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"°'1WDUM FOR: E. G. Case, Acting Director 
Office of N11elear Reactor Regulatton 

Robert B. Minogue, Dtrector 
Office of SuncS.rds Development 

FROM; Saul Levine, Director 
Office of Nuclear R.egulltory Research 

SUBJECT: RESEARCH INF~TJOH LITTER - 113 - RESIDUAL STRESSES 
IN WELDS I 

Introduction 
' 

The purpose of this Research lnfonnat1on Letter ts to transmit to NRR a 
ver1fie-d l"IO<iel for predicting residual stresses resulting from the 
girth-butt welding of pipes and the estf~~tion of ·residual stresses 
resulting from weld repairs of •essels. This ll'IOdel ~s developed by 
~ttelle Colurrbus Laboratory under the sponsorship of R£S and c~n be 
used as needed 1n licensing reviews and standards developrent. 1 

Bad ground 

Residual stresses due to welding have been of concern 1n safety~analyses 
for L~R priR~ry syste~ COA"~onents. Residual stresses arise fJ"Ol'.n the 
differences 1n temperatures due to the cooling of the deposfted

1 
weld 

lillE!tal and the heating and coolln~ of the neighboring base metal. Sub­
sequent weld passes also contribute to residual stresses by reh~at1ng 
and remelting metal. The heat input, weld speed, weld rod size;, weld 
r.Etal ind base metal properties, and the i:r.echanical restraint of the 
structure all have an 1nfl~nce on the residual stresses. Ord1

1
nar11y 

these stresses ·are relieved by 1 post...eld stress relief treatme,nt, but 
for rost welds riade in the field, this treabr.ent 1s not poss1b1,~. Residual 
stresses can be quite high, reaching and even exceeding yfe ld sitress 
levels. The sut.isequent addition of operatins; stresses producesi localized 
stress levels that could be excessively h1gh. Such conditions !of 
loca 11zed h1 gh stress increase the tendency for cract inf thtfon to 
occur. Thus, it is important that some ~thod be available to ~'-easure 
or estimate the residual stresses 1n welded components for LWR~. 
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Analytfca1 methods have been developed and va11dat&d at !Attelle Col"*'s 
L1bor1torfes to detenn1ne resfdu1l stresses fn gfrth-butt type welds due 
to the w1d-jo1nfng process. A tdfnputer code AXJSOL has been developed 
to pre-diet residual weld stresses fn gf rth-butt wt1ds fn pressure vessels 
and pfpes. Val1d1tfon of the procedure has been 1cc0U1>1fshed by com­
ptr1son of predict~ results with resfdua1 stresses obtained through 
1Aea1u~nts Nde on four different pfp.s with three df fferent pfpe 
df arretel""S and fn 1 weld repafr of the 6-fnch-thfck, 39-fnch-dfameter 
HSST f nte~d1ate test vessel. The COQlputer 110del predicts the actual 
residual stress levels well and, 1110re fmportantly, the pre-dfctfons 
accurately descrf ~ the compressf on-to-tension changes fn resfdua1 
stress fn going f'"°'11 thr blse metal on one sfde of the we1d, through the 
wld metal, and to the base ~tal on t~ other sf de of the weld. 
Comparisons between predictfons and sneasured Yllues agreed well for both 
the fnside and outside of the pfpes. Details of the computer code and 
results of the validation coaiparisons ire presented in the enclosure. 

