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Abstract

Partial joint penetration groove welds may be used
where it is not necessary to develop the full tensile
capacity of the cross-section or where it is not feasible to
make a full joint penetration groove weld because welding
can be done from one side only.

The limited experimental data in the literature on
partial penetration welds indicate that weld strengths are
proportional to the tensile capacity of the base metal and
the area of the weld normal to the load. Despite this design
standards base the strength on the shear capacity of the
weld. A series of 75 tests on 25mm thick grade 300W or grade
350A steel plates, with welds made with matching electrodes
and with 20 to 100% penetration, were conducted.
Eccentrically loaded welds are as strong as concentrically
loaded welds due to the inherent ductility of the welds that
allows a relatively uniform stress state to develop before
fracture. Welds are stronger than the plate on an unit area
basis. This weld strength increases with decreasing
penetration and is attributed to the lateral restraint.
Overall specimen ductility is limited unless the weld is of
sufficient'penetration to cause general yielding of the
plate before weld fracture.

Two proposals basing weld strength on the percent
penetration multiplied by the ultimate tensile resistance of
the plate are presented. Appropriate resistance factors for

use with these proposals are also given.

ii



Acknowledgements

This research was conducted under the supervision of
Dr. D.J.L. Kennedy. His thoughtful guidance and unlimited
patience are greatly appreciated.

I would like to thank S. Kennedy for the valuable
assistance he provided throughout this study and the
technical assistance of L. Burden and R. Helfrich during the
experiméntal program.

Special thanks to C. Machon for the support and
encouragement provided during the completion of this study.

Funding for this research was provided by the Canadian
Steel Construction Council and supplemented with funds
granted to Dr. Kennedy by the Natural Sciences and
Engineering Research Council of Canada. Personal funding was
received from the Alberta Region of the Canadian Institute

of Steel Construction.

iii



Table of Contents

Chapter Page
ADSELACE teveeeeesecscasasncssssssnssossssssssassasssseneeelV
AcknowledgementsS ....ccesscccscssccscsccscssccsscocsscsssesesV
1, INTRODUCTION .ivecececsevsasesssassssoescsasoscssoscsscssl]
1.1 General (...cecececesesecosseascsnsnssncasncacssseasl

1.2 ObJectivVesS tuiiioeeeccsnssessccsccoscsascsssccssssed

1.3 SCOP@ ticececosesasonnssosssssssssassossscsasosscsel

2. LITERATURE REVIEW ..cceecevcoscbassssscscasssnsnsescsed
2.1 General ........f................................3

2.2 Review Of Texts and PAperS .ocecesescoscsosccscosed
2.2.1 TeXES tevcescsvsesocossonosasscsssacsanssel

2.2.2 PAPELS .vveecsocecssssosasssssssscnccsssssh

2.3 Codes and StandardS ...cecsecccecrcncnacsncncsseld
2.3.1 GENErAl ..vvvvevennnneecasnescanasoaaeeensl3

2.3.2 CSA Standard S16.1-1974 .....cieeveeoesesl3

2.3.3 CSA Standard W59-M1982 ......eecenseeceesld

2.3.4 CSA Standard WS59-M1984 ....ccovceeeeeseaslb

2.4 DiSCUSSION ..veosecoosococassssosassocsanonsnnossl?

3. EXPERIMENTAL PROGRAM ....cccoceoceccassnscsssscacsessl8
3.1 General .(..ceeeeececessccoscosscscsannansnnssansslB

3.2 Test SPECIMENS ....eeeetersocorsonsscsssnascsssesiB

3.3 Single and Double Specimens .....ceeeeeeecsocese2

3.4 Plate Material .....ecceeeossoccccscccsnassonnselld

3.5 ElectrodesS .....c.ieeececnscocnsossaasssasnsssssld

3.6 Plate Preparation .....ccieeesoncences cesersrsesld

3.7 Welding Procedure ........ CeecereestsessacesaesslD

3.8 Final Preparation of Test Specimens ....... eees.30

iv



5.

3.9

3.10
3.1
3.12

TEST

TeSt SetuUP teveeeereesessoscssesssnsccssonneasesll
Test Procedure .....c.ceceecesececsssccsccanceeslb
Fracture Observations teteetstiiiietiatetaanas..36
Ancilla:y TesStS .cuiieiveeecsonsssscsnnansonsaoesld?
3.12.1 Plate COUPONS ..cievvvncnnnncnanennnenass3?
3.12.2 Weld COUPONS .t.vvveeevnnnn B
RESULTS t.ieieeeecnrscessnscssesccosnoncsnncoansesld
Ancillary Test RESUIES ..i.veveeeeneeennonnenneessl9
4.1.1 Tension Tests on Plates ......ceveeeeve..39
4.1.2 Full Penetration Groove Weld Tests ......39
4.1.3 All-Weld Metal Tension Coupons ..........43
Partial Penetration Groove Weld Test Results ...43
4.2.1 General ....iiierireersoeececenncnnannasacd3
4.2.2 Weld DimensSioNS ..evieveoesececocacneoessa4qB
4.2.3 Fracture Surface Observations ...........55
4.2.4 Ultimate Weld Strength .......c.0veveees.b2
4.2.5 Deformations in WeldS ......eveeeeeeeesearb2

4.2.6 Deformations in the Plate .....eeeeseess..68

ANALYSIS OF TEST RESULTS .l..........'...'........'..84

5.1

5.2

Specimen EQuilibrium ....ccevieeeeeneccensaneesaBl
S.1.1 General ....ivsveseccoceocacaaaaneansessaBl
5.1.2 Single Specimen .......ceveeeeececeecaness B84
5.1.3 Pairs of Specimens ......ceeeeeeeencesessd2
5.1.4 Comparison with Test ResultS ............94
Weld Equilibrium and Failure Theories .........104
5.2.1 Weld Equilibrium .......ceviivrnneeeenn..104

5.2.2 Maximum Shear Stress Theory ............106



5.2.3 Maximum Normal Stress Theory Cereneree..107
5.2.4 Strain Energy of Distortion Theory .....107
5.2.5 Fracture Surface Observations ..........108
5.3 Ultimate Strength ....ccceeeccosccscsensnceasssslll
5.3.1 General .....ceoesscccocscsscncconncscsssill
5.3.2 Effects of Eccentric Loadings ..........110

5.3.3 Factors Affecting Ultimate Capacity and
Comparison to Failure Theories .........116

5.3.4 Restraint in the Weld ....cccceveeveee..118

5.3.5 Weld DefeCtsS ..vicecscsseonssnoaseaasonesll2b

5.3.6 Test Results of Others ......ceeeeeeeess127

5.4 Ductility of Specimens ....cccceeececcacsacsasssl29

6. DESIGN APPLICATIONS .....ccesecaccosccascansscanscsel3l
6.1 Design for Strength ....cceeeecececerccacoceosasl33
6.1.1 Resistance FAacCtOrS ...c.ccecocecosassces 3D

6.1.2 Design EQUAtiONS ..ceeeecccoeesecsncocss 82

6.2 Design for DUCEIlity .eceeeceecececsococoanscossldd

7. SUMMARY AND CONCLUSIONS ...cccsccesccscsvsoccncnceossld?
7.1 Summary and ConcluSiONS ..cccecoseoscoseassesessld?

7.2 Areas of Further ResearCh (...cceecseceenceeeseal50

REFERENCES ..O.l.....!.....'.'l.....0...0‘.0.0..0..0‘....152

vi



Table
3.1
3.2
3.3
4.1
4.2
4.3

4.11
4,12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20

List of Tables

Page
Distribution of TeStS ..iveeeeeeeeeeeenenssencenaeaaald
Chemical Composition Of Plates ...eeeeseoeeeeoeaoeaso2d
Welding Parameters .v.eeeeeeceeeeeneeescsssacasaneee2?
Grade 300W Steel Tension Coupons Results ...........40
Grade 350A Steel Tension Coupon ReSUltS ............41
Grade 300W Steel Full Penetration Weld

Data '.O..Q.l.ll.l.l...Q'O....l..Q...o.l...‘........44

Grade 350A Steel Full Penetration Weld

Data ............'Il....I........I.....l...'..‘....’45
All Weld-Metal Tension Coupon Data ..eeeeseseecess.. .46

Dimensions of Welds and Specimens, 5 mm

Series .ooooco0000too.oto-oo.oo...o.o...o0..000.00..49

Dimensions of Welds and Specimens, 10 mm

series .c.ooooo.-ou.o.-on.oono.oooaooooooooanou.o.ooso

Dimensions of Welds and Specimens, 15 mm

Sefies ...0.0.l‘l......0...0....'......'......l...l.s]

Dimensions of Welds and Specimens, 20 mm

Series .0.....-.000.'000.....'0..0..0.0...'.l...l.oosz

Dimensions of Welds and Specimens, 25 mm

T3 o T - X
Summary of Weld DimensSions ...eveeeeeeeeseeeseeaneeeo54
Ultimate Strengths of 5 mm WeldS ......veveveeeeesra63
Ultimate Strengths of 10 mm WeldS .....eveveceaeees 64
Ultimate Strengths of 15 mm WeldS .vivveeeeeeveenas .65
Ultimate Strengths of 20 mm Welds ......eco0vevevee..66
Summary of Ultimate Weld StrengthsS .....ce.vveeeeeeeo67
Deformations at Weld, 5 mm Series ......ceveeeese...69
Deformations at Weld, 10 mm Series ...eeeeeeeeeees..70
Deformations at Weld, 15 mm SEries ...oveeeernnenna Tl

Deformations at Weld, 20 mm Series .......... P

vii



Table
4.21
4.22
4.23
4.24
4.25

Page
Bending Moments in Plates, 5 mm Series ceesosesescsseld
Bending Moments in Plates, 10 mm Series S X
Bending Moments in Plates, 15 mm Series ce.cceeesceseld
Bending Moments in Plates, 20 mm Series .cceeeecessalb

Bending Moments in Specimens at Various

Loads ..-....."..l....'........O...l.'....'.l..'...??
Non-dimensionalized Deformations in Welds teseoesss130

Mean to Nominal Ratios for Weld .
Penetrations ......0.'......0..0.'..'...l'..‘......137

Mean to Nominal Ratios for Ultimate
Strength of Base Metal ............................138

Variation in Ultimate Strength vs Percent
penetration O...I.......0..0.8.0.....0...........‘.139

viii



List of Figures
Figure Page

2.1 Type of Weld Tested by Satoh et. al.

(1974) Ol.oolooooo.ouoooo000000-00oo.o.oc.n.o.o.c.oo.?

