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Simplified Measuring Methods of Three Dimensional Welding

Residual Stresses’

— Proposal of nL, Method and Simple 'Ly Method —

Yukio UEDA* and Keiji FUKUDA**

Abstract

The authors developed the measuring theory of three dimensional residual siresses induced in a long welded joint
based on the theory of inherent sirain, and two methods, L, method and L, method, were presented. Although these
methods enable us to obiain very accurate residual stress distributions, they require so many measurements and
machinery cutting. In many practical cases, the distribution at a specific point is sufficient for special purposes.

To this end, in this paper, the authors developed an approximate measuring method of three dimensional residual
stresses along the thickness direction at a specific poini, based on the L, method.

According to this method which is nemed nL, method, the object is cut into a specimen with the specified aspect
ratio. As the result, the cross section of the new specimen is in the state of plane deformation and effective longitu--
dinal inherent sirains can be measured in a simple way. Then, three dimensional residual stresses can be esiimated by
two dimensional stress analysis in stead of three dimensional one, using the finite element method.

Furthermore, a simple estimation method which is named Simple L. method is proposed, admitting inclusion
of estimation errors by simplification. By this method, three dimensional stresses can be estimated only by performing

simple manual calculation.

KEY WORDS:
(Simple L, Method)

1. Introduction

It is very important to measure three dimensional
residual stresses produced in the interior of a welded
joint in order to investigate the safety of heavy
structures. However, there being no direct method of
measurement, the residual stresses should be
indirectly estimated by any means.

In connection with this, the authors have carried out
a series of researches in order to develop theoretical-
ly accurate measuring methods of three dimensional
residual stresses. In the first place, based on the
theory of inherent strain, a new general principle in
measurement of residual stresses, in which inherent
strains are dealt as parameters of measurement, has
been proposed besides the already introduced princi-
ple of measurement in which released section-forces
of the object are dealt as its parameters. Nextly, based
on these respective principles, the general theories
have been formulated with the aid of the finite element

method and further developed introducing a statistic

approach. Thus, the measuring method of residual
stresses in a body of an arbitrary shape has become
basically possible and the reliability of the estimated

(Measurement of Residual Stresses) (Residual Stresses) (Inherent Strains) (L, Method) (nL, Method)

stress values has been investigated.

In the next place, the general measuring theory of
three dimensional residual stresses with the aid of
inherent strains has been examined of its practical use
for actual welded joints. The general theory has been
simplified by taking advantage of characteristics of
the distribution of inherent strains produced in a long
welded joint, which are uniform in the longitudinal
direction, and it has been shown that the three
dimensional inherent strain distribution can be di-
vided into the inherent strains in the transverse cross
section and the inherent strains in the longitudinal
(weld line) direction. As the result, the three dimen-
sional stresses {¢“} produced by the former can be
directly observed from the stresses remained in a
sliced thin plate parallel to the transverse cross
section of the weld line (T-specimen) and the three
dimensional stresses {o | produced by the latter
can be estimated by measuring the inherent strains in
sliced plates one of which sides is parallel to the weld
line (L-specimen), (Figure.l). Furthermore, as two
practical methods of cutting out L;-specimen, L,
method by which the cutting surfaces become perpen-
dicular to the thickness (2} direction and L, method by
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Fig. 1 Procedure of approximate measuring method (nL, method)
for three dimensional welding residual stresses and loca-

tions of observed strains

which the cutting surfaces become perpendicular to
the transverse (y) direction have been presented. By
actual application of these methods to measurement of
three dimensional residual stresses in actual welded
joints, their usefulness and the reliability of the
estimated values have been validated.

The above-mentioned practical measuring methods
of three dimensional residual stresses needs a compli-
cated theoretical calculation and costs a considerable
amount of money and labor, because it has been
developed with the purpose of measuring three dimen-
sional residual stresses at every point of a transverse
cross section in the weld line. However, in general, the
demand for simple measurement of local distribution
of three dimensional residual stresses (for example
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the distribution in the vicinity of the weld line in the
thickness direction) exceeds that for measurement of
stresses at every point of a cross section of a weld
line. Such being the case, it is considered to be
wasteful to apply the above-mentioned measuring
methods as they are.