Evaluation 

The results of this program have been reviewed by the NRC Vessel Integrity 
Research Review Group, and by the staff of the HSST Program at Oak 
R1d~e. lt is the consensus of these experts that the calculations and 
measurecents have been rost carefully done and, thus, represent the best 
method for prediction of residual k!eld stresses.~ Furthennore, the code 
has been shown to be capable of predicting residual weld stresses 1n 
small d1a~ter (4.5 1nc~s) pipes as well as th1ck sectfon pressure 
vessels which required the modeling of Sor.le 1000 weld passes fn a 6-
1nch-deep pressure vessel weld repa1r. The procedure ts versatile 
enough that ~th NRC and EPRI plan to use ft as an aid 1n dfrectfng 
research in improving weld practtces for reduction of weld stresses 
tllereby enhanc1ng the quality of fabricated products • 

Thfs model could be used in the lfcensfng process ·to afd 1n the evaluating 
of cracking that ~s occurred in gf rth-butt welds fn pf pfng. It should 
also prove to be useful fn any safety evaluation of proposed repairs by 
weld buildup fn nozzle corner regions after cracks have been removed, 
and in vessel weld repairs. 

Attac~nts 

Tha results of the study fn wh1ch the lll>del was developed and veriffed 
are described fn the final report, "Residual Stresses in Girth-Butt 
Welds fn Pipes and Pressure Vessels," prepared for th' U.S. Nuclear 
Regul1tory Conr.1ssion, Office of Nuclear Regulatory Research under 
Contract No. AT(49-24)-0293, Task 1, August 1977, currently 1n 
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pub11cat1on. This report 1s 1unmar1zed fn the enclosure, •[valuatfon ef 
Method for Predicting Residual Str"'lsses fn G1rth-Butt Welds.• A paper 
de1cr1b1ng the model And c~ar1sons w1th laboratory measurements for 
res1dua1 stresses has ~en accepted for presentat1on at the ltrqer1can 
Society of Mechanical [ng1neers Wfnter Annual Meeting held November 27 
to December 2, 1977, 1n Atlanta, Georgia. The paper fs •nt1t1~. •A 
f1n1te Eletr~nt ~lodel for Res1due1 Stresses fn &1rth-Butt Welded P1pes,h 
by E. F. Rybicki, D. W. Schmueser, R. B. Stones1fer, J. J. &room, and H. 
w. Mishler. 

Enclosure: as stated 

RSR:W RSR:W 

Origh1aJ sqnea lit 
S:iul Le.;ne 

Saul Levine, Director 
Office of Nuclear Regulatory Research 
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ENCLOSURE FOR 
RESEARCH INFORMATION LETTER 

on 

EVALUATION OF METHOD FOR PREDICTING 
RESIDUAL STRESSES IN GIRTH-BUTT WELDS 

SUMMARY 

A finite element model for predicting residual stresses due to 

girth-butt welds in pressure vessels and pipes was developed at Battelle's 

Columbus Laboratories. The residual stress model for girth-butt welds was 

verified for welds in pipes ranging from 2 to 30 passes. The model also 

accurately predicts residual deformations. Comparisons of results from the 

model with data indicate that the model can be extended to accura~ely repre­

sent weld repairs in pressure vessels. A summary of the accomplishments 

directed at developing and evaluating the model is 'given in the following: 

• A critical review of the:. literature- w.is r.iade to evaluate 

analy~ical techniques for developing the model and identify 

rcsidu~l stress data to be used in verifying the models. 

• ExpcrimC:'ntal studies of two girth-butt welded pipes were 

conducted to provide temperature data and residual stress 

data for verif)ing the models. Data obtained fro~ thes~ 

e:xpcrir.:(·nts int:luJe residu.:il stresses, tc:upcratures during 

weldin~, str;dns during welding, and r ·sidu.Jl t.11.!flections 
of the we J d,·J pipe. 

• l\_,o cxperi1:~vnts on girth-hutt wcldc>d pipe's wcr~ idC'ntificd 

frora lli.- l i ll!r&1tur.:: as test c.:i~cs for tlw model. 