2.2 Model of Welds Tested by Lawrence and Cox

(1976) .......‘...........‘......I‘.l...'l...l......."

2.3 Bent's failure planes for a
Non-reinforced Weld (Bent, 1983) ..i.eeeeeeeennennsal?

2.4 Planes on which shear strength is
computed by CSA Standard W59 (1977) .....v.eveeeeeeaslB

3.1 Weld Preparation Selected ......cceeeeeecneennnaanas2l
3.2 TYPiCal TeSt SELUD tiveeieeennenneneoenecconnnnnnnne2l
3.3 Dimensions of Typical Test SPeCimMeNnS .........eeee..22
3.4 Jig Used to Preset ANGle ....veeeeeeeeeecenceessesea2B
3.5 RUN-0ff Tabs .i.iiitiiiiiiirineeeeeenencenenennenneeeasd

3.6 Method for Measuring Out-of-straightness
of Specimens ..........I..‘.Il....‘....".l..‘......31

3.7 Strain Gauge Locations .....iieeeeeeseeseoscncoeeeasell
308 LVDT Mounting Device ................'.........'...C34
4.1 Typical Stress-Strain Curves for Steels ............42

4.2 Typical Stress-Strain Curve for Weld

(e Y
4.3 Fracture Surfaces of 5 mm Weld .....cvveeeenencasesaBb
4.4 Fracture Surfaces of 10 mm Weld ......vceevenneeeeaa57
4.5 Fracture Surfaces of 15 mm Weld .....vieevieneeneseeb9
4.6 Fracture Surfaces of 20 mm Welds ........c0evuveeee..60
4.7 Secondary Defects in WeldS ...veeeeeeeeeeeeeenneeseabl

4,8 Stress=Strain Curves for 300W Steel
Specimens ........l.?.....l.....-........'........'.78

4.9 Stress-Strain Curves for 350A Steel
SPECIMENS ittt ietreeeeneenoeeecaseneoenesnnns ceesesasll

4.10 Lateral Deflections at Weld 300W Steel
SPECIMENS ittt ineeenannnnnnennn A <10

ix



Figure Page

4.11 Lateral Deflections at Weld 350A Steel
Specimens ......l.....0000.'..0....'..0...‘....‘.0..81

4.12 Rotations in Weld 300W Steel Specimens .....c.cc....82
4.13 Rotations in Weld 350A Steel Specimens .............83
5.1 single Specimen ‘otoe.o.o.o.o.oco.oo-eocn..o.o-e.onoes
5.2 Bending Moment Diagrams for Single

Specimens with Zero Initial Out of

Straightness ..'..D.‘........’....'.'..'..........l'.88

5.3 Single Specimen with Fully Yielded Weld ............89

5.4 Bending Moment Diagrams for Initially
Out-of-Straight Specimens ........ceeeeecevcecssassadl

5.5 Bending in Pairs of Specimens ........ccececeeesees.93
5.6 Pair of Specimens .......cceoeccssoscsssssccncssssesdd

5.7 Distribution of Bending Moments in Test
05As3 ‘......'..."..I...0‘..".'.............00000097

5.8 Distribution of Bending Moments in Tests

10A51 oo.e.o-coo.l-oooooeooooa-oooo100.000000-00000098

5.9 Distribution of Bending Moments in Tests
10wss' 10w56 and 10AS3 '.0....‘0.".00...".......0099

$.10 Distribution of Bending Moments for Test

15Asz 0...00.0.0...0...0..0000.0.0.0000000000000000101

5.11 Distribution of Bending Moments for Test
OSAPZ ....I........ﬂﬁI.....0'9.0'.0........‘.......102

5.12 Distribution of Bending Moments for Test

15wP3 .......0.....CGO.....O.Q....OO...I..........l103
5.13 Loading on Weld .....ceceeasececcscoscsvescsccannnessll5

S.14 Ultimate Strength of Single and Pairs of
SpeCimens ..Q.....O...O.O.O'000.....00.'.-......'..111

5.15 Comparison of Initially Eccentric and
Concentric SPECIMENS .ccesococscccssscansosocccsasel 13

5.16 Normalized Failure Stress versus
EccentriCity ceeeeeeeeececosscossccsssananssnnsasaalld

§.17 Ultimate Strengths of Specimens vs
Percent PenetrationN ......ccceceeescesccccncensacealld



Figure Page

5.18 Normalized Ultimate Strength vs Percent
penetration ..'C........‘........‘...‘.l'..........119

5.19 Development Of ReStraiNt ....eeeeeeeeoocecceeeeeaaal2l
5.20 Element of Weld ...vieeiieennnnneesonneeeanonnoaeessal23
5.21 Comparison with Test Results of Others ............128
5.22 Fracture Strain vs Percent Penetration ............131

6.1 Normalized Ultimate Strength vs Percent
Penetration ................C..'..........I........134

6.2 Comparison of Proposed and Current Design
Equations ........l.I.....'IOO‘QC........‘..l...l..143

6.3 Comparison of Unfactored Design Equations .........146

x1i



List of Symbols

lack of penetration (Lawrence and Cox)

upper limit of "a" for fracture to occur in
plate (Lawrence and Cox)

upper limit of "a" for general yielding to occur
in plate before weld fractures

area of base metal normal to tensile load for
partial joint penetration groove welds in
tension

area of effective throat of weld

area of plate

area of weld

net area of weld taking defects into account

-

area of any plane at an angle 6 from the weld
throat :

thickness of specimen (Lawrence and Cox) study
width of specimen (Lawrence and Cox) study
depth of penetration

the eccentricity of the applied load with
respect to center of resistance of weld

modulus of elasticity

length of fillet weld leg

xii



rl

minimum specified ultimate strength of steel
minimum épecified yield strength of steel
moment of Inertia

half-length of specimen

moment in the plate at grips; subscript 1
indicates weld is elastic, subscript 2 indicates
weld is plastic

moment in the plate at weld; with subscripts 1
and 2 as for M,

moment in the weld; with subscripts 1 and 2 as
for M,

degree of weld penetration
applied axial load

permitted axial load based on von Mises
criterion (Lawrence and Cox) study

permitted axial load based on Tresca criterion.
(Lawrence and Cox) study

unfactored limit load (Lawrence and Cox)
depth of preparation

thickness of plate

factored tensile resistance

factored tensile resistance of partial
penetration groove weld based on (6.2a]

xiii



Tr2

factored tensile resistance of partial

_penetration groove weld based on [6.3a]

coefficient of variation; shear force

factored shear resistance

coefficient of variation
percent penetration

coefficient of variation
coefficient of variation

coefficient of variation
ratio

coefficient of variation
value of the resistance

of

of

of

of

of

mean to nominal

plate dimensions
strength of material

test-to-predicted

mean-to-nominal

width of the specimen (plate of weld)

minimum specified ultimate strength of weld

metal

comparative stress (von Mises-Hencky criterion)

angle of preset of plates before welding

separation coefficient

safety index

lateral deflection of plate at weld

initial out-of-straightness of specimen

xiv



fw

pv

strain in the x direction

strain in the y direction

strain in the z direction

angle of plane with weld throat

mean value

poisson's ratio

poisson's ratio in inelastic range

standard deviation; stress

ultimate strength of a full penetration weld

ultimate strength of a partial joint penetration
groove weld based on plate area

measured ultimate strength

ultimate strength of a partial joint penetration
groove weld based on gross weld area

ultimate strength of a partial joint penetration
groove weld based on net weld area

stress in the x direction
stress under plane strain conditions

stress under uniaxial plane strain conditions

Xv



= stress under biaxial plane strain conditions

Oy

o, = stress in y direction

90 = comparative yield stress used in von
Mlses-Hencky criterion

o, = stress in z direction

o, = normal stress on plane 6

04y.2.3 = stresses in principal directions

T = shear stress

To = maximum shear stréss (Lawrence and Cox)

T om = maximum shear stress based on von Mises
critgrion (Layrence and Cox)

Tor = maximum shear stress based on Tfesca criterion
(Lawrence and Cox)

T, = shear stress on plane at angle §

¢ = resistance factor

¢, = resistance factor for welds

é, = resistance factor for [6.2a]

¢, = resistance factor for [6.3a]

Pa . = mean-to-nominal ratio of perceﬁt weld

penetration

Xvil



Pg2

mean-to-predicted ratio of plate dimensions

mean-to-predicted ratio for the strength of the
material

Test-to-predicted ratio for the tests
mean-to-nominal ratio of resistance

rotation of plate at weld

xvii



1. INTRODUCTION

1.1 General

Partial joint penetration groove welds have direct
application where it is not necessary to develop the full
tensile capacity of the cross-section as may be the case in
splicing columns subjected to tensile forces that are
considerably less than the compressive forces. As well,
where it is not feasible to make a full joint penetration
groove weld, because welding can be done from one 'side only,
the strength of a partial joint penetration groove weld may
be all that is required.

Limited experimental data indicate that partial
penetration welds are at least as strong proportionately as
full penetration welds. However, the overall behaviour of
partial joint penetration groove welds taking into
consideration the strength of the plates joined, the
eccentricity that may result because of the partial
penetration, and the lateral restraint that may develop in
the weld, has not been investigated.

Furthermore, although current design standards such as
CSA Standard W59-1984 "Welded Steel Construction" (Metal-Arc
Welding) (CSA, 1984) relate the strength of the weld to that
of the plate material, they also limit the strength to the
shear strength of the weld metal. Clearly the overall
behaviour of partial joint penetration groove welds should

be observed and analyzed so that rational design rules can



be established.