In this paper, a simplified measuring method of L,
method—nL, method—for three dimensional residual
stresses distributed in the thickness direction of a
point, is proposed keeping the same degree of accura-
cy as the original L, method. Furthermore, Simple
L, method is proposed, which enables the estimation
of residual stresses by simple hand calculaion more or
less at the sacrifice of accuracy of measurement.
Finally, a numerical experiment using the results of
actual measurement in a multipass welded jojnt is
conducted in order to show applicability of the two
simplified measuring methods.

2. Main Points in Simplification of Measure-
ment of Three Dimensional Welding Re-
sidual Stresses

In this paper, simplification of measurement of
stress distribution in 2z direction (the thickness
direction) is studied on the basis of L, method which
best fulfills the purpose. Here, L, method is called the
basic measuring method. Here, L, method is briefly
summarized (Fig.1).

Assumptions adopted for development of the basic
theory of L, method are as follows.

1) Strains in the specimen change elastically due to
cutting.

2) The remaining stresses in sliced thin plates are in
the state of plane stress (to be sliced thin enough).

3) As each component of effective inherent strains is
assumed constant along the weld line (x-axis),
7 %z and 7 %, vanish and the components €%, €3,
€% and 7%, are functions of y and z coordinates
only. '

Here, the effective inherent strains mean those
which produce residual stresses according to their
magnitudes and not those which result in free expan-
sion-contraction without producing residual stresses.

When L, method is applied, a sliced thin plate,
T-specimen (Fig. 1 (¢)), and many other thin plates, L
specimens (Fig. 1 (d)), are cut out from the middle
portion of a model joint, R-specimen, shown in Fig. 1
(a).

The remaining inherent strains in T-specimen are
€%, € »and 7, and that in L;-specimens is ¢ %. Each
group of the inherent strains induces three dimension-
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al stresses, 16?] and {o®} respectively, in the
original R-specimen. Then, the total three dimensional
stresses o} isexpressed as the summation of these

stresses,
fo} = o4} + {05} (1)

The remaining stresses in T-specimen, | 4%}, are
at the state of plane stress. These can be transferred
to those at the state of plane strain, 1o ?}, without
knowing the inherent strains, €3, €7 and 77, This
indicates that any simplification in measurement of

{o*} can not be expected.

On the other hand, in order to measure the three
dimensional stresses |o®! produced by the inhe-
rent strains along the weld line, the following proce-
dure must be taken:

(i) Lispecimens have to be prepared and released
elastic strains in the specimens should be observed.
(i) The estimation of their effective inherent strains

{e %} is necessary at every position of the cross
section in the middle of a weld line constructing the
observation equations.

(i) Applying these estimated results of {e*! to
the original R-specimen, three dimensional elastic
stresses are analyzed.

These processes require a great deal of work for
the measurement.

Here, the following three points are taken into
consideration in order to simplify the basic measuring
method.

(i)  Any method by which effective inherent strains

{e*}! are directly estimated from observed elastic
strains should be found out without using the observa-
tion equations, that is, for each L-specimen an
independent direct relation between the linear compo-
nent of effective inherent strains, ¢ %, and observed
strains € ,; should be made up.

(i) The number of L;-specimens to be furnished
should be decreased.

(i) Three dimensional elastic stress analysis should
be replaced by two dimensional elastic stress analysis.

In order to satisfy these requirements, it is
necessary to intentionally change the distribution of
residual stresses to the specific one in such a way as
to cut the original R-specimen (LXBXt, L> B> i) into
R”specimen (L"XB"Xt). In this case, as the residual
stresses are relaxed partially by cutting, changes of
the stresses should be easily observed at least at the
concerning measuring position including the interior
of the plate.

The purpose to cut original R-specimen into R-
specimen is to satisfy the condition being L B’, so
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that the middle of the weld line of R™-specimen
constitutes plane deformation. Plane deformation
cited here implies that a plane section remains plane
after deformation by imposition of the three dimen-
sional inherent strains, €%, €% €% and 77, on
R’-specimen.

In the next chapter, it will be shown that the new
R”-specimen satisfies the requisite conditions for
simplification of the basic method.

