
Residual Stresses, Notch Stresses, and Stress Intensities at Welds: An Unified 
Assessment Procedure with Self-Consistency 

P. Dong, J. and J.K. Hong, Center for Welded Structures Research, BATTELLE, Columbus, OH. 
Contact: dongp@battelle.org 

ABSTRACT 

Over the last decade, as more in-depth understanding of weld residual stresses is being achieved, particularly of their 
characteristic distributions in pressure vessel and piping components, their effects on stress intensities at welds have been 
better understood. In this paper, some of the important residual stress characteristics are first identified in the form of either 
"bending" dominated or "self-equilibrating" dominated types for girth welds. The applicability in other joint configurations 
in welded structures is then discussed, with a collection of validated residual stress distributions. The characterization of 
both "bending" and "self-equilibrating" types in residual stress distributions provides a consistent framework for stress 
intensity factor considerations in either fracture and fatigue assessment. The contribution of "bending" type residual stresses 
to stress intensities at welds is shown to be in the form of remote loading, rather than secondary stress effects, as 
conventionally believed. The contribution of "self-equilibrating type residual stresses to stress intensities is shown to be in 
the form of notch stress effects, being limited to a finite characteristics crack depth, beyond which, negligible residual stress 
effects can be seen. Finally, a simple and robust calculation procedure for evaluating stress intensities for both types of 
residual stress distributions and notch stresses is presented for fracture and fatigue assessments of welded joints 

INTRODUCTION 

Fracture mechanics assessment of welds in pressure vessel and piping components often requires knowledge of weld residual 
stress distributions [ 1 ]. In most of codes and recommended practices, simplified and conservative distributions were often 
assumed, as discussed in some recent publications [ 1-3]. For instance, welding-induced residual stresses are often assumed 
to be tensile, of yield magnitude (or a specified percentage, if post-weld heat treatment applies), and uniform through the 
thickness. However, over the recent years, there has been a major progress in a better understanding of weld residual 
stresses, in part, due to the availability of advanced weld residual stress modeling tools [e.g., 4-8]. It has been demonstrated 
that the current structural integrity assessment procedures can significantly over-estimate the residual stress effects in most 
cases and under-estimate their effects in others [1-2, 9-12]]. 

It is generally accepted that residual stresses can exhibit various complex features, depending on joint types, materials, and 
welding procedures. However, a systematic analysis of various residual stress distributions that are well documented in the 
open literature showed that some important residual stress characteristics can be generalized for fracture mechanics 
applications. In this paper, two general residual stress categories are discussed, based on a large amount of residual stress 
results available to date. Their different contributions to the stress intensities at welds are then discussed. A simple and 
robust finite element procedure based on recent advances in structural stress computation procedures [ 13] is presented for 
consistent fracture and fatigue estimation of welded components. 

WELD RESIDUAL STRESSES: COMMON FEATURES 

Based on a large amount of residual stress information available to date, weld residual stress distributions can exhibit rather 
complex behavior at a local level can be dependent upon, to varying degree, joint geometry, weld and base metal properties, 
and welding procedures, as summarized by Dong [1, 3, 14] and Bradford [2]. However, some invariant features can be 
identified for generalizing the residual stress distributions for structural integrity assessment purposes. As shown by Dong 
[ 1 ], two characteristics residual stress types for girth welds are shown in Fig. 1, in the form of"bending" and "self- 
equilibrating" types. Note that the hoop residual stress component parallel to a weld is much easier to characterize than the 
axial component perpendicular to the weld, as discussed in [ 1, 14]. As shown in Fig. 1 a, girth welds with the two drastically 
different pipe r/t ratio and pass profile still possess essentially the same residual stress distributions, i.e., "bending" type with 
compressive axial stresses near outer surface and tensile stresses at the inner surface. With the bending type of residual stress 
distributions, one additional important feature is that a clearly defined counter bending action can be seen a few thicknesses 
away from the weld, as shown in Fig. la. The presence of the long-range bending feature away from the weld can be used 
for experimental residual stress measurement considerations either as additional confirmation to or as an indirect estimation 
of the residual stresses at welds. In Fig. lb, the self-equilibrating type can be identified for the girth welds with significantly 
different geometry and weld pass profiles. It can be seen that the axial residual stresses in the self-equilibrating type achieve 



the its equilibrium within the weld area. As a result, the residual stress distributions are essentially confined with the weld 
itself. Away from the weld, free-stress state is dominant. 

Besides an appropriate heat input parameter definition [2], joint restraint conditions (note: heat input can be captured as a part 
of joint restraint conditions) can be demonstrated to serve a key parameter for the relative bending and self-equilibrating 
content in the final residual stress distributions, as demonstrated using a T-fillet joint simulating a comer joint in storage 
tanks. The resulting function form can be constructed parametrically from Fig. 3 as follows: 
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It is worth noting that typical residual stress distributions in other joint types can also be characterized in terms of bending or 
self-equilibrating types, somewhere in between by Eq. 1, as shown in Figs. 4-5. Such characterizations can be readily 
extended to repair welds, in addition to recognizing the invariant features of the 3D residual stress distributions in repair 
welds, as shown in Fig. 6. 