• A dcscripL ion of the pipvs for which d.:it;1 w.:is obt:iinc<I 

from thl' C'>:p,•rirncnt.11 st.udy .:ind throuch till' litcr;iturc 

is givl•n in the follo,,.•inr,. All pipes arc 30~ stainless 
s lee J • 
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Outside Pipe Pipe Wall Number of 
Pipe Identification Diameter (in.) Thickness (in.) Weld Passes 

BCL Model No. 2 12. 75 .180 2 

BCL Model No. 3 12.75 .375 6 

Argonne Pipe 4.50 
), 

.337 7 

General f.lectric Pipe 28.00 1.300 30 

• A model for predicting residual stresses in girth-butt welds 

of pressure vessels and pipes was developed. The model consists 

of two parts; a temperature model and a stress analysis model. 

• lbe temperature model was developed through modification of a 

model dPscribed in the literature review. Good comparisons 

between temperature data and computations by the model were 

obtained for each pass of the two-pass and six-pass welds. The 

temperature model includes heat input, pipe thickness, location 

of weld pass, thermal properties of the pipe, torch speed, 

efficiency of the weld process, and time dependent effects. 

• A finite element model for girth-butt welds was developed. The 
' 

model includes temperature dependent material properties, 

elastic-plastic stress strain effects, the effects of changing 
\ 

geometry of the pipe as it is welded, and linear elastic unload­

ing from an elastic-plastic state of stress. lbe weld geoMetry 

and number of weld passes are also represented by the model. 

• Results of the residual stress model showed good agreement with 

residual stress data in the hoop and axial directions on the 

insides and outsides of the four pipes described above. 

• Preliminary results were obtained using the residual stress 

model to represent a weld repair of the HSST Intermediate 

Vessel V-8. While the model needs further development before it 

can adequately represent the weld repair geometry, qualitative 

agreem1 nt between residual stress data nnd results of the model 

were obtained. 
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• nius, an analytical model for predicting residual stresses in 

girth-butt welds hos been developed and verified by comparison 

with experimentally.obtained data for four pipes. It was demon­

atrated that with further development, the model can be applicable 

to other weld configurati~ps such as weld repair of pressure 

vessels. 

lbe following sections describe the model's capabilities and 

limitations, the girth-butt welds used for the validation study, and 

~mparisons of predicted residual stress distributions and those obtained 

from the welds. 

MODEL CAPABILITIES AND LIMITATIONS 

Figure 1 shows an illustration of a girth-butt weld. The residual 

stress model is comprised of two parts: a heat flow model and a stress 

analysis model. The heat flow model provides transient temperature 

distributions which are the input for the finite element stress analysis 

model. The stress analysis model gives the magnitudes and distributions of 

the residual stresses including variations through t~e pipe thickness. The 

model represents important parameters of the welding process. These are 

contained in the following list: 

• Size and number of weld passes 

• Elastic-plastic temperature dependent response of the 

pipe and weld materials 

• Heat flow analysis 

• Geometry of pipe and weld groove 

• Heat input of weld process 

• Speed of weld torch 

• Time dependent transient aspects of the weld process 

• Interpass temperatures 

• Mechanical end restraints of the pipes. 

lbe model for pipe welds is limited to axisymmetric representations 

and hence does not contain variations in stresses around the circumference 



. Girth-Butt Weld 

FIGURE l. ILLUSTRATION OF GIRTH-BUTT WELD 
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of the pipe. This is however not a serious limitation because circumferen­

tial variations in residual stresses can be explained with results of the 

aodel. Furthermore, the weld repair model does contain circumferential 

variations in the residual stress distribution. 

In addition to the axisymmeltic simplification of the girth-butt 

weld program, several additional simplifications were examined. One which was 

included primarily because of the reduction in computer costs, was treating 

the girth-butt weld procedure as being symmetric about the plane which is 

perpendicular to the axis of the pipe and passes through the center of the weld 

bead. This resulted in a computer cost savings of approximately 50 percent. 

Closely related to this simplification and in part resulting from it, was the 

modeling of a sequence of weld passes as a layer rather than as individual we!~ 

passes. The savings resulting from this simplification is dependent on the 

pipe siz? and number of p~sses, with the savings b2ing greater for pipes with 

1110re passes. The method of modeling a general multipass girth-butt weld under 

these two assumptions is shown in Figure 2. 