1.2 Objectives

The objectives of this thesis are:
1. to develop a method to predict the ultimate tensile

strength of partial joint penetration groove welds,
2. to verify such a method by a suitable testing program,

and
3. to make appropriate design recommendations.
1.3 Scope

A series of 75 partial joint penetration groove weld

specimens were tested in tension. Five degrees of
penetration and two strengths of steel were examined. Weld
specimens were tested singly and in pairs to examine the
effects of different loading conditions when the weld was
able to move laterally to align itself with the load and
when such movement was prevented. The proposed design
recommendations derived from the results of these tests and
the test results of others are compared with the current

design standards.



2. LITERATURE REVIEW

2.1 General

Only limited work has been carried out on the behaviour
of partial joint penetration groove welds subjected to
tension. Most researchers have stated that little previous
work could be found. Some studies on fatigue behaviour have
been conducted and other investigators considered incomplete
joint penetration as a defect.

Section 2.2 contains reviews of texts and papers while

developments in Canadian standards are given in section 2.3.
2.2 Review of Texts and Papers

2.2.1 Texts

Kulak et al (1985) state that a partial penetration
groove weld is less effective than a full penetration groove
weld only because it provides a lesser cross-sectional area
than that of a full penetration weld. Salmon and Johnson
(1980) show how the nominal throat thickness is calculated
for use with the allowable stresses given in Table 8.4.1 of
AWS (1979). The allowable stresses for partial joint
penetration groove welds are based on the tensile yield
capacity of the effective base metal and the shear capacity
of the throat when tension is normal to the effective area.
Gray and Spence (1982) state that the strength of partial

penetration welds should be based on the "weld ligament"



only. They also state that in many standards, even where
fatigue is unlikely, the use of partial penetration welds is
discouraged for primary tensile loads, presumably because
they are prone to cracking in manufacture, or the risk of

fracture in service is increased due to decreased ductility.

2.2.2 Papers

Biskup (1969) reported on a series of 12 tests,
conducted by the Canadian Welding Bureau, to investigate the
influence of weld defects, such as slag inclusions and lack
of fusion, on the static tensile strength of groove welds.
In all but two tests fracture occurred on or near a fusion
face. On average, the strength of the defective weld, based
on the net weld area, was 1.02 times that for a defect free
weld. Biskup concluded that, for static loads, defects
decrease the ultimate capacity of the joints in proportion
to the area occupied by them and that the weld metal, of
greater strength than the base metal, and reinforcement are
both effective in compensating for lost strength.

Satoh et al. (1974), tested T-joints formed with
partial joint penetration groove welds with varying degrees
of penetration and fillet weld reinforcement as shown in
Fig. 2.1. In general, the strength of the connection
increased as the depth of penetration and amount of fillet
weld reinforcement increased and also as the ratio of depth
of penetration to fillet weld size increased. Fracture

occurred along the fusion face of the base plate when the



depth of penetration was greater than the fillet weld leg
length. When the fillet weld leg length was greater than the
depth of penetration the fracture tended to occur on the
fillet weld throat. The capacity of welds with no fillet
weld reinforcement, when based on the net area of the weld
in tension, varied from 1.02 to 1.16 times that for a full
penetration weld.

Honig and Carlson (1976), studied the effects of
cluster porosity on the tensile properties of A514 steel
butt weldments! The tests showed that if a defect was below
3% of the total area it had no effect on the strength or
ductility of the member. Once this defect size was exceeded
the member strength decreased in proportion to the size of
the defect but the ductility decreased dramatically. They
concluded that the restrictions on tolerable defects could
be relaxed for working stress design but the severe loss of
ductility would make this inadvisable (apparently on the
mistaken assumption that load redistribution was reqguired)
for "Limit Stress Design".

Lawrence and Cox (1976) investigated the effect of
incomplete joint penetration, again considered as a defect,
on the tensile behaviour of high strength steel welds. A
series of welds with up to 39% lack of penetration were
tested. Five additional conditions also investigated
included: welds where the incomplete joint penetration was
inclined relative to the tensile load, welds that had the

crack tips sharpened by fatigue cycling, welds that were



produced with varying heat inputs, specimens with different
edge preparations and welds that contained less than full
length incomplete joint penetrations.

Using a uniaxial stress formulation where the major
principal stress is twice the maximum shear stress and for a
plate of width B, thickness b and lack of penetration a, as

shown in Fig. 2.2, they proposed a limit load of,

27, B(b-a)

[2.1] P

Using the von Mises failure criterion, the critical shear

stress is

[2.2] Tow =

ol

and using the Tresca failure criterion, the critical shear

stress 1is
au
[2.3] Tor = 5
Substituting these criteria into [2.1] give

2
[2.4] Py = 73 0, B(b-a)

and
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Figure 2.1 Type of Weld Tested by Satoh et. al. (1974)

Figure 2.2 Model of Welds Tested by Lawrence and Cox (1976)



[2.5] P, = o, B(b-a)

respectively. These expressions can be written in terms of
stresses by dividing by the gross or net sections.

For the investigation by Lawrence and Cox the ultimate
strength of the base metal was 0.87 times that of the weld
metal and therefore either prediction could be a reasonable
basis for the weld strength even though Lawrence and Cox
used the weld metal strength in [2.4] and [2.5]. Test data
tended to lie between the two strengths predicted by the von
Mises and Tresca failure criteria. Failure planes followed
the line of fusion in these tests. Though tensile strengths
decreased generally in proportion to the lack of penetration
the overall ductility dropped markedly when the ultimate
capacity of the joint fell below the yield strength of the
plate. Lawrence and Cox proposed three different behavioural
regions based on the presence of ductility or the lack of
it. The first regiqn is when the ultimate capacity of the
joint is greater than that of the plate leading to a ductile
failure in the plate. The second region occurs when the
strength of the joint is less than that of the plate but
greater than the yield strength of the plate. Failure occurs
in the weld but only after the plate yields. The third
region occurs when the strength of the joint is less than
the yield strength of the plate and failure occurs in the
weld with little deformation of the specimen. The lack of

penetration, a', marking the boundary between the first and



second regions is therefore given by

[2.6] a ..

while the boundary between the second and third regions is

defined by a lack of penetration, a'’', given by
a'l' _,_%

The tests with inclined defects, fatigue cracks and
varying weld preparations were not different in behaviour
from the main tests. When varying heat inputs were used
there was a notable decrease in capacity for non-optimum
heat inputs. When the length of the defect exceeded 60% of
the plate width the specimen behaved as if the defect was
100% of the plate width. It was noted that several welds had
other defects which reduced strength in proportion to the
lost area.

Popov and Stephen (1977) performed a limited number of
tests to investigate the strength of partial joint
penetration groove welds in heavy column sections to
simulate the condition of columns in a braced steel frame
that may go into tension during a seismic disturbance. Welds
with up to 77% lack of penetration were tested. All welds
gave satisfactory strengths with the ultimate tensile stress

sustained by the weld at failure increasing with increasing
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lack of penetration. When some welds were cycled three times
to the maximum compressive capacity of the testing machine
(17800 kN) and to the approximate yield load of the welds in
tension the ultimate strength was not significantly affected
and the loading curves showed negligible hysteresis loops.
All failures were sudden and the welds exhibited little
ductility. These tests are the only ones found in the
literature directed specifically towards establishing the
strength of partial joint penetration groove welds.

Bent (1983), in a theoretical study, noted that CSA
standard W59 (CSA 1982) considers partial joint penetration
groove welds to be similar to fillet welds and therefore
penalizes the former unnecessarily. The standard does not
identify the stress states on the planes considered to be
critical. Bent conducted a finite element study that showed
that the maximum stress concentration for partial joint
penetration groove welds was only 52% of that for a similar
sized fillet weld under the same loading conditions. He
proposed that the strength of partial joint penetration
groove welds be determined on the basis of the stress state
on critical planes that resulted from the particular
loading. A distinction was made between parallel and
tranverse loadings and the resulting planes of maximum shear
and normal stresses are determined for both the weld and
base metal. He did not, however, propose using a failure
theory such as the von Mises criterion, to take into account

the effective stress on these planes. He proposed that the
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allowable shear stresses in the weld and base metals be
0.3X, and 0.4F, respectively, but that the allowable tensile
stress in both weld and base metal be 0.6F,. The permissible
tensile or shearing load on the critical plane is found as a
component of the total load on the specimen. He also
cautioned against welding from one side only though he did
not provide experimental evidence for this concern.

To apply Bent's criteria, established for welds
consisting of combined partial joint penetration groove
welds with various angles of preparation and fillet welds
joining two plates to form a "T", to the welds studied in
this investigation the fillet weld size would be taken to be
zero and the preparation groove angle to be 45°, Fig. 2.3
shows the resulting plane of maximum normal stress, plane 1,
and of maximum shear stress, plane 2. The maximum normal

stress on plane 1 is

[2.8] g = —

and the maximum shear stress on plane 2 is

(] : o
[2.9] ;= Pcos45A sind5° _ 0.5

v

Assuming grade 300W steel and E480 electrodes the allowable
shear stresses would be 150 MPa and 120 MPa in the weld and

steel respectively and the allowable tension stress 180 MPa.



plane 2 -

45°

L— plane |
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Figure 2.3 Bent's failure planes for a Non-reinforced Weld

(Bent,

1983)
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The ratios of the allowable shear stresses to the allowable
tension stress are 0.83 and 0.67 which are both larger than
that predicted by [2.9]. Therefore, Bent's method suggests

that tension on the weld throat is critical.
2.3 Codes and Standards

2.3.1 General

CSA Standard W59-1984 (Welded Steel Construction) (CSA,
1984) governs the use of arc welding in Canada for steel
structures. Provisions for the limit states design of
partial joint penetration groove welds have existed in

Canadian standards since 1974.