It is evident that knowing the residual stress type for a particular application and its parametric descriptions can provide 
enormous benefits for performing structural integrity assessments. However, although some of the controlling parameters 
governing each of the two types of residual stress distributions can be qualitatively identified based on some of the existing 
residual stress results to date, the demarcation line separating the two types of residual stresses in terms of component 
geometry and welding procedures remain to be established for general applications. Consequently, there exists an urgent 
need in the pressure vessel and piping community to develop the required knowledge base for quantitative definition of the 
residual stress types as well as the corresponding parameterized distributions, as shown in Eq. 1. 

Along this line, some of the noted collaborative research efforts are currently under way, for instance, by Pressure Vessel 
Research Council (PVRC) to conduct comprehensive investigation on residual stress distributions for a wide range of 
pressure vessel and piping components [ 15]. Once the results are available, Eq. 1 can be used for providing a simple form of 
the generalized residual stress distributions for various fracture mechanics applications. 

EQUIVALENT NOTCH STRESSES AND STRESS INTENSITY SOLUTIONS 

To clearly identify the residual stress role in fracture and fatigue behavior of welded joints, both types of residual stress 
distributions can be consistently separated into equivalent structural stresses and notch stresses, based on the recent advances 
in mesh-insensitive structural stress methods for welded joints [ 14, 16]. 

Structural  Stress and Notch Stress Character izat ion 

The overall stress concentration effects at welds can be consistently calculated using an effective finite element procedure 
recently developed by Dong [ 14] within the context of elementary structural mechanics theory. Notch stresses that are 
dominated by the self-equilibrating part of the stress concentration behavior can also be determined in a similar manner [ 16]. 
These procedures have been proven to mesh-size insensitive within both the structural stress and notch stress definitions. For 
a given welded joint, the localized stress distribution due to either remote loading or welding-induced residual stresses, the 
normal stresses to a hypothetical weld toe crack, the overall through-thickness stress based structural stress definition is 
shown in Fig. 7, as: 
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The mesh-insensitivity in calculating the structural stresses (normalized by the nominal stress) using Eqs. 1 and 2 is 
demonstrated in Fig. 7 for a lap fillet joint. In such structural stress calculations, the self-equilibrating part of the local stress 
distribution in Fig. 7a is left out, since the through-thickness equilibrium conditions are enforced by Eqs. 2 and 3. 



Once the overall through-thickness structural stresses become available from the above, the corresponding notch stresses 
incorporating the self-equilibrating stresses can be estimated in a similar manner as shown in Fig. 8 with respect to a 
reference depth (tl) for notch effects. As shown in [ 16] and to be illustrated later this paper, the corresponding stress 
intensity factor solutions are not sensitive to a particular value of t~ (Detailed discussions can be found in [ 14,16]). It can be 
shown that if (~m, (~b, CIm', (~b'~ and through thickness o t ,  O'b t components (through Eqs. 1-2) are known, the notch structural 
stresses can be defined with respect to a given distance I from a weld toe or notch. In this process, the equilibrium conditions 
are enforced. The local structural stresses (Pm and Pb) can then be expressed as a function of I varying from 0< l/t <1, as 
shown in Fig. 10: 
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where, for example, the coefficients al, a2, a3, a4 in the above are expressed as: 
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Stress Intensity Factor Solutions 

As discussed in Dong [ 14], the present structural stress procedures provide an effective transformation process from complex 
weld geometry and loading mode to a simple smooth specimen geometry on which accurate stress intensity factor solutions 
are readily available in the open literature. It can be shown that the Mode I stress intensity factor range is expressed (using 
superposition principles as a function of the ranges of the structural stress components [ 12]: 

t/;-/t/;-/l K - K m + K b = trmf m + O'bf b (8) 

The fm a~t )and fb a~t)are dimensionless functions ofa/ t  for the membrane and bending components, expressed as follows: 
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stress intensity factor can be readily calculated from the above equations. As shown later, the accuracy of the above solution 
are validated for a/t = 0.1 to 1.0. The application of such K solutions in interpreting slope changes in S-N curves due strong 
bending effects is given in [ 14]. 



Similarly, the mode I stress intensity factor for notch effects can be expressed using crack face pressure within any given a 

(for a _< l ) as: 
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a 
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where Ps = Pm + Pb and r = Pb / Ps,  given in Eqs. 4-7. 

Validity of the above structural stress based stress intensity factor solution techniques (Eqs. 8 and 9) have been validated by 
weight function methods on a T-fillet joint [e.g., 17] and various notch configurations (2D and 3D) under various remote 
loading conditions, as discussed in [ 16]. 