DETAILS OF THE MODELS FOR HEAT FLOW 
AND RESIDUAL STRESSES 

The focus of this study is'on the magnitude and distribution of 

residual stresses. However, a representative model for predicting residual 

stresses requires accurate information about the temperatures due to the 

welding processes. Temperature information can come from thermal measure­

ments, models for predicting temperatures, or a combination of these two 

sources. The approach taken here was to develop a temperature analysis 

procedure and verify the capability of the model to predict temperature 

distributions by comparing results with the data. The following sections 

descr1.be the temperature analysis. 
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FIGURE 2. COMPARISON OF ACTUAL AND MODEL WELD CROSS SECTIONS 



Temperature Analysis During Welding 

The technique for modeling the temperature distributions is based 

on the distribution of temperatures around a moving point-heat source in 

an infinite solid. The temperature due to this moving heat source is given 

by the following equation. 

where 

T (r, 0 = T 
0 

T = Tec-;pe:-.:iturc 

T
0 

c: Ambient te:1.1per.:iturc 

q c: R.:;c of heat ir.:put 

Kc: Tliun.11 condut:tivity 

V Hvat source velocity 

r 

C X-dht.::ince·fror.1 he.:it source 

r =Distance fro::i heat source 

c = Heat capacity 

a = K/ c. 

(1) 

* Equat:inn (l) is identic.:il to th.:it presented by Rosenthal [23]. Time does not· 

explicit:: <i~·;'(<Jr as a v.:nL.1blc in Equ.ation (1) because, although the tet;iperatu'!"e 

distributio~ is variable ~itl1 respect to a station3r)' point in a solid, it is 

uncha::[.i:1[~ • .. :i t~1 rc:spect to the heat source since stcady-st::itc conditions are ass:.:=::: 

to be prc:scnt. Ho~~ver, time docs appe.:ir implicity in Equ.:ition (1) since 

~ = X -Vt 
0 

(2) 

whc:rc: X is the· disi.anCL' lic·L\•cc·n the station:iry point and th.: heat source \.:h. ~ · 
0 

t = o. 
The n11::-.L:r j c::l tc:c~rniqu.:: ;ipproxir.:.:.ites the tc1:-pL:rat.ure rise due to the 

movin3 source in .:i fi,1i tc t hicLness pl.:ite by sup(•rposint; a series of hc::it sources. 

One he.:it sourcL., loc.1lt'd Oti the pipC', is the actu;il welc.linr, source. Othc'· heat 

* Numl>c.-rs in brackvts dl!nute references in the Bibliography and References Sectio:-:. 
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sources are placed outside of the pipe to eliminate the heat transfer through 

the inside pipe surface and the outside surface. The actual pipe temperature 

distribution is obtained by superposing at least 28 temperature sources. 

the superposition of heat sources, each described by Equation (1), is 

used to compute time dependent tempera,tures for the heat source moving along the 

circumference of a pipe of specified thickness. The pipe is represented as a 

plate with length equal to the circumference of the pipe. 

The solution for the point heat source given by Equation (1) is valid 

only for physical properties independent of temperature. The solution also 

applies only outside of the fused zone of the weld. The time temperature curve 

for all points inside the fused zone are generated by 

T =T +__s_.l 
f o 4nK t (2) 

where T , q, K, and CO are identic·al to the variables defined for Equation (1). 
0 

The multipass welding of a pipe is modeled by the following procedure. 

Temperatures will be calculated for the root pass by applying and locating the 

main heat source at the centroid of the root pass. For the second pass, tempera­

tures are calculated by locating the heat source a~ the center of the second pass. 

The total temperature will be obtained by adding the temperatures to an experi-. \ 

mentally determined ambient temperature for the seoncd pass. 