2.3.2 CSA Standard S16.1-1974

The equations for the design of welds with tension
normal to the weld axis given in CSA Standard $16.1-1974,
Steel Structures for Buildings - Limit States Design, (CSa,

1974) are:
[2.10] V, = 0.66 ¢ A, F,

for the base metal and

[2.11] V, = 0.50 ¢ A, X,
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for the weld metal with the provision, of course, that the
lesser resistance be used. In both cases ¢ is taken as 0.9.
These are the same equations used to design for shear on the
effective throat as shown in Fig. 2.4. As they describe
shear resistances they do not reflect the fact that the
welds are actually loaded in tension. For butt joint welds
made with matching electrodes, the resistance of the base
metal given by [2.10] controls for all steels except grades

380, 480 and 700.

2.3.3 CSA Standard W59-M1982

CSA Standard W59-1982 recognized that a partial joint
penetration groove weld may be loaded in tension and added
the category of 'tension normal to axis of weld'. The

resistance for this category is taken as the least of

[2.12a] T, = ¢ F, A,
and
[2.12b] T, = 0.85 ¢ F, A}

for the base metal, and

[2.13] vV, = 0.50 ¢ X, A,

r
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for the weld metal in which ¢=0.90 throughout. Eguations
[2.12a] and [2.12b] give tensile resistances for the base
metal although [2.13] still describes a shear resistance on
the weld itself. The area of the partial joint penetration
groove weld, A, is defined as the size of the effective
throat of weld multiplied by the length of weld. The 1982
provisions increased the design capacity of the joint as
compared to the 1974 provision in most situations with the

weld metal capacity generally governing.

2.3.4 CSA Standard W59-M1984
An editorial change in this edition of the standard

gives the shear resistance as

[2.14] V., = 0.67 ¢, X, A,

r

rather than that of [2.11]. The product of 0.50¢ with ¢=0.90
in [2.11] is, however, the same as 0.67¢, with ¢,=0.67 in
[2.14]. The change therefore explicitly recognized that the
shear resistance was at least 0.67X, and that 0.67 may be an
appropriate resistance féctor for welds. Also, in the
equation for the tensile resistance of the base metal the
symbol A, has been used to replace A, to avoid confusion
with the planes used in shear design. The symbol A, is
defined as the applicable area of base metal normal to

tensile load for partial joint penetration groove welds in
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tension. This means that the applicable area of base metal
is equal to the minimum area of weld metal perpendicular to
the load.

The shear resistance of the weld metal [2.14] still

generally governs the design,

2.4 Discussion

Although experimental evidence indicates that partial
joint penetration groove welds fail in tension on the cross
section perpendicular to the load, welding standards still

give resistances as if the throat area were loaded in shear.



3. EXPERIMENTAL PROGRAM

3.1 General

The objectives of the experimental program were to
examine the ultimate strength and mode of failure of partial
joint penetration groove welds as a function of the degree
of penetration. The effect of eccentric loading of the welds
was also to be investigated. Seventy-five specimens with
five degrees of weld penetration and two types of base
metal, some loaded singly and others in pairs, were tested.
Twenty-two additional ancillary tests were performed on

steel plate and weld metal coupons.

3.2 Test Specimens

To investigate the behaviour of partial joint
penetration groove welds over the full spectrum of joint
penetration, nominal penetrations of 20, 40, 60, 80 and 100%
were tested. Table 3.1 shows the number and type of
specimens.

For economic reasons only one type of weld preparation
was studied. As a survey of Canadian steel fabricators
indicated that most would use a single 45° bevel for the
preparation and the shielded metal arc welding (SMAW)
process, this preparation, as indicated in Fig. 3.1, and
process were used.

Test specimens were proportioned for testing in the

Materials Testing Systems (MTS) testing facilities at the

18
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I.F. Morrison Structural Laboratory of the University of
Alberta. A typical test set-up is shown in Fig. 3.2 and the
dimensions in millimetres of typical test specimens are
indicated in Fig. 3.3. Widths of 160, 160, 160, 145 and 120
mm were used for the specimens with nominal 5, 10, 15, 20
and 25 mm welds respectively. The 25 mm (full penetration)
welds were'back gouged and rewelded.

The specimens were initially designed to be loaded
through pins but, because of the moments perpendicular to
the plane of the plate resulting from the eccentric loading
of the welds, the pin hole detail wa§ deleted and the
specimens were designed to be placed in the self-aligning
hydraulic grips. This change also reduced the amount of
material and machining required.

The test specimens were proportioned to make use of the
full width of the self-aligning hydraulic grips and to
permit the testing of two specimens back-to-back. A reduced
section was used on all specimens that had 80% or more
penetration to avoid failure in the grips. As the general
dimensions of the specimens did not conform to standards
such as those given in ASTM A370-77 a finite element
analysis was performed to establish whether or not the
stresses were relatively uniform at the cross-section along
the weld. This analysis showed that within 100mm of either
side of the weld, the elastic variation of stresses was less

than 1%. This was considered to be satisfactory.
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Figure 3.7 Weld Preparation Selected

Figure 3.2 Typical Test Setup
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3.3 Single and.Double Specimens

In a steel plate specimen with a partial joint
penetration groove weld, the weld is eccentric with respect
to the steel plate on either side. This eccentricity will
produce moments in both the weld and plates causing the
plates to deflect laterally, if not completely restrained,
as the weld tends to align itself with the load. To assess
the possible effect of this eccentric loading on the
behaviour of the weld, the welds were tested singly and in
pairs. The single specimens tended to align themselves in
the tests and reduce the eccentricity. While overall
concentric loading was obtained by testing two specimens
together, back to back, the individual welds were still

eccentrically loaded as discussed in chapter 5.

3.4 Plate Material

The steel plates used were CSA Standard
CAN3-G40.21-M81, "Structural Quality Steels", (CSa, 1981),
grades 300W and 350A with a thickness of 25mm. All specimens
of each grade came from a single heat. Both the 300W plate,
manufactured by Algoma Steel, and the 350A plate,
manufactured by Stelco, were supplied by, C. W. Carry Ltd.,
a local fabricator. Table 3.2, giving the mill test values
and the chemical requirements of CSA Standard
CAN3-G40.21-M81, show that both steels met the

specifications.
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3.5 Electrodes

Because E480XX electrodes match both 300W and 350A
grade steels as specified by CSA Standard W59, (CSA, 1984)
E48018 electrodes (3.2mm in diameter) were used; CSA
Standard wW48.1-M1980 (CSA, 1980) specifies an ultimate
strength of 500-650 MPa, a minimum yield strength of 410 MPa
and a minimum elongation in 50mm of 22% for the E48018

electrodes.

3.6 Plate Preparation

The location of each specimen was marked on the plate
supplied and recorded for later reference. Each specimen was
flame-cut, using an automatic flame-cutter to produce
uniform specimens, with the longitudinal axis parallel to
the direction of rolling.

The end of one of each pair of plates was prepared with
.a 45° bevel by flame-cutting. The depth of the preparation
was specified to be 3mm deeper than the required weld depth
as specified by CSA Standard W59, (CSA, 1984). Any ridges or
bumps on the bevels were ground off and the depth of the

preparation was measured.

3.7 Welding Procedure

All welds, except for the full penetration groove
welds, were produced by welding from one side only. On
cooling a welding-induced rotational distortion about the

axis of the weld occurs that may lead to out-of-straight
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specimens. To minimize this problem a series of trial welds
were produced, where the plates were preset at a given angle
opposite to the anticipated distortion. The best value of
the preset angle, a, the angle each side of plate made with
a flat surface, as shown in Fig. 3.4, was determined for
each size of weld. These angles and other welding parameters
are given in Table 3.3. The trial specimens were used in the
testing program.

Each specimen was produced by:

1. aligning the plates in the jig of Fig. 3.4 and
presetting the angle,

2. clamping the plates in position,

3. tack-welding V-shaped run-on and run-off tabs to the
plates as shown in Fig. 3.5,

4, making the root pass in one continous pass and
inspecting visually for any defects,

5. cleaning the slag from the weld surface for the next
pass,

6. completing remaining passes with starts and stops as
required,

7. once the weld cooled, unclamping the specimen and
machining off the run-off tabs.

The full penetration groove welds were formed in the
same manner but were back gouged, (using a 490 Torch), and
welded from the back.

The 5 mm and 10 mm weld series were fabricated first

and, after testing, because general yielding of the plates



Table 3.3 Welding Parameters

Weld Preset Weld Current
Size Angle Passes (Amps)
(mm) {(degrees)

5 0.2 2 150
10 0.4 3 150
15 0.6 5 150
20 0.8 6 150
25 0.7 8 150

Range specified in 110~
CSA W48.1-M8BO 160

27
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had not occurred, the welds were cut out and the platee
reused by rebevelling and welding for the 15 and 20 mm weld
tests.

All welds were produced by one welder using the SMAW

process at C.W. Carry Ltd. Edmonton, Alberta.

3.8 Final Preparation of Test Specimens

To ensure uniform edge conditions at the welds the 5
mm, 10 mm and 15 mm test specimens were machined to a depth
of two millimeters on each side after flame-cutting and
welding. Specimens constructed with 20 mm or full
penetration groove welds were reduced in width by machining
to 145 mm and 120 mm respectively in order to prevent
failure of the specimen in the grips.

The out-of-straightness of each specimen was measured
by placing each side in turn against a series of dial gauges
as shown in Fig. 3.6 and averaging the readings. The elastic
deflection of the plates was considered to be negligible.
Measurements of the weld reinforcement were also taken and
any unusual features were noted. Based on the
out-of-straightness data, specimens were selected for

testing in pairs.

3.9 Test Setup
All tests were conducted in the 6000kN Material Testing

Systems (MTS) test system at the University of Alberta.
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At least four KFC-5-C1-11 electronic resistance strain
gauges were mounted on each test specimen as shown in Fig.
3.7. When positioﬁed in pairs on opposite sides of the plate
bending and axial strains could be determined. These gauges
have a gauge length of 5 mm, a gauge factor of 2.10 and a
resistance of 120 ohms. Immediately prior to each test the
strain gauges were calibrated at a set input voltage which
was monitored throughout the test. No significant changes in
the input voltages were observed.