Residual Stress Induced Stress Intensity 

The above K solution procedure provides a rather convenient way for stress intensity factor calculations for welded joints. 
Both remote loading conditions [ 13,16] and residual stress distributions can be consistently taken into account. For a given 
residual stress distribution, such as the one shown in Fig. 2a (bending dominant type), the residual stress distribution can be 

t t 
readily separately into the structural stress components ( O" m and o" b ) using Eqs. 2-3 and the local stress distributions 

incorporating the self-equilibrating part in the form ofpm and Pb using Eqs. 4-5. The stress intensity factor results are 
summarized in Fig. 10. As it can be seen, Eq. 8 yields accurate results for a/t > 0.1, without considering the self-equilibrating 
part of the residual stress distribution. The solution using Eq. 9 provides a clear indication of the effects of the self- 
equilibrating part on stress intensity factor, particularly for a/t <0.1. The difference between the dashed and solid curves in 
Fig. 10 is solely due to the self-equilibrating part of the residual stress distribution and becomes negligible for a/t > 0.1. Such 
localized K behavior is identical to those due to notch stress concentration effects that can also be consistently described 
using the self-equilibrating part of the stress distribution after separating from the structural stress components [ 16]. 

For self-equilibrating dominated residual stress distributions, such as the one shown in Fig. lb with t = 1.5"(24mm), as 
discussed in [ 11 ], both the structural stresses and notch stresses can be conveniently calculated in a similar manner by 
assuming the symmetry respect to the mid-thickness [ 13]. The resulting stress intensity factor as a function of crack depth 
from the inner surface is compared with the solution obtained by using finite element alternating method (Fig. 11). Due to 

t t the negligible O" m and o" b in the residual stress distribution, the stress intensity factor dominated by the self-equilibrating 

part of the residual stress distribution and rapidly decreases to zero at about a/t = 0.3 (a=0.5 inch). 

In the procedures discussed above, contributions of both residual stresses and remote loading to the stress intensity factor for 
a reference crack in the weld can be readily quantified using the structural stress and notch stress methods using 
superposition method. The contribution of the self-equilibrating part of the welding-induced residual stresses contributes to 
the total stress intensity is identical to the notch stresses induced the stress concentration under remote loading conditions. 
Such local effects on the total stress intensity typically die out rapidly as a crack extends beyond a small a/t ratio, in a rather 
similar trend to that due to the self-equilibrating part of the notch stresses [ 16]. In the present solutions, the contribution of 
the equivalent structural stresses from a given residual stress distribution to the total stress intensity can be conveniently 
treated as a part of remote loading. Consequently, for an arbitrary residual stress distributions as described in Eq. 1, the 
decomposition of a generalized residual stress distribution based on Eq. 1 into its equivalent membrane/bending and self- 
equilibrating parts provides an effective approach for stress intensity factor calculations. In addition, such residual stress 
decomposition method not only significantly simplifies the complexity of general residuals stress distributions, but also 
adequately captures their important contributions to stress intensities at a weld for fracture assessment purposes. 

For short cracks with small a/t, e.g., a/t<0.1, the self-equilibrating part of the overall through-thickness stress distribution 
becomes critically important. As illustrated in Fig. 10, a rapid decreasing K up to a small crack depth can result from either 
self-equilibrating residual stresses or notch effects in a welded joint or notched component. As shown in [ 16], a consistent 
estimation of such local stress gradients in the stress intensity solution using the present method is essential in consolidating 
various "short crack" anomalous growth data. 



Summary 

In this paper, typical residual stress states in various welded joints are analyzed. Although detailed residual stress 
distributions are dependent upon weld joint types, materials, welding procedures, etc., it appears that two characteristic 
distributions can be generalized. One is the self-equilibrating type and the other is the bending type. Among some important 
parameters, joint restrain conditions seem to be a key parameter that determines both the transition between the two types and 
relative composition of the membrane and bending content in a residual stress distribution. By introducing mesh-insensitive 
structural stress methods and corresponding K solutions, the membrane and bending part of the residual stress distributions 
naturally become directly additive to the remote loading effects. The self-equilibrating part of the residual stress distribution 
contributes to the stress intensity factor solutions in essentially the same manner as that of notch stresses. The present K 
calculation procedures provides a consistent and effective approach for incorporating residual stresses, notch stresses, and 
remote loading in fracture assessment of welded structures. 
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Fig. 1" Two types of  through-thickness axial residual stress distributions in multi-pass weld in 
girth welds: (a) "bending" type; (b) "self-equilibrating" type. 
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Fig. 3" Parametric Descriptions of Generalized Residual Stress Distributions between Self- 
Equilibrating to Bending Types 
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Fig. 4" Self-Equilibrating Type Residual Stress Distributions in Plate Structures 
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Fig. 5" Bending Type of Residual Stress Distributions in Vessel and Nozzle Joints 
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Fig. 6" Invariant 3D Transverse Residual Stress Features in Repair Welds 
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Fig. 10" Comparison of Residual Stress Contributions to Stress Intensity at a T-Fillet Joint (Fig. 2c) 
with Bending Type Residual Stresses. 
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