Numerical Results for Temperatures 

The temperature model was used to generate temperature~time profiles 

for comparison with the thermocouple data. These comparisons are shown in 

Figures 3 and 4. Figure 3 displays comparisons for the gas-tungsten arc root 

pass and Figure 4 shows comparisons for the second or gas-metal arc pass. The 

smallest time value in each figure corresponds to the time at which the thermo­

couple nearest the weld centerline reached its maximum temperature. TI1e difference 

between the results of the temperature model and the experimental data was less 

than 9 percent for the first pass and less than 17 percent for the second pass. 
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· Finite ElemP.nt Model for Residual Stresses 

Figure 5 shows an axi~ymmetric, finite element representat·on for a 

portion of a 323.85-nun diameter pipe welded by two passes. llle cross section 

of the pipe and the weld groove are rey:esented by finite elements. Each element 

is assigned to one of three zones. Zone 1 represents the weld material that is 

being deposited. Since the model consists of finite elements representing the 

entire weld region, a zone with essentially zero stiffness is assigned to ele~ents 

in the areas which are to be filled by subsequent passes. This artificial zone 

is represented by Zone 2. Zone 3 consists of a portion of the pipe and the 

previously deposited weld material that experience a transient temperature increas; 

as a result of the welding. 

During each weld pass, thermal deformations are calculated from ter.ipera­

ture distribution:- determined by the thermal model. These residual deformations 

at the end of each pass are added to determine an updated ccnfiguration of the 

model before analyzing the next pass. Tilerefore, a large deformation, elastic­

plastic problem is broken into a series of incrementally linear problems. The 

analysis procedure also includes temperature-dependent material properties which 

are varied for each pass. Material properties of 304 stainless steel used in 

this study are shown in Figure 6 as a function of temperature. 

The analysis procedure is also based on several assumptions given 

as follow:>. Melting or dilution of the pipe mat.erial is not included in the 

analysis. The mass of the weld and base materials are also neglected. The 

shape of each weld pass is obtained from photographs of the experimental weld­

pass cross sections. 

An axisymmetric finite element computer program with the capability 

to model elastic unloading from an elastic-plastic state of stress was used to 

represent the pipe. Tile need to include unloading of this type arises because 

high stresses that occur near the weld are reduced ar. the weld and base metal 

cool. Thus, finite elements in this area mu$t permit a reduction in stress 

while maintaining a residual plastic strain. In the computer program, an unloac­

ing criterion is automatically checked at each element. Tile criterion is a 

reduction of equivalent stress between two consecutive load increments. If an 

element meets this criterion, then during the next load increment that element is 

assigned a stiffness based on the elastic material properties. 
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Numerical Results 

A numerical test case for \Dlloading was conducted to demonstrate that 

the stress-strain behavior of the elements could follow the input stress-strain 

curve. A stainless steel with a yield stress of 220.0 MPa, a thermal expansion of 
6 >' 3 . 3 17.6 x 10- mm/mm/Can initial ~dulus of 186 x 10 MPa, and a modulus of 20.7 x 10 

a~ove the yield stress was selected for the test case. A thermal load of 66 C 

was applied to a 25.4 mm x 76.2 mm steel plate of unit thickness in four load 

increments, and reduced to 33 C in four increments. All sides of the plate were 

ricidly clamped. The stress-strain behavior of a typical element during this 

loading history is shown in Figure 7 along with the theoretical curve for the 

stress-strain behavior. 

Computed values for the residual stress at the inner and outer surf aces 

of the bolo-pass welded pipe are compared to the experimentally obtained values in 

Figures 8 and 9, respectively. Qualitatively, the experimental points and the 

analytical curves agree well. As can be seen from these figures, the quantitative. 

agreement at the inner surface is better than that for the outer surface, and 

the hoop stresses generally show better agreement than the axial stresses at both 

surfaces. Tile figures show that some oscillation in the calculated hoop stresses 

occurs in the hoop stresses at the outer surface. This is due to the discontinuity 

of modulus which results at the interface between the weld material and pipe 

material. Tilis behavior is mor~ notic~able at the outer surface because during 

the placement of the outer pass, the root pass and the pipe material act as one 

material, and oscillations in the stresses due to the prior application of the 

inner pass are reduced by the plasticity resulting from the outer pass. 