Specimens were placed in the 4000kN capacity
self-aligning hydraulic grips of the MTS machine and 10% of
the anticipated maximum load was applied before the
alignment was locked. Due to the initial out-~of-straightness
of some specimens it is possible that the gripping procedure
could have produced some bending strains in the specimen
before testing began. Therefore, several tests were
conducted to determine if the gripping procedure produced
any moments in the specimen after the alignment load had
been removed. This was accomplished by taking strain gauge
readings before, during and after the gripping procedure. No
significant bending strains were observed.

Six linear variable differential transformers (LVDTs)
were used to measure deformations over a 75 mm gauge length
centered on the weld. A Hewlett Packard Model 24DCDT-250
LVDT, with a linear operating range of 13 mm, was positioned
on the centerline of each face of the specimen as shown in

Fig. 3.8 and four additional Hewlett Packard Model
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NOTE:

gauges on reverse side
at same locations

Figure 3.7 Strain Gauge Locations
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24DCDT-100 LVDTs with a linear range of 5 mm, (not shown in
Fig. 3.8) were placed at each corner to detect any
variations in strains or rotation of the mounts. One
additional LVDT was used to measure lateral deflections of
the specimen at midheight.

Each LVDT was calibrated before and after the test
program to determine the linear operating range. There were
no significant differences between the two calibrations.

The two mounting devices, Fig. 3.87 held the LVDT's in
place. Each mounting device consisted of two plates with a
machined V-shaped edge placed against the specimen and held
in place by a clamping force provided by the threaded rods
at the ends of the plates. The spindles of the LVDTs fixed
to the upper mount were in bearing against the lower mount.
The lateral contraction of the specimen during loading in
tests with 80% or greater weld penetration resulted in a
gradual loss of the clamping force and therefore the
clamping rods had to be retightened. Displacement readings
were taken immediately before and after tightening and the
data adjusted for any differences observed.

The stroke contrcl mode of the MTS system was used to
load the specimens. The system applies whatever load is
necessary to elongate the specimen to a set value. Testing
in this mode allows loads to be established at zero strain
rate and on the descending portion of the curve. The load
carried by the specimens and their overall elongation were -

measured by the MTS system by means of an internal load cell
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and displacement transducer.

The dedicated 256 channel Data General S/120 data
aquistion computer system in the structural laboratory was
used to monitor all measurements throughout the test. Each
output signal from the MTS, the LVDTs and strain gauges was
assigned an individual channel. Between 8 and 20 channels
were used for each test and permanent readings were taken at
" discrete intervals and stored on magnetic tape.

|L
3.10 Test Procedure

The specimens were placed in the hydraulic grips and
loaded to 10% of the anticipated maximum load when the
alignment of the grips was locked. The load was .reduced to
zero, initial readings were recorded and the load was
reapplied in increments of one-twentieth of the expected
ultimate load. A complete set of readings were taken at each
load increment. When the weld or plate yielded the size of
the increments was decreased. After fracture, the specimen
was removed from the machine, labelled and the fracture

surface was sawn off for later examination.

3.11 Fracture Observations

It was anticipated that all partial joint penetration
groove welds would fail in the weld. From the fracture
surfaces the initial depth of the weld and uniformity of
weld penetration could be determined. The angle of the

fracture plane through the weld root was measured. The
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fracture surfaces were examined to determine whether they
had a silky (ductile) or crystalline (brittle) appearance
and also for the presence of weld defects. Photographs were

taken of various fracture surfaces.
3.12 Ancillary Tests

3.12.1 Plate Coupons

Six full thickness tension coupons of the 300W and 350A
steels were tested to determine the stress-strain
characteristics. The coupons were flame-cut parallel to the
rolling direction of the plate and machined to final
dimensions of 1000 mm long by 25 mm thick with a reduced
width between the grips of 120 mm. To obtain data for
another experiment the coupons had extensive instrumentation
in the form of high elongation strain gauges, capable of
straining up to 20% and LVDTs mounted with a 450 mm gauge
length. The stress-strain curves were consistent as
indicated by the low coefficients of variation in Tables 4.1

and 4.2.

3.12.2 Weld Coupons

As failure had occurred in the base plate away from the
weld it was possible to obtain all-weld metal coupons from
the full penetration groove welds specimens after testing.
Ten all-weld metal coupons were prepared in accordance with

CSA Standard w48.,1-M80 (CSA, 1980). Cross-sectional
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dimensions were measured using a digital micrometer. Strain
gauges were mounted on opposite sides to determine axial and
bending strains. The coupons were tested in an MTS testing

system with a 1000 kN capacity.



4. TEST RESULTS
4.1 Ancillary Test Results

4.1.1 Tension Tests on Plates

Tests results for coupons of the grade 300W steel and
350A steel are given in Tables 4.1 and 4.2 respectively.
Typical stress-strain curves for each grade of steel are
show? in Fig. 4.1. The modulus of elasticity was determined,
based on strain gauge readings, using the method of least
squares, as given in ASTM E111-61 (1961)., Strain readings up
to the ultimate load were obtained with the high elongation
strain gauges.

Minimum strength and elongation requirements as
specified in CSA Standard CAN3-G40.21-M81 (1981) were
exceeded substantially for both grades of steel., In
particular mean test/specified ratios of the yield strength,
ultimate strength and final elongation of 1.16, 1.11 and
1.75 respectively for the grade 300W steel and 1,10, 1.12
and 1.55 respectively for grade 350A steel were obtained.
The coefficients of variation, particularly as related to
the strength parameters, ranging from 0.4% to 2.5%, are

relatively small.

4.1.2 Full Penetration Groove Weld Tests
Because the plates with full penetration groove welds

invariably failed in the plate, some 120 to 165 mm from the

39
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weld, these tests can be considered to be tension tests of
the plate material. The relevent data for these tests are
shown in Tables 4.3 and 4.4. Some data were not recorded as
there were no high elongation strain gauges used and the
LVDTs did not span the fracture zones.

These test results do not differ significantly from
those of the non-welded full thickness tension coupons. When
combined with the full-thickness coupon data they give
test/specified ratios and coefficents of variations
respectively of 1.15 and 1.9% for o,, 1.11 and 1.1% for o,

y

of the 300W steel and 1.08 and 3.4% for o 1.11 and 2.9%

y’

for o, of the 350A steel.

4.1.3 All-Weld Metal Tension Coupons

The results of tests on ten all-weld metal coupons, as
described in section 3.11.2, are given in Table 4.5 and a
typical stress-strain curve is given in Fig. 4.2.

The minimum strength requirement as specified in CSA
Standard W48.1-M80 (CSA, 1980) was exceeded on the average

by 1.16 times with a coefficent of variation of 3.6%.

4.2 Partial Penetration Groove Weld Test Results

4.2.1 General
All test specimens failed in the welds. Failures varied
from slow incremental fracturing as the plates tore apart to

almost instantaneous fracture. The specimens tested in pairs
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Table 4.5 All Weld-Metal Tension Coupon Data

Specimen | Ultimate Area o,
Load 2
(xn ) (mm ) (MPa)
1 42.9 77.1 557
2 43,5 77.9 558
3 45.4 78.4 579
4 44.6 78.2 570
5 43.6 78.2 557
6 48.0 78.1 615
7 45.0 77.8 578
8 45.9 77.9 590
9 45.2 77.0 587
10 47,1 77.4 608
u (MPa) 580
o (MPa) 20.6
v (%) 3.6
Requirements of W48.1 M80 500

46
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did not always fail simultaneously. When the degree of
penetration was relatively small the plates themselves
behaved elastically. With greater degrees of penetration the
plates yielded and for the case of 100% pénetration the
plates fractured as described in section 4.1.

The specimen designation gives in order, the nominal
penetration in millimeters (05, 10, 15, 20 and 25), the
grade of steel, (with W signifing grade 300W and A, grade
3504), whether the specimens were tested singly (S) or in
pairs (P) and the sequential number of tésting for that type

as shown in Tables 4.6 to 4.10.

4.2.2 Weld Dimensions

The dimensions of each weld and base plate were
measured using digital calipers with a sensitivity of +0.005
mm. The amount of weld penetration was computed from a
minimum of six readings across the width of the plate by
deducting the non-fused depth, measured after fracture, from
the total orginal plate thickness. Tables 4.6 to 4.10 give
average values for weld penetration along with base plate
area, depth of preparation, weld area, area of weld defects
and initial out-of-straightness of the specimen. Weld
defects were measured using calipers or templates. Negative
out-of-straightness indicates that the weld was on the
concave side of the bow and positive values on the convex.
For tests involving a pair of specimens the values for plate

and weld areas are for two specimens. The weld penetration
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data are summarzied in Table 4.11,

4.2.3 Fracture Surface Observations

Failure of all partial joint penetration groove welds
occurred on or near the fusion face of the plate with the
square preparation. This fusion face for 5 mm welds lay in
the base metal at an angle approaching 45° to the sguare
preparation because of melting of the base metal. As the
depth of penetration increased this angle decreased until
for the 155and 20 mm welds the angle approaéhed zero. The
fracture appearance, angle of fracture and the amount of
defects present varied with depth of penetration.

The 5 mm welds all had a silky smooth appearance giving
evidence of a ductile shear failure. Fracture appears to
have begqun at the weld root and propogated along the fusion
face of the plate. In most cases the fracture surface was at
angle of about 45° with the plate surface following the line
where the base metal had been melted. Figures 4.3a and 4.3b,
show a typical fracture surface. There were few or no
defects evident in the 5 mm welds.