3. Development of Simplified Measuring
Methods of Three Dimensional Welding Re-
sidual Stresses

3.1 Requisite dimensional ratio for reduced R*-
specimen and the relaxed stresses {o €|
produced by cutting

A measuring position of three dimensional stresses
distributed along z direction is assumed in the middle
cross section of the weld line, that is =0, y=y; in

Fig.1(a). For the convenience of explanation, the

position is set at x=0, y=0. For other measurement,

the origin of the coordinate system may be set to each
measuring position and apply the same theory as will
be described hereafter.

3.1.1 Requisite dimensional ratio for the state of plane
deformation

As formerly mentioned in Chapter 2, R -specimen is
cut out from the original R-specimen by mechanical
processing. One of the purposes of cutting out
R’-specimen is to produce the state of plane deforma-
tion in the middle section of the weld line, so that this
state facilitates the measurement of effective inherent
strain component ¢ %. Here, such dimensional ratio
will be studied.

As indicated in Ref. 2), when the length L’ of
R”specimen is longer than the double of its breadth
B’, the stresses produced by a set of inherent strains

les, €% 7 *zl in the middle cross section
are self-equilibrating and do not produce any de-
formation (strain) perpendicular to the section, that is
in x direction. Therefore, any deformation in «
direction should be produced only by effective inhe-
rent strain € % . When the specimen is sufficiently

"long, the deformation by these inherent strains is also

in the state of plane deformation in the middle portion
and the accompanied stresses in x direction are
self-equilibrating. On the other hand, the newly
exposed cutting sections of R-specimen, where x=
+L72 and y==1 B2, become free surfaces by this
processing. Accordingly, the stresses acting on those
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sections are released. Naturally, the residual stresses
are also relaxed at the measuring position in the
middle of R™-specimen. When the length of R
specimen is long enough, the effect of distribution
pattern of the released stresses disappear and the
stresses produce plane deformation.

3.1.2 Requisite size of R'~specimen and released stress
{o €t due to cutting from R-specimen

When R-specimen is cut into R“specimen, a certain
amount of stress 1o 9 is released at the measuring
position (x¥=y=0). Based on Saint-Venant's princi-
ple, assuming that B¢, if the measuring position is
located at an adequate distance, more than its thick-
ness, from the end surface, changes of the stresses can
be normalizd and regarded as to distribute linearly
(Appendix). Consequently, in order to make the
changes of the relaxed stress {o  linear in the
thickness direction, the following dimensional ratios
become requisite to R™-specimen.

L™>2B>41 for L>B>t (2)
or L™>2t>4B"= 4B for L>i1>B 2y
The relaxed stresses {0 ¢} of thus prepared R’-
specimen at the measuring position (x=y=0) can be
obtained by putting the observed values of stresses on
the top and bottom surfaces (Fig. 1) into the equations
below.

o x=0 Sut(o S1— o Su) (2/1)
6 5= 0 Sut(o Si— 0 S0) (2/1) (3)
o Z: T §é= T czx: T §y=0

where, o %4 0 5. : Relaxed stresses directly observed
in x and ydirections at x=y=0 (on
the top surface).

o %1, 0 51 Relaxed stresses directly observed
in x and y directions at x=y=0 and
z=1 (on the bottom surface).

The observed values of the stresses in the above
expressions may be calculated from observed strains.

If R-specimen is very large, the machine processing
becomes difficult, but gas cutting. In such a case, a
specimen is furnished from the original R-specimen by
gas cutting several centimeteres outside the supposed
R“-specimen. Afterwards, R“-specimen of a fixed size
is cut out by machine. These processings must be done
to eliminate the thermal effect by gas cutting.
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3.2 Simplified measuring methods of three
dimensional stresses {o ”} in RZ-specimen
and its accuracy

