional restraint joint
from which the formerly mentioned correction factor for
the effect of smaller throat thickness, 7, is derived (Fig. 6).

When uniformly distributed stresses p, are imposed
only for the throat thickness (Fig. 6 (b)), stresses are
produced in an arbitrary position (x, y) of the plate.
Using the Fourie series, the stresses are calculated. The
results are shown in the appendix of the reference 1). As
in Fig. 7, the principle stresses can be calculated by using
these stresses. The solid lines in Fig. 7 represent the
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(b) Model for analysis

Fig. 6 Model for analysis of correction factor: 1

—_— 230 \
y/h Oy/Pe=1.0 \<
0.5 S - \
04 T = = =
0.3 —Gx/p:;o.s:: = =
0.2 I = oo
01 fF T o: oo
L = = @
0] 0.2 0.4
x/h
Fig. 7 Isostress lines and principle stresses

isoquant lines of the stress ratio, oy/p,, in the loading
direction (x-axis). The principle stresses extend in the 45°
direction from the top and bottom surfaces of the throat.
Therefore, if the practical groove angle 8 is smaller than
45 degree in one side (6<45°), stresses produced in the
region with 45° is so little that the effective restraint
intensities are no more decreased than the case of I-groove.
As the result of two dimensional elastic analyses actually
conducted by the finite element method on this kind
of joints with various groove angles, it is known that if the
groove angle § is within 45 degree, the effective restraint
intensities are decreased to be lower than those with the
I-groove only by 3% at the most.

On the contrary to this, unlike the above mentioned
two dimensional stress problem, the throat in a slit of a
thick plate is a three dimensional stress problem in which
stress distributions become complicated. = However,
difference in the phenomenon is considered to be little.
Therefore, if the actual groove angle is within 45° in one
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side (0<<45°), the effective restraint intensities are no
further decreased.

5.2 Influence of eccentricity from the center of plate
thickness

Assuming that the first pass weld is laid deviated from
the center of the plate thickness, a three dimensional
elastic analysis is conducted in order to investigate the
influence of the eccentricity on the effective restraint
intensities.

In the analysis, a Y-groove weld cracking test specimen
is used keeping the plate thickness # =50 mm and the
throat thickness A, =5 mm constant and changing the
distance from the center of plate thickness of the base
plate to the center of throat thickness, #', to A" =0, 7.5,
15.0, and 22.5 (mm). The analysis is actually conducted
on 1/4 of the whole specimen because it is bi-axially
symmetric with respect to x and y. Uniformly distributed
stresses p,, are loaded only over the throat thickness 4,,.
The calculated results are shown by Fig. 8.

(Rp )y (kg/mm-mm )

T i 1 IR
B =150
L =200 t -
6000 | 2= 80 (in mm) ¢h'/h=0.0
h= 50
hy= 5 2h'/h=0.3
4000 } -
2000 i
- 2h'/h=0.6
\2h'/h=0.9 !
i 1 ] 1
0 0.2 0.4 0.6 0.8 1.0

X

Fig. 8 Effects of eccentricity on effective restraint intensity

According as the eccentric distance A’ increases, the
out-of-plane bending deformation enlarges and the
effective restraint intensities decrease than the case with-
out any eccentricity. However, the distributions of the
effective restraint intensity along the sfit show no great
difference.

..The influence of the eccentric distance from the center
of thickness of the base plate to that of the throat thick-
ness, 7', on the effective restraint intensities, that is the
correction factor 0’ for eccentricity e(= 2Hh'[H) from the
center of plate thickness, is estimated from the above
mentioned calculated results and shown by ["e_J in Fig. 9.