Fracture surfaces of the 10 mm weld specimens were
predominately silky smooth in appearance with a few small
clevage areas. In general the fracture surfaces were nearly
perpendicular to the plate surfaces as shown in Figs., 4.4a
and 4.4b. Some localized yielding could be seen in the

adjoining base plate on either side of the weld.
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a) Profile of fracture

b) Fracture face

Figure 4.3 Fracture Surfaces of 5 mm Weld
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a) Profile of fracture

b) Fracture face

Figure 4.4 Fracture Surfaces of 10 mm Weld
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In the 15 mm weld series the appearance of the fracture
surfaces were in general half silky smooth and half grainy
or crystalline. Although the grainy fracture surfaces
indicate the final failure was brittle all welds showed
considerable ductility. Most of the fracture surfaces were
at right angles to the plate surfaces but in some cases the
fracture extended into the plate as shown in Figs. 4.5a and
4.5b., Some porosity or inclusions amounting to up to 4.5% of
the area of the weld were present in about one half of the
welds of this size.

Although the fracture was very ductile, as was evident
from the rotations and deformations that occurred as
discussed subsequently, the fracture surfaces of the 20 mm
welds were predominately grainy in appearance and were at
right angles to the plate surface as shown in Figures 4.6a
and 4.6b. Porosity and inclusions were present amounting to
up to 4.5% of the weld area in twelve of the sixteen
specimens, as shown in Fig. 4.7,

The 25mm or full penetration weld specimens failed in
the plate as discussed in section 4.1.2.

The fracture surface observations showed that for
partial joint penetration groove welds failure always
occurred on or near the fusion face of the plate with no or
square preparation. All welds exhibited ductile behaviour.
However, because of the small amount of weld metal that
deforms the overall deformation of the specimen may be

limited. Data related to weld defects are presented in



a) Profile of fracture

b) Fracture face

Figure 4.5 Fracture Surfaces of 15 mm Weld
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a) Profile of fracture

b) Fracture face

Figure 4.6 Fracture Surfaces of 20 mm Welds



porosity

Figure 4.7 Secondary Defects in Welds
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Tables 4.6 to 4.9. These data show that the average area of
defects for the 5 mm welds was 0.8% and ranged from 0.1 to
2.3% of the weld area, for the 10 mm welds, 0.7% and ranged
from 0,1 to 1.3%, for the 15 mm welds, about 2.0% and ranged
from 0.4 to 4.5 and for the 20 mm welds, about 2.1% and

ranged from 0.5 to 4.5%.

4.2.4 Ultimate Weld Strength

The ultimate strengths of the partial joint penetration
groove welds have been computed in 3 different ways, first
by dividing the ultimate load the weld sustained by the
gross area of the plate, second by dividing by the gross
area of the weld assuming no defects and third by dividing
by the net area of the weld taking the area of defects into
account. In each case the results are normalized by dividing
by the mean ultimate strength of the full penetration groove
welds made from the same grade of base metal, as given in
Tables 4.3 and 4¢.4. The weld strength data are given in
Tables 4.12 to 4.15 and summarized in Table 4.16. The
percent penetration is the ratio of gross weld area to plate

area.

4.2.5 Deformations in Welds

For the specimens tested singly, deformations across
the welds, lateral deflections of the specimens at the weld,
and rotations of the plates with respect to one another due

to deformations in the weld are given in Tables 4.17 to 4.20
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Table 4.16 Summary of Ultimate Weld Strengths
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Weld size, mm 5 10 15 20 25

u % Pen. | 22.2 37.5 52.2 69.6 100.0
o 2.4 4.6 5.7 5.1 0.0
v (%) 11.0 12.3 10.9 7.4 0.0
u ;z; 0.289 - | 0.441 0.582 0.749 1.00
o * 0.028 0.037 0.042 0.062 | 0.02
v (%) 9.7 8.4 7.2 8.3 0.02
u gﬂL 1.33 1.18 1.13 1.08 1.00
0 * 0.11 0.06 0.06 0.05 0.02
v (%) 8.5 5.0 5.6 4.7 0.02
u Tuwn 1.34 1.19 1.14 1.10 1.00
o o 0.12 0.06 0.06 0.05 | 0.02
v (%) 8.58 4.88 5.20 4.38 0.02




68

for both the ultimate and fracture loads. As the mounting

devices tended to remain at right angles to the plate
surfaces, any rotation in the weld causing rotation leads to
LVDTs measurements that are too large. The data have been
corrected to allow for this. The lateral deflections of the
specimens at the weld have been adjusted for the initial
out-of-straightness. Typical stress-strain curves, lateral
deflection vs. stress on the weld area and rotation vs.
stress curves are shown in Figures 4.8 to 4.9, 4.10 to 4.11
and 4.12 to 4.13 respectively.

No data are presented for the weld deformations of
specimens tested in pairs as the opposing curvatures that
developed in the specimens under-load made it impossible to

interpret the LVDT readings.

4.2.6 Deformations in the Plate

From the strain gauges mounted in pairs on opposite
sides on the plate both axial and bending strains can be
determined. Then by using the stress-strain relationships
determined in the ancillary tests the bending moment can be
determined at the gauge locations. Tables 4.21 to 4.24 give
the bending moments at various distancés from the weld that
existed at ultimate load. Table 4.25 gives the same data at
various load steps for several specimens where P is the

maximum load for the particular specimen.
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Table 4.21 Bending Moments in Plates, 5 mm Series

: 8ending moment Bending moment
Specimen at 62.5mm at 137.5mm
from weld from weld
(kNm) (kNm)
0SWS 1 4.40 -
O5WS2 4.53 -
O5wWS3 5.03 -
0o5wWS4 5.41 4.81
O5WS5 5.44 4.33
O5wWS6 5.00 -
O5AS 1 4.20 3.77
O5AS2 4.32 -
O5AS3 4.73 4,31
05AS4 5.31 4.22
O5AP2 4.52 -
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Table 4.22 Bending Moments in Plates, 10 mm Series

80

Bending moment Bending moment Bending Moment B8ending Moment
Specimen at 62.5mm at 137.5mm at 200mm at 275mm
from weld from weld from weld from weld
{kNm) (kNm) (kNm) (kNm)
10WS 1 4.20 4.02 - -
10WS2 5.32 3.74 - -
10WS3 5.49 3.98 - -
10owWs4 5.07 3.79 - -
1OWSS 5.14 3.76 3.09 2.48
10WS6 5.11 3.85 3.13 2.47
10AS 1 - 3.19 2.33 1.31
10AS2 4,96 3.17 2.49 1.77
10AS3 4.72 3.35 - -
10AS4 4.00 4.44 - -




Table 4.23 Bending Moments in Plates, 15 mm Series

Bending moment Bending moment
Spec imen at 75.0mm at 175.0mm
from weld from weld
(kNm) (kNm)

15WS 1 4.16 2.63
15WS2 3.04 1.34
15WS3 2.02 1.55
15Ws4 - -

1SWSS 1.82 1.01
15WS6 2.86 2.20
15AS1 2.38 1.66
15AS2 2.49 1.84
15AS3 1.96 1.4
15A54 4.40 3.32
15WP 1 2.08 -1.22
1SwWP2 1.29 -0.82
15WP3 1.58 -1.18
15WP4 1.83 ~-0.34
15AP 1 1.09 -

15AP2 0.03 -0.63
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Table 4.24 Bending Moments in Plates, 20 mm Series

Bending moment Bending moment

Specimen at 75.0mm at 175.0mm

from weld from weld

(k.Nm) (kNm)
20WS 1 0.0 0.0
20wWs2 0.0 0.0
20WS3 0.0 0.0
2QWS4 0.0 0.0
20WSsS 0.0 0.0
20WSs8 0.0 0.0
20AS1 0.0 0.0
20AS2 0.0 0.0
20AS3 0.0 0.0
20AS4 1.00 0.96
20wP 1 0.0 0.0
20WP2 0.98 0.0
20wP3 0.0 0.0
20wWP4 0.41 0.25
20AP 1 0.0 0.10
20AP2 0.08 0.14




Table 4.25 Bending Moments in Specimens at Various Loads

Spec imen Distance from weld, mm, and
and load : bending moment, kNm

steps

O5SAS3 62.5 mm 137.5 mm

0.25P 0.80 0.76

0.50P 1.83 1.70

0.75P 3.34 2.98

1.00P 4.73 4.31

10AS 1 62.5 mm 137.5 mm 200.0 mm 275.0 mm
0.25pP 0. 14 0.00 -0.10 -0.18
0.50P 0.67 0.40 0.22 0.00
0.75P 2.76 1.75 1.30 0.77
1.00P - 3.19 2.33 1.314
15482 75.0 mm 175.0 mm

0.25P 0.12 0.18

0.50P 0.40 0.48

0.75P 1.05 0.95

1.00P 2.49 1.84

05AP2 €2.5 mm

0.25pP Q.42

0.50P 1.67

0.75P 2.97

1.00P 4.52

1S5WP3 75.0 mm 175.0 mm

0.25P 0.08 0.13

0.50P 0.27 0.18

0.75P 1.24 0.11

1.00P 1.58 -1.19




5. ANALYSIS OF TEST RESULTS
5.1 Specimen Equilibrium

5.1.1 General

The objective of the specimen eguilibrium analysis is
to derive models for both types of specimens, tested singly
and in pairs, from which the forces acting on the weld can
be determined. The analysis should be verifiable with test

results.

5.1.2 Single Specimen

A free-body diagram of an initially straight single
specimen is shown in Fig. 5.1a with an axial load, P,
applied to the specimen. The eccentricity of the axial load
with respect to the centre of resistance of the weld is, e,
If the specimen is assumed to act as a rigid body the end
moments are zero. From the free-body diagram of one-half the
specimen in Fig. 5.1b the bending moment (moment of forces
to one side of section about the centroid of the section) at
any section of the plate and in the weld can be determined.

The moment in the plate is zero and in the weld is

[5.1] M, = Pe

as shown in Fig. 5.1c plotted on the compression side. The

free-body diagram of the weld in Fig. 5.1d shows that the

84
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weld is acted upon by both the axial force P and the moment
Pe.