3.2.1 Relation between effective inherent strains along
the weld line and elastic strains in the same
direction

Stresses produced by the effective inherent strain
components le € 7V *yzl in the transverse cross
section are always self-equilibrating. Therefore, the
plane strain state is produced at a section adequately
distant from the end surfaces, and no strains are
produced in the direction of the weld line. On the other
hand, if R-specimen has the required dimensional
ratios, the total strains along the weld line le,! in
R”-specimen, which are produced by effective inherent
strains along the weld line {e*}, are in the state of
plane deformation-in the cross section at middle of the
weld line and thus constitute a plane surface. This total
strains are given by the summation of the inherent
strains | e %! and the elastic strains {e .| = le ul
+ 1€ 2ol which can be observed as mentioned in 2.1,
that is,

ex=a+axytazz=€ € ; (4)
Therefore,

e Yv=(a1+azy+azz)— € .
where, a3, as, a3 : coefficients
Apparently, the first term of the above equation(4),
(a1t azytasz), corresponds to the linear component of
the inherent strains in the transverse cross section in
R“specimen, which make free expansion and are the
non-effective inherent strains having no relation with
residual stresses. Therefore, the effective inherent
strains along the weld line in R-specimen is simply
expressed as the opposite sign of the elastic strains to

(4)

be observed as follows.
eh=—€,=—(€ut € (5)
where, ¢ ,;: linear component elastic strains, which is
obtained from the observed strains on the
top and bottom surfaces of L;-specimen
when L;-specimen is machined.
€ »n : nonlinear component of elastic strains.
As a result, it is no more necessary to estimate the
linear component of inherent strains in x direction,
€ *,, using the observation equation (5), and the point
(i) for simplicity stated in Chap.2 is resolved.
3.2.2 Analysis of three dimensional stresses {o 5}
As in the above, if the cross section of R-specimen
to be measured is in the state of plane deformation
under the influence of the inherent strains € %, the
relation beween the effective inherent strains along

the weld line, € *, and the elastic strains € , in the
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same direction can be given by Eq.(5), by which it is
apparent that the plane strain state (total strain in x
direction e,= € %+ € ,=0) is satisfied.

Accordingly, the three dimensional stresses | o 2|
are in plane strain state and can be easily analyzed by
a finite element computer program as two dimensional
elastic problem which is reproduced by imposing the
inherent strains in Eq.(5). As the result, the point (ii)
for simplification explained in Chap.2 is resolved.

As is obvious from the above argument, no approx-
imation is introduced in the method except the
assumption set up at the beginning of this paper. Then,
the method is correct in the framework of elasticity.
Therefore, if the original object satisfies the condi-
tion of plane deformation, L>>2B, of itself, the cutting
in 3.1 is naturally unnecessary.

3.2.3 Number of L;-specimens for measurement and
accuracy of estimated stresses 10 P}
~— Proposal of nL, method —

To start with, the relation between the effective
inherent strains along the weld line, €%, and their
production, three dimensional stresses o8
sidered.

, 1s con-

Generally, {8 produced at the point P in an
object is not only greatly dependent on the magnitude
of €% at the point, but also be under the influence of
€ % even in other parts because the object should be
satisfied the equilibrium and compatibility conditions.
As for the influence of ¢ % in other parts on point P,
€ % in the vicinity have a great influence since strains
are produced so as to satisfy the compatibility
condition, however ¢ % in the remote part is consi-
dered to influence a little and that as the balanced
stresses on the whole cross section.

Under the state of plane strain (e,=0) which is
studied in this chapter, stresses produced by the
effective inherent strains ¢ % are considered to have
their effect on those in other parts because the
stresses should be equilibrating keeping e,=0. For
this reason, if the inherent strains at point P and in its
vicinity are attained, the three dimensional stresses

{o B are supposed to be estimated with consider-
able degree of accuracy.

This idea will be applied to estimate the three
dimensional residual stress component 1% along
z-axis, which is assumed as the measuring object in
this paper. For practical application, it is considered
that {05 can be obtained with high accuracy by the
method in 3.2.2, performing an analysis in which € % is
attained by obseving the elastic strains e ,= ¢ ,+
€ xn in 1 pieces of L-specimens containing z-axis and
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other neighboring ones(three to four pieces) (Fig.1(d))
ignoring effective inherent strains ¢ % in other parts.
Here, this measuring method is named nL, method and
when n is equal to 3, the method is called 3L, method.