As far as eccentricity e(= 2h’/h) is less than 0.4 (e<0.4),
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h/2

h'—t_-// I

z’(y) eccentricity e=2h'/h
100 @ —e T T T
\ ,
80 |- B8=150 ° 1 .
L =200
L= 80
h= 50
60 - hy= 5 o T
(in mm)
a0 | N
@ ; 3-dim. analysis
20 L by F.E.M. ]
7’= 1-0.61{ 20"/ h)zms
| | | i

0 0.2 0.4 0.6

2h'/h

0.8 1.0
Fig. 9 Correction factor: 0’ for effect of eccentricity

the effective restraint intensities are almost the same as
those produced when the first pass weld is laid in the
center of plate thickness. While in case of e=0.9 (the

highest), the effective restraint intensities at the center of
the base plate thickness are decreased approximately by
50%.

In order to facilitate the quantitative evaluation of the
correction factor 1’ for eccentricity, the following equ-
ation is formulated.

n'=1—0.61(2h'[K)*114S (17)

6. Proposal of Approximating Equations for Generalized
Effective Restraint Intensities

Though restraint intensities are used as a dynamical
measure for cold cracking caused by the first pass weld in
a slit welded joint of a thick plate, the two dimensional
restraint intensity calculated on the assumption that the
plate thickness of the groove is entirely effective cannot
be applied as it is. For this reason, a three dimensional
elastic analysis are carried out to clarify the following
influences.

1) The influence of the throat thickness which is smaller
than the base plate

2) The influence of the eccentricity from the center of
plate thickness of the base plate

At the same time, the validity and the applicability of cor-

rection factors, n and n’, for respective influences are

shown. Moreover,
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"3) "the influence of the shape of groove is investigated.
As d'result, approximating equations are formulated
in order to simply estimate generalized effective restraint
intensities in slit welded joints of finite thick plates. Con-
sequently, it is no more necessary to conduct a three
dimensional elastic analysis which requires a huge amount
of computing time and expense. The formulae are,

(1) Generalized effective restraint intensity of a finite

plate under uniformly distributed loads
(Rp)n= "?anp (18)

(2) Generalized effective restraint intensity of a finite

plate under uniform dislocation

(Rs)n=mnRs (19)

(3) Generalized average effective restraint intensity under
uniformly distributed loads

E h
T (20)

Rp)n=2n7"(1 — Bp)

7. Conclusion

In this report, a series of theoretical analyses are
conducted on the restraint intensities which are effective
within limited conditions as a dynamical measure for cold
cracking in the first pass weld of a thick plate. The main
results are as follows.

(1) The result of a three dimensional elastic analysis
indicates that if the throat thickness is smaller than
the thickness of a base plate, restraint intensities are
not in a simple proportion to the thickness of the
base plate but increases monotonously as to converge
to a certain value. If the ratio of the thickness of the
base plate % to the throat thickness &y, is 4/h,,<3.5,
the effect of difference in thickness can be neglected.
However, in case of h/h,,>3.5, restraint intensities
calculated on the assumption that the plate thickness
of the base plate is entirely effective need be cor-
rected with consideration of the effect of the smaller
throat thickness.

The correction factor m analytically derived for a
welded joint in the one dimensional restraint state
can be also applied to the two dimensional restraint
state with high accuracy.

If the practical groove angle is less than 45° in one
side, the effect of the shape of groove on the effective
restraint intensities can be disregarded.

(4) If the first pass weld is laid eccentrically from the

(2)

3
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)

cénter of the plate thickness, the out-of-plane bending
deformation enlarges according to the increase of
eccentricity e(= 2h'/h) so as to decrease the effective
restraint intensities estimated at the center of thick-
ness. However, if eccentricity if e<0.4, the influence
of .the eccentricity can be neglected because the
effective restraint intensities are approximately equal
to those estimated without consideration of eccentri-
city. The correction factor n' for eccentricity is
formulated.

In order to calculate generalized effective restraint
intensities in slit welded joints of finite rectangular
thick plates, simple calculating equations are pro-
posed. Consequently, effective restraint intensities
can be simply calculated without conducting a three
dimensional apalysis which requires a huge amount
computing time and expense. Above all, effective
restraint intensities under uniformly distributed loads
can be estimated with extremely high accuracy.
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