Rotations'in the weld occur and the plate tends to
deflect, &, laterally with the weld tending to align itself
with the load, as the load, P, is increased. When lateral
deflections occur end moments must be developed in the grips
unless the grips are free to rotate. A free-body diagram of
one-half of the deformed specimen, deflected 6§, is shown in
Fig. 5.2a. Deflections in the same direction as the
eccentricity are taken to be positive. It is first assumed

that the end moments, M,, approach zero. The deflection §

(- 34
decreases the eccentricity of the axial force on the weld to
(e - 8) and the bending moment in the weld (with M, = 0) is

therefore
[5.2] M, = P(e - &)
The bending moment in the plate adjacent to the weld is

[5.3] M PS

and, as assumed, is zero in the grips. The bending-moment
diagram (plotted on the compression side) under these
assumptions is shown in Fig. 5.2b.

When the end moments are not zero, as must be the case

when the specimen is held rigidly in the grips, the
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bending-moment diagram is as shown in Fig. 5.2c. The end
moment M, reduces the moment in the‘weld as does the
deflection.

As the load increases the weld will begin to yield in
tension, first at the weld root, and finally across the
entire throat. Under these conditions the weld has no moment
capacity and must be loaded concentrically as shown in Fig.

5.3a, and the moment in the weld becomes

[5.4] M, =0

The end moment in the plate is now increased to
[5.5] M, =P (e - 5)

and the moment in the plate at the weld is

[5.6] M., = Pe

p2

The bending-moment diagram is shown in Fig. 5.3b.

Tensile yielding may also occur in the plate reducing
its moment capacity and this capacity reaches zero when the
plate is fully yielded in tension.

Most plates had an initial out-of-straightness, A, due
to the angular distortion about the axis of the weld caused

by the welding procedure. This out-of-straightness is
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considered to be positive if it increases the initial
eécentricity of the wgld as shown on Figures 5.2 and 5.3.
Before the weld yields the out-of-straightness can increase
or decrease the moment in the weld depending on its sign.
Assuming the end moment is zero gives the moment diagram in

Fig. 5.4a with a weld moment increased to
[5.7] M, =P (e +4-28)
and the moment in the plate at the weld decreased to

[5.8] M P (8§ - A)

p!

When the weld is fully yielded in tension the moment in the

weld is zero and the moment in the plate at the weld is

[5.6] M., = Pe

p2

but the end moment is increased to

[5.9] M, =P (e +4-8)

as shown in Fig. 5.4b. Of course the lateral deflection §
will tend to increase because of the presence of the initial
out-of-straightness A just as it is greater when the initial

eccentricity is greater.
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Therefore the model predicts that, in single specimens
at ultimate load conditions, the welds are subject to
tension only provided that the welds are sufficiently

ductile to accommodate the rotations that must occur.

5.1.3 Pairs of Specimens

By testing specimens in pairs back-to-back with the
welds on the outer faces, the lateral movement of the plates
which reduces the moments in the welds is elimipated.
Although overall, the pair of specimens is loaded
concentrically, the moments in the welds are therefore
greater than in the single specimens until yielding of the
welds tends to reduce the bending moments. The rotations at
the welds will therefore be greater than for the single
welds at corresponding loads thus inducing greater moments
in the plates. In Fig. 5.5 the bending distortions that
occurred are evident. Fig. 5.6a shows a free-body diagram of

1/4 of a doubly symmetric specimen. For equilibrium
[5.10] IM=0=Pe +M - M - VL

When the weld yields fully M, = 0 and therefore
[5.11] Pe + M, - V£ =0

The plate is subject to a moment at the weld of Pe, and if



Figure 5.5 Bending in Pairs of Specimens
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the plate is behaving elastically and fully fixed in the

grips then

[5.12] M. = 0.5 Pe

e

and the moment diagram and deflected shape are as shown in

Fig. 5.6b and 5.6c. Substituting [5.12] in [5.11] gives

3Pe
24

[5.13] vV =
Testing the specimen in pairs back to back therefore
introduces greater rotations in the welds and transverse
shears in the plates that in the worst case, in these tests,
was estimated to be about 5% of the axial load. For the
larger size welds, not only is the eccentricity reduced
rela;ively but also the condition may result that the plate
adjacent to the weld yields fully before the weld fractures.
Whén this is the case, the moments in the plate are zero and

therefore the shears are zero.

5.1.4 Comparison with Test Results

The distribution of predicted bending moments in the
plates for single specimens and specimens tested in pairs
can be compared with test results for those tests in which
strain gauges were mounted on both sides of the plate. From

the strain readings both bending moments and axial forces
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can be deduced.
| Fig. 5.7 shows the distribution of bending moments in
one-half of a single plate for test 05AS3 for loads from
0.25P, to 1.0P,, where P, is the ultimate load, in 0.25P,
increments. As the 5 mm weld is relatively small compared to
the plate area the plates remained elastic throughout the
test. The lower curve for each increment represents the case
where the end moment in the grips is assumed to be zero and
the upper curve represents the case when the weld is fully
vielded. It is seen that the experimental points gradually
migrate upwards as the load is increased and lie on or near
the upper line for higher loads indicating that the weld has
yielded.

Fig. 5.8 gives the distribution of bending moments for
4 load increments for specimen 10AS1 in the 10 mm series
tested singly.‘As for the 5 mm single specimen the data for
low loads lie near the line representing zero moment in the
grips but migrate upwards to coincide with the curve
representing full yielding of the weld. In Fig. 5.9 moment
distributions are plotted at ultimate load for 3 different
10 mm specimens tested singly. At the weld the moments
predicted for the fully yielded weld coﬂdition are in
reasonable agreement with the test results while at the grip
end the moments range from about 40 to 90% of the predicted
moments for the 3 tests. When the weld is fully yielded the
initial out-of-straightness affects the end moment and not

the moment in the plate at the weld as discussed previously
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and therefore it is postulated that the differences between
the test and predicted results is due to inaccuracies in the
measurements of initial out-of-straightness. A difference of
3.3 mm in out-of-straightness would account for the maxmium
difference.

Fig. 5.10 shows the moment distribution data for four
load levels on a 15 mm specimen tested singly. All data lie
slightly above the lines based on zero end moments and never
approach the line for the fully yielded weld condition. This
is accounted for by the fact that in tests with 15 mm welds
the weld area was such that partial yielding of the plate
occurred before the weld was fully yielded.

Fig. 5.11 gives the distribution of bending moments for
test 05AP2 where a pair of specimens were tested. Only one
experimental point is available but it is in reasonable
agreement with the predicted lines based on [5.12]. This was
the only pair of 5 mm specimens that was gauged on both
sides of the plates.

Fig. 5.12 gives the moment distribution for a pair of
15mm specimens. At low loads the experimental data are
deviate somewhat from the predicted straight line
relationship. For the higher loads the data fall
considerably below the predicted straight line indicating a
redistribution of moments towards the fixed grip end. This
is what would be expected when yielding of the plate near

the weld occurs, as was the case.
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The 20 mm specimens behaved similarly to the 15 mm specimens
but as the plates were fully yielded in tension before the
ultimate load was reached no moments could exist in the
plate at ultimate.

The test results, as exemplified by the moment
distributions in the plates, therefore substantiate the
models predicting the behaviour of both single specimens and
pairs of specimens. The single specimens deflect sideways at
the weld so that the weld tends to align itself with the
load. The welds finally yield in tension so that, although
considerable rotation has occurred in the weld, no moment
exists and the weld fails in tension across the throat. The
pairs of specimens are prevented by the test set-up from
deflecting laterally at the weld. The welds undergo

significant rotation but finally fail in tension as well,
5.2 Weld Equilibrium and Failure Theories

5.2.1 Weld Equilibrium

It will be assummed that the welds are loaded in axial
tension only as shown in Fig. 5.13 as the ultimate load is
reached.

For any failure plane at an angle @ from the weld

throat, and originating at the weld root, the area is

(e}
£

[5.14] A =
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Resolving the force P normal and perpendicular to the plane
and dividing by the area from [5.14] gives average normal

and shear stresses of

2
_ P cos’8
[5.15] 9, = Tgu
and
_ P sinf cosé
[5.16] T, = 3w

These expressions can be examined for various failure
theories to determine whether the failure theories predict

the correct fracture angles.

5.2.2 Maximum Shear Stress Theory
This theory suggests that fracture occurs on the plane
of maximum shear stress. Therefore by differentiating [5.16]
with respect to 6 and setting equal to zero
) P (cos’6 - sin’6)

[5.17] 35 - dw = 0

Qr

gives 6 = +45°,
o
Setting 7, = 51 as appropriate for this theory gives

for 6 = 45° and rearranging [5.16] gives

[5.18] P=o 4dw
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5.2.3 Maximum Normal Stress Theory
Failure is assummed to occur on the plane with the
maximum normal stress. Differentiating [5.15] with respect

to 6 and setting equal to zero,

90 _ -2 P cos’6 siné A
[5.19] g = e =0

gives 8 = 0° and 90°. The 90° value is a point of inflection
and 0° corresponds to a maximum value. Setting ¢ = o, as is

u

appropriate gives

[5.20]) P=o,4dw

the same failure load as for the maximum shear stress

theory.

5.2.4 Strain Energy of Distortion Theory

Using the von Mises criterion gives

[5.21] Y = [¢° + 37%)"2

and substituting ¢ and r from [5.15] and [5.16], then
differentiating with respect to 6 and setting equal to zero

gives
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oY -
[5.22] 36 = g[c0546 + sin’d cos?s] V2 oy

[-4 cos’d sinf + 3(2cos39 sinf - 2sin’6 cosf)]=0

which yields a maximum value when 6 = +30°. Using 6 = 30°

and ¢, as the comparative stress gives, substituting in

[5.21],
9p? 9p?
.23 L. +
[5.23] % T Ted%w’ | 16d°w:
or
[5.24] P =0.943 0, d w

5.2.5 Fracture Surface Observations

The three fracture criteria predict failure angles at 0
to 45° to the weld throat with ultimate loads ranging from
0.943 to 1.000 times the ultimate strength of the throat
area. Fracture surface angles were observed between 0 and
45° and varied in appearance from silky smooth to grainy or
crystalline, but always occurred in the fusion face on the
plate with the square preparation. The angle that this
fusion face made with the surface of the plate varied with
the degfee of penetration. For the 5 mm welds, melting of

the base plate caused this fusion face to be on an
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approximately 45° plane as shown in Fig. 4.3. However, with
increasing penetration this angle reduced because the depth
of melting decreased in proportion to the depth of
penetration., Failure loads, as discussed subsequently, were
generally in excess of the ultimate strength of the throat
area when based on the plate strength and varied from 0.88
to 1.43 of the ultimate strength of the throat area when
based on the ultimate strength of the weld.