For investigation of the accuracy of nL, method, the
following numerical experiment was performed. First
of all, the distribution of residual inherent strains in a
multipass welded joint (B=200m, t=50mm) which was
measured in Ref.2) is expressed by the following
equation.

e* = [—2180+960 sini(z—25)x /301 1X107°

-exp 1—(»/18)%/2}
(y,2) in mm

(Inherent strains here are residual inherent strains,
therefore Eq.5) cannot be applied.)

In the next place, in order to measure stresses

{6 B} under the state of plane deformation which is
produced by giving these residual inherent strains to
the object, the finite element analysis is made taking
advantage of symmetry of the inherent strain distribu-
tion with respect to z-axis (stresses |o B} attained
here is regarded as the exact one). The modulus of
elasticity is taken as E=21000kgf/mm® and the
Poisson’s ratio as v =0.3.

(6)

Nextly, L;specimens are cut out from the center
line and its vicinity of the object. Assuming that the
above correct elastic strains € , are observed on the
necessary number (n pieces) of L;-specimens, the
effective inherent strains € % are detemined to be the
same as &, with their opposite sign. In other L.
specimens, no strains assumed to be observed. Then

1o Bl along z-axis in the portion where y=0 is

IAO-BImaX(kgf/mmZ)

T T T T
8.0 b . o: )AU)}E‘max -
- ® : |a0h|mex
6.0 +:|A0-EZ§’max .
4.0 - THICKNESS & NUMBER OF 4
Li SPECIMENS = 10 mm
& n
2.0 ]
0.0 A
1 3 5 7

Fig. 2 Estimation error due to nL, method for measurement of the
stresses {0P} at y=0

(| & o B|ma . Max.error, n : Number of L; specimens)
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Fig. 3 True and estimated stresses {2 with aid of approximate

measuring method

estimated by the finite elment analysis under the state
of plane strain. As in Figure 2, the maximum absolute
values of error, | A o Bim2x made by the simplifica-
tion of the measuring method is shown for each stress
component in relation to the number of L,-specimens
cut out, n. Concerning the location of L,-specimens,
for example, L;-specimens for n=3 of this case are
cut out from the place where y=0 and y==210mm. As
is obvious from the illustration, the error of the
estimated stresses rapidly decreases as the number of
L;-specimens in which elastic strains ¢ , are observed
increases. When the number of L;-specimens becomes
7, the estimated value of o2l at y=0 coincides
with the exact value. For practical use, three L;-
specimens are considered to be adequate to attain
necessary accuracy because the error following the
simplification turns out to be 2kgf/mm? at the most.
Moreover, in the case where the stresses in zdirection
is unnecssary, one L-specimen which contains the
measuring position to be observed is sufficient for
labor saving. Because even though the estimated
stresses in z direction, 613, are not reliable, other
stress components such as ¢ Band ¢ Iyg are estimated
with reasonable accuracy when one L;-specimen is cut
out.
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In Figure.3,the stress distribution of {o B} esti-
mated by the simplified method and its real distribu-
tion are compared in the cases where one L,-specimen
and three L;-specimens are used. As is known from the
figure, it is recognized that every value except the
estimated value of & Zis very close to the exact and is
fairly accurate. As the result, the point (i) in Chap.2 is
considered to be resolved.

3.2.4 Proposal of Simple L, method (Simplification of
1L, method)

In the preceding sections so far, the simplified
measuring method based on the theory of elasticity
has been developed in order to measure three dimen-
sional welding residual stresses with least difficulty
and with sufficient accuracy. However, the method
developed above finally requires a numericl analysis
or the two dimensional finite element method in order
to evaluate stresses {o F}

In contrast with this, a measuring method to
estimate {o 2! by hand calculation is considered to
be practically useful on occasions even though it lacks
sufficient accuracy. Therefore, a simpler measuring
method which does not require an analysis by the
finite element method will be proposed in this section.

When 1L, method is used, the effective inherent
strains is considered to exist only in one L,-specimen.
However, this specimen and the neighboring speci-
mens are constrained each other through the compati-
bility condition. This requires two dimensional stress
analysis. If the compatibility between L;-specimens is
ignored, this analysis is unnecessary and 1L, method
is simplified. This is named Simple L, method.

In this method it is considered that stresses {o 2}
in the state of plane deformation which is produced by
inherent strains along the weld line are produced only
by elastic strains ¢ . in the same direction and in the
uniaxial stress state in x direction. Therefore, in this
measuring method, only one L;-specimen is cut out
from the part to be measured and stresses 1o 2} are
given by the equétions below.