Deformations of the welded pipes were also compared with measured 

values as a means of verifying the model. A comparison of predicted values 

and measurements for the two pass weld are shown in Figure 10. Tilis figure 

shows good agreement between the predictions on the model and the data. 

The figure also shows that the results are not overly sensitive to logical 

variations in representing the temperature distributions. This is a 

desirable trait for the model. 
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Modeling Argonne National Laboratory (ANL) 
Experiment, Seven-Pass Weld 

., 
!he data for this girth-butt welded pipe was obtained from measure­

ments taken by ANL based on References [24] and [25]. The weldment is 
} ' 

denoted by W 27A and was selected because of the relatively small pipe 

diameter. This pipe is Type 304 stainless steel with an outer diameter 

of 4.5-inches and a thickness of 0.337-inch. The cross section is shown 

in Figure 11. 

The finite element grid generated for the seven-pass pipe is shown 

in Figure 12. The model has 314 elements and 350 nodes. The material 

was 304 stainless steel with the assumed temperature dependent properties 

shown in Figure 6. Figure 13 shows a comparison of the calculated and 

experimentally measured maximum temperature profiles. 

Residual Stress Calculations 

Figure 14 shows a comparison of experimentally determined 

stresses and values computed from the model for the inside surf ace of the 

ANL seven-pass welded pipe. The bars on this figure indicate the effect 

of taking data at different angular positions about•the pipe circumference. 

The effect of nonsymmetric behavior about the weld centerline is indicated 

by the right and left symbols. Again, the side of the pipe on which the 

last pass was applied showed the largest experimentally measured stresses. 

The results indicate that the concept of spreading the heat input over the 

entire weld layer appears to be an effective representation. 

Modeling General Electric Company 
Experiment, Thirty-Pass Weld 

This girth-butt welded pipe was fabricated by GE and selected 

because of the relatively large number of weld passes. The pipe material 

is Type 304 stainless steel with an outer diameter of 28 inches and a 

thickness of 1.3 inch. The cross-sectional geometry of the thirty-pass 

weld was obtained from Figure 15 which was obtained from the GE report 

describing the experiment, Reference (26]. 
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FIGURE 11. CROSS SECTION OF SEVEN-PASS ANL EXPERINENTAL 
GIRTH-BUTT WELD W 27A 
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'1'be finite element grid for the thirty-pass pipe is shown in 

Figure 16. The model has 214 elements and 248 nodes. The material 

properties used with this model·ere shown in Figure 6. 

'1'he computed residual stresses for the inside surf ace of the 

thirty-pass model are compared with experimental measurements in Figure 17. 

The bars on this figure indicate the effect of taking measurements at 

different angular locations around the pipe circumference. Though experi­

mental measurements were made on both sides of the weld centerline, data 

points from both sides generally fell within the same range. 

The calculated stresses in both the axial and hoop directions 

agree quite well with the data. The axial stress sign reversal agrees 

with the experimental values better than for the seven-pass pipes. 

One aspect of the modeling of pipes with large numbers of passes, 

that was briefly addressed during the study of the thirty-pass pipe, is the 

possibility of grouping layers of passes in the analysis procedure. At 

this time, not enough studies have ~een done to fully answer the question 

of how many passes can be represented by one layer in the model. However, 

results indicate there is merit to the modeling concept of using a layer 

that contains one row of weld passes. 