0 =E ¢ ,=FE(€ ute )
(7)

cB=¢B=t8 =18 =1 2,=0

In comparison with the example of the numerical
experiment stated in the previous section, the esti-
mated stresses 1o Z! by this measuring method are
indicated as “®” in Fig.3. Judging from the figure,
serious errors are produced in o'? and o Z (in this
example, about 10kgf/mm?) although B is consider-
ably accurate. As the result, this simplified method is
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considered to be a very effective method because of its
simplicity in case only residual stresses in x direction
are necessary.

3.3 Procedures of measurement of three dimen-
sional welding residual stresses by nL,
method and Simple L, method

3.3.1 Cutting process of specimens and procedure of
measurement of elastic strains

The processes of cutting and observation of strains
according to the simplified measuring methods de-
scribed before are arranged in order as follows.

Cutting should be done in such a way as to produce
no plastic strains. Especially, R-specimen should be
cut off step by step from the end parts as far as
possible so as to relax restraint gradually in order to
prevent initiation of plastic deformation. It is also
necessary to control the rise of temperature caused by
cutting (by experience the highest temperature is 50°C
to the utmost).
— Cutting process and procedure of observation of
strains (Fig.1)—
(a) Double axis gages in x and ydirections are attached
on the top and bottom surfaces of R-specimen at the
measuring position (x=y=0) (Fig. 1 (a)).
(b)R -specimen is cut in such a way as to give the
dimensional ratios which satisfy Eq.(2). The stresses,
6 %0 050 0 %1, and o 1, released by this cutting are
observed by strain gages attached on the top and
bottom surfaces (Fig.1(b)).
(c) If additional L;-specimens are to be cut out, for
improvement of measurement accuracy, from other
positions than that where gages are already attached
in (a), the strain gages in x direction are attached on
the top and. bottom surfaces of each L;specimen.
Afterward, T-specimen and n pieces of L;-specimen
are cut out and the stresses released by this cutting
are observed only on the top and bottom surfaces of
L;-specimens (€Y, e%)).
(b) T-specimen is machined from R“-specimen.
(e) Strain gages of uni-axis and bi-axes (of tri-axes
in the case of observing 7 “ifz)) on sliced T-specimen
and L-specimen are respectively attached. Then the
specimens are cut and sliced. From T-specimen,
elastic strains {e 9% and from L;-specimens, € ,,
are observed.

3.3.2 Procedure of sitress analysis and accuracy of
estimaiion of three dimensional residual stresses

Using the released and elastic strains which have
been observed in the previous section, stress analysis
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is carried out as in the following process.
— Procedure of analysis —
(f) The released stresses on the top and bottom
surfaces which have been observed in the above (b) are
put into Eq.(3) in order to obtain the released stresses
{ed. .
(g) From residual strains, {e , in T-specimen
which have been observed in (e) the residual stresses
in plane stress state, {o 49 may be calculated and
these stresses may be transferred to plane strain
state in order to estimate stresses {o“ in R-
specimen.
(h) The released strains on the top and bottom
surfaces, which have been observed in (c), are assumed
to distribute linearly in L,-specimens and ¢, is
calculated. The elastic strains ¢ ,, which remain in
L-specimen have been observed in (d). The summation
of € ,;and € ., provides the inherent strains along the
weld line, €%, as indicated by Eq.(5) (regarding the
unobserved inherent strains € % in other L;-specimens
than n pieces as zero).
(i) When nL, method is applied, the effective inherent
strains e * which have been observed in (h) are used in
order to estimate o Z! in the state of plane de-
formation by the aid of finite element method. When
Simple L, method is applied, { o Bl
by Eq.(7).
As the result of above-mentioned analyses, the
required three dimensional welding residual stresses
{s! in the middle section of the weld line are given
by the following equation.

{e} = a4 + 168 + {69 (8)

Finally, the surface stresses of the three dimen-
sional residual stress distribution which has been
estimated in Eq.(8) and the values directly observed by
the strain gages on the top and bottom surfaces of the
specimen in (a) are compared. In this way, the
reliability of the estimated values is directly investi-
gated.

The simplified measuring methods newly proposed
in this paper, which assume the state of plane
deformation, makes no theoretical approximation for
estimation of stresses {o“ and {¢€!. Therefore,

AO}

is estimated

theoretical error may be induced in the process of
simplification of estimation of {e B . According to
the simple numerical experiment using the model of a
multipass weld joint which contains the idealized
residual inherent strain distribution along the actual
weld line, the value of lo B estimated by 3L,
method in which three L;-specimens are used contains
errors of only 2kgf/mm? at the most regarding each
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stress component. Therefore, this is considered to be
a highly accurate simplified measuring method. As to
1L, method in which only one L-specimen is used, the
errors contained in the estimated value of {o 5
except for that of o % are 2kgf/mm® at the most.
Therefore, this method is useful for the measurement
of o, and o, alone. On the other hand, Simple L,
method is considered to be useful to measure o,
alone.

In this paper, L, method is set as a base because the
simplified measuring methods of three dimensional
residual stresses in z direction in a portion of a
specimen is mentioned. If the distribution of three
dimensional residual stresses in y direction in a
portion of a specimen is required, L, method
becomes the base so that the theory will be
developed essentially in the same manner.

4. Conclusion

In this paper the simplified measuring methods of
three dimensional residual stresses in a certain part
of a three dimensional residual stress distribution
which is produced at a welding joint of a thick plate
and uniform along one direction (the weld line) has
been discussed. And the new simplified measuring
methods, which are nL, method and Simple L, method,
are developed.

Main results obtained are as follows.

(1) By cutting the original R-specimen (L>B>1%), a
new smaller specimen, R'specimen (L>B>t), is
furnished, in which the state of plane deformation is
intentionally produced. According to the Saint-Venant
principle, R“-specimen is produced by this cutting
under the condition of L™>2B™>4t.

(2) By utilizing the state of plane deformation of thus
produced R“specimen, three dimensional residual
stresses in a portion of a thick plate can be compara-
tively easily estimated.

(3) In order to maintain necessary accuracy of mea-
sured values to every stress component, nL, method
has been developed. This method needs application of
a numerical analysis of plane state problems, e.g. the
finite element method. 3L, method by which three
L-specimens are cut out is accurate enough for
practical use. If the accuracy of stress components,
. and o, alone, are necessary, 1L,, method is
sufficient. The measurement error of the respective
methods by simplification is proved to be 2kgf/mm? at
the most.

(4) Simple L, method which enables measurement
of three dimensional residual stresses by hand cal-
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culation alone has been proposed. The accuracy of
stress o , is practically adequate. The simplification
error contained in o , turns to be 5 to 10kgf/mm® and
that in o, is considered to be about 5kgf/mm?.
(5) The above-mentioned methods show a way to
simplify the basic theory of measurment. Other
methods may be developed according to the character-
istics of the stress distribution of the respective
measuring objects.
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Appendix Theoretical Study on the Effect of

Free Edges upon Stress Distribution

Al Object for Study

In a long weld joint in which the residual stresses
distribute uniformly along the weld line, the stresses
are self-equilibrating in a middle transverse section
and constitute plane deformation. When the specimen
is cut for measurement of the residual stresses, the
stresses acting on the newly exposed section are
released. In this case, if the specimen is sufficiently
long, there is no disturbance of the stresses distribu-
tion at the middle section by release of the stresses at
the exposed surfaces, since the effect of the self-
equilibrating stresses is diminishing in the way to the
middle section according to the Saint-Venant princi-
ple. The necessary length of the specimen for the
above phenomena is theoretically studied.

The model of theoretical analysis is a thin plate (L

>B>1# which is at the state of plane stress

(Figure.Al). A weld is laid along the center line and
the residual stresses in the plate are produced by
inherent strain € % which is constant over the length L
within a breadth b;.