I 

Preliminary Application of the Residual Stress Model 
to a Weld Repair of a Pressure Vessel 

The residual stress model described here has many potential 

applications to welds of pressure vessels and pipes. One such application 

is to understanding the residual stresses resulting from a weld repair of 

a pressure vessel. It is emphasized that the model, in its present form, 

would require some extensions before accurately representing several 

aspects of the problem. Nonetheless, it is of value to apply the model to 

this P1'.0blem with the intent of obtaining qualitative results. The 

following contains a description of the vessel, the weld repair cavity, 

and the model. A comparison of residual stress data and results obtained 

from the model is also presented. 
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Description of the Weld Repair 

The weld repair of int~rest was done on the HSST intermediate 

vessel V-8. The same weld repair procedure was applied to a two foot long 

prolongation cylinder with comparable dimensions to the cylindrical section 

of the vessel. The dimension of the weld cavity and the cylindrical section 

of the pipe are shown in Figure 18. The vessel material is ASTM A533, 

Grade B class 1 carbon steel. The size of each weld bead is about .1 inch 

by .1 inch. Thus, it is estimated that close to 1000 weld passes were 

required to fill the weld cavity. 

Results of Residual Stress Model 

The residual stress data for this weld repair was available 

along a line around the circumference of the cylindrical section of the 

vessel. The model is not three dim~nsional and cannot represent the three­

dimensional aspects of the weld cavity geometry. A model was selected 

to represent a section of the vessel in the hoop direction through the 

center of the weld cavity. Another approximation in the model concerns 

modeling the large number of weld passes. The total number of filler 

passes were modeled as a single deposit of material: Because of these 
' approximations in the model, quantitatively accurate results were not 

expected. However, qualitative comparisons with the data should be attain­

able because the model does include some aspects of the geomtry and the 

material properties. Figure 19 shows the comparison of results obtained 

by computations with the model and residual stress data obtained at Oak 

Ridge National Laboratory. The model exhibits good agreement with the 

hoop stress data as shown by comparing the solid and dotted lines. Hoop and 

axial stress distributions from the model are on the outer surf ace of the 

vessel. The Oak Ridge data were obtained on the outer surface and from 

points just below the outer surface. Axial stress data is sho'Wll at one 

location and is also in agreement with the results of the analysis. These 

comparisons are very encouraging and suggest that the model can be a 

useful tool for residual stresses in weld repair. 
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The residual stress and deformation model is based on a temperature -,. 

model and a finite element analysis model. The model includes elastic-
>..' plastic temperature dependent material behavior for the weld and the 

pipe, elastic unloading from an elastic-plastic stress state, the effect 

of geometry changes due to welded distortions, the number and size of weld 

pass~s and the parameters included in the temperature analysis. Good 

comparisons between experimentally obtained residual stress data and 

computed values from the finite element model were obtained for the two 

pipes welded during the program and for two pipes reported in the literature. 

lbe number of weld passes in these pipes ranged from two to thirty. A 

comparison of residual stress data and preliminary results obtained for a 

weld repair of the HSST-Intermediate Pressure Vessel (ITV-8) indicate the 

model can, with modifications, be applied to studying weld repairs. 

It is noted that the residual stress data were not all obtained 

in the same manner. The Battelle data was obtained by a chip removal 

procedure. The Argonne and General Electric data were obtained by removing 

sections of the weldment, and the Oak Ridge data was obtained by a hole 

drilling technique. Thus, the model results compared well with various 

types of residual stress measuring tec..hniques. 

Based on the results of this study it is concluded that 

• A mathematical model' was developed to predict the 

magnitude and direction of residual stresses in 

girth-butt welds. 

• The model has been verified for pipe welds varying 

from 2 to 30 passes. A total of four pipes were used 

in the verification. 

• lbe model predicted residual deformations that were 

in excellent agreement with data taken from a welded 

pipe. 

• The model for the pipes is axisymmetric and does not 

contain circumferential variatons of residual stress. 

However, the model for the weld repair does contain 

circumferential variations in the residual stresses. 
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• The accuracy of the aodel is due to the representation 

of the complex nature of the welding process. Bence, 

the program is of equal complexity and sophistication. 

• 'l'he model has been verified for the welds described 

in this enclosure to the iesearch Information letter. 

Further studies are needed before it can be verified 

for other geometries or weld types. 
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