Simplified Measuring Methods of 3-D Residual Stress
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(d) Load condition acting on the both ends

Fig. Al Procedures of theoretical analysis for end effects

A2 Model for Analysis and Result of Analysis

When the model (Fig.Al(a)) is sufficiently long, the
residual stresses distribute uniformly in cross sec-
tions of the middle part, which are at uni-axial stress
state, and the stress o, vanishes at the ends
(Fig.A1(b)). Accordingly, the actual stress distribu-
tion (Fig.A1l(b)) may be represented by superposition
of those stress distributions shown in Figs.Al(c) and
(d). The former is uniform stress distribution and the
same as that occurs in the middle section of the model
(Fig.Al(a)). The latter may be reproduced by applying
the restraint stresses at the ends to a free stressed
plate of the same size as the original one. In reference
to these stress distributions, the theoretical study on
the effect of the released stresses at the edges (which
is simply called the end effect hereafter) may be
equivalent to study theoretically the effect of the
applied stresses at the edges on the middle portion of
the model.
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When the stresses shown in Fig.A1(d) are applied to
the edges of the plate, the induced stresses at any
point (x, y) may be obtained by the same analysis
method as used in Ref.A2. The largest component of
the stresses is the axial one 1o, and this distribu-
tion is expressed in the following non-dimensional
form with respect to the maximum stress at edges,

;o x 2 ,

(2 y)=—0 /0= m2=1(m7r sin mx b7) 12cos
2mn y7/(sinh 2mnx L+2mmx L°)}
“[sinh mz L4mnm L'cosh mr L’}
cosh 2mmx 2™ —2mn «"sinh max L~ -
2mm ]

sinh

(A-1)
were

b/'=b/B, L=L/B, x=x/B, y=y/B

A3 Requisite Dimensional Ratio to Diminish
the End Effect

The end effect may be studied at the relation of the
non-dimensional stress |s %! and the distance from
the edges.

-The largest stress in a cross section appears along
the center line (y=0). Denoting this by & (x7,0)="7 (0
<7 < 1), the distance of a section from the edge,
ap, will be obtained.

In the case of L/B=3.0, changing the ratio of B/b,
the corresponding necessary distances, ag.1, @905, and
a0.025, to 7 being 0.1, 0.05 and 0.025 were calculated
by Eq.(A-1) and the relation between 2a, /b, and B/b;
is represented in Figure A2. According to Ref.A3,

2an/b‘
T T T T L T T T T
2a, /by =8 [(B/b,)-1
10 |-
n=0.025 (B=3.8)
8_

n=0.1 (B=2.4)

y -1

X

—_—

o L

1 1 1 i) 1 1 1 1

1 2 3 4 5 6 7 8 g 10 11 12
B /b,

~ag -

Fig. A2 Necessary distance from both ends, by which stress o

’
decreases to o' _—7
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the relation between a, and B/b may be approx-
imately expressed by Eq.(A-2)

2ay =ﬁ" b1 (B— by)

In the above, the value of /3 was determined by curve
fitting method for a conservative side. For example, it
takes the values of 2.4, 3.1 and 3.8 for 7 =0.1, 0.05
and 0.025, respectively.

Next, when 7 becomes 0.05, the end effect is
regarded as to vanish here. The necessary distance for
this state, agos, will be calculated in the following.

As £ =3.1 for 7 =0.05, this value is introduced
into Eq.(A-2) and the expression for g5 is

2a0.05/ 8 =3.1V1/(B/by)—1/(B/ by)?

(A-2)

(A-3)

In most practical cases of welded plates, it is
considered the B/b=2. Then, assuming B/b, =2, Eq.
(A-3) yields

2(10.05/B:1.55 (A-4)

As the result, the necessary condition under which
the end effect may vanish at the middle section is
L>2a005 (=1.55B) (A-5)

Furthermore, the effect of the side edges on the
stress distribution at the center line of weld may be
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studied by the completely same way as the above. The
result of analysis indicates such necessary breadth of
the plate, by which the pattern of stress distribution
along the side edges is nomalized, as

B>2t

The results are summarized as follows,
LZ=2B>4¢ for L>B>1 (A-6)
L>21=4B for L>i>B B

The condition of Eq.(A-5) implies that the end
effect diminishes to 5% and this is practically suffi-
cient to constitute plane deformation. If 7 is intended
to be 0.025 for the case of B/b; being 2, as a more
severe case, the necessary length is found to be larger
than 1.9B from Eq.(A-2).
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