The 5 mm welds had fracture angles from 30° to 45° with
the throat and were silky smooth with failure loads from
1.01 to 1.43 of the ultimate strength through the throat.
The fracture appearance and angle support the maximum shear
stress or von Mises criteria. |

The behaviour of the 10 mm welds appears to be a
transition between that of the 5 mm welds on the one hand
and that of the 15 and 20 mm welds on the other with
fracture angles less than 30° but still silky smooth in
appearance. Failure loads varied from 0.93 to 1.10 of the
ultimate strength of the weld.

The 15 and 20 mm welds fractured on the throat (6 = 0°)
and were crystalline in appearance and carried from 0.88 to
1.15 of the ultimate strength of the weld. Few shear lips
were present although there was a noticeable reduction in
thickness, ranging from 0.74 to 0.96 of the original, in all
specimens.

The three theories do not give substantially different

ultimate loads. It appears that other conditions, such as
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the angle the fusion face makes with the throat and the
restraint to lateral and through thickness contraction
offered to the welds by the adjoining less heavily stressed
plate material, influenced the failure load, fracture
surface appearance and failure angle. The restraint is

greatest for the 5 mm welds and least for the 20 mm welds.
5.3 Ultimate Strength

5.3.1 General

This section investigates the effects that the
percentage of weld penetration, the grade of base metal and
eccentricity of the applied load have on the ultimate
strength of partial joint penetration groove welds. The data
are also compared to the various failure theories ana the

test results of other researchers.

5.3.2 Effects of Eccentric Loadings

All welds.in this investigation were initially loaded
eccentrically.

Fig. 5.14 shows the ultimate strength data for
specimens tested singly and in pairs. The data are
normalized by dividing the ultimate stress that the partial
weld carried, based on the full plate area, by the ultimate
stress for a full penetration weld again based on the full
plate area. The test data give a coeffecient of variation of

5.6%, about the least-squares best fit curve of
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o
[5.25] BY . 0,034 + 0.0118p - 0.0000217p"

afw

There is no apparent difference in the data for the welds
tested singly and in pairs. Both types of specimens
underwent considerable rotation in the weld. The test data
of Popov and Stephen (1977) on concentrically loaded welds,
plotted in Fig. 5.15 with the test data from this program
show no diﬁference in strengths of concentrically loaded
specimens and eccentrically loaded specimens. Although
rotations in the weld in the tests reported here cause
uneven straining, with the root of the weld being subject to
the maximum tensile strains, the relatively flat-top of the
stress-strain curve of the weld finally results in a
relatively uniform stress distribution across the weld. The
final bending moment in the welds approaches zero. The weld
fails in tension and there is no effect of the initial
bending moments on the strength.

In examining the behaviour of single specimens in
section 5.1.2 it was shown that lateral deflections at the
weld tended to reduce the moments in the weld. These
deflections were increased when the percent penetration was
decreased and when the end moment developed in the member
was reduced. Testing the specimens in pairs gave
satisfactory behaviour when no lateral deflections at the
weld could take place. Therefore the tendancy of single

specimens to align themselves with the load is not required
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for the performance to be satisfactory. Fig. 5.6 shows the
deflected shape that develops in one-half of one of a pair
of specimens when the weld has fully yielded in tension. The
total rotation that the weld must accommodate while

sustaining the maximum load is

_ Pet
[5.26] | 2w = 37

assuming elastic behaviour of the plate, and is four-thirds
of this amount if the far ends of the specimen were hinged.
For a given length the rotation is directly proportional to

"

the eccentricity, "e". In Fig. 5.16 the normalized stress

.0
ratio

> is plotted versus the eccentricity for the tests
fw

on pairs of welds, the eccentricity e=0.5t(1-p}. Clearly not
only did the welds have csufficient ductility throughout the
range of these tests to accommodate the rotation that
occurred but the strength actually increased (as discussed
subsequently) as the eccentricity increased. Although the
rotations that occur in the weld produce uneven straining,
with the root of the weld being subject to the maximum
tensile strains, the relatively flat top of the stress
strain curve of the weld metal finally results in a
relatively uniform stress distribution across the weld.
Therefore, the bending moment in the weld is dissipated. The
weld fails in tension and there is no difference in
strengths betweeﬁ eccentrically and concentrically loaded

specimens.
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Therefore, the strength of a properly made weld
exhibiting ductile behaviour can be based on its tensile

capacity.

5.3.3 Factors Affecting Ultimate Capacity and Comparison to

Failure Theories

Fig. 5.17 shows that the strength of the partial joint
penetration groove welds increases in proportion to the
percent penetration, i.e, in proportion to the
cross-sectional area of the weld. The ultimate strength data
in this figure have been normalized by dividing the ultimate
strengths of the partial welds by the mean ultimate strength
of the full penetration welds of specimens of the particular
grade of base metal. Fig. 5.17 shows that by taking into
account the grade of steel thét there is no statistical
difference in the data. This indicates that the capacity of
the joints is directly dependent on the ultimate strength of
the base metal. Nearly all the data in Fig. 5.17 fall above

the straight line

L
[5.27] 0. =P

Introducing the plate area, recognizing that the failure
stress for fully welded specimens is the ultimate strength

of the plate, and that pA,=A,, [5.27] is equivalent to
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[5.28] . P=o A

Thus the test data exceed that given by identical equations
[5.18] and [5.20] for the maximum normal stress theory and
maximum shear stress theory and lie considerably above
[5.24] for the von Mises criterion. A lower bound criterion
for design, consistent with all three failure theories, is
that the tensile capacity of a partial joint penetration
groove weld be based on the area of the weld and the

ultimate strength of the base plate.

5.3.4 Restraint in the Weld

In Fig. 5.18 the strengths of the welds are normalized
by dividing the failure load by the actual area of the
partial joint penetration groove weld and then dividing this
stress by that to cause a full penetration groove weld( in

the same plate material) to fail. The horizontal line

[5.29] Ou 1
’ afw B

indicates that a partial joint penetration groove weld is as
strong on an unit area basis as a full penetration weld.
Fig. 5.18 shows that the ultimate strengths of the specimens
increased significantly in a consistent manner as the

percent penetration decreased.



118

001

uoctT3iea13auad JuadI3d sa Yyibuoils ajewri[n PIZITRWION 81 °G sanbry

UOT1E13U3d 1U3DU3Y

08 09 Oy Q¢

I I I |

lub

):b

[d19°0+d91"1-55" 1=

[n]
n]

6'0




120

For any partial joint penetration groove weld (Fig. 5.19),
loaded in tension, the plate adjacent to the weld is less
heavily stressed on the average than the throat of the weld.
Therefore as the weld throat attempts to contract laterally
the less heavily stressed plate, contracting less, will
restrain the weld setting up tensile stresses in the weld on
planes normal to the throat of the weld. These stresses will
develop, in particular, across the width of the plate. First
of all, the unfused "dead area" adjacent to the joint is
unstressed longitudinally and does not tend to contract
laterally until pulled by the laterally contracting weld.
Second, there is a significant distance across the width of
the plate in which to develop the restraint.

Through the thickness of the plate, there is less
distance in which to develop the restraint. Also there will
be through thickness contraction on either side of the weld
due to longitudinal stresses, albeit less than in the weld
where the longitudinal stresses are higher. Therefore the
through thickness restraint is less than that across the
width.

The restraint offered by the plate and hence the
magnitude of the stresses in planes normal to the throat
increases as the percent penetration decreases. This is
because, with an increase in the ratio of the average stress
on the weld throat to that in the plate, the differences in
the free lateral contraction of the weld and the plate are

increased.
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Consider the three-dimensional element in Fig. 5.20

subject to principal stresses o,, o, and ¢,. Under elastic

¥

conditions the relationships between stress and strain are

[5.30a] ey = 2(0, = vlo, + 0,))

[5.30b] €, = E(a

[5.30c] €, =

The von Mises-Hencky yield criterion in terms of principal
stresses 1is
[5.31] (¢, ~ 6,0 + (0, = 0,)* + {0, - 0,)% = 2¢
Let us consider three different states of stress: case
1, uniaxial tension or plane stress, case 2 biaxial stress
state or uniaxial plane strain as defined by Lay (1982), and
case 3 triaxial stress state or biaxial plane strain (Lay,
1982).
In case 1, as in a uniaxial tension test substituting

0,=0,, ané o¢,=0,=0,=0,=0 in [5.31] gives

[5.32] 0., =Y =o¢
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as yielding occurs when o,, = 0.
For case 2 straining in the y direction, say, does not

occur but through thickness straining (z direction) can take

place with the normal stresses in the z direction equal to

zero. Thus o,=0,,, 0,#0, €,=0, 0,=0 and ¢,#0. From [5.30b]

[5.33] o

vo

Substituting o,=0,,, 0,=0,=v0,,, 0,=0.=0 and ¥=o,, in [5.31]
gives

[y

[5.34] Oy = [1 - :p+ VL

and yielding is delayed until o,,=1.1250,, when » is taken to
be 0.3.

For case 3 straining in both the y direction and z
direction are considered to be zero. Thus o,=0,;, 0,70, €,=0,

0,#0 and e,=0. From [5.30]

v
[5.35] Oy = 0, =TT =57 %

and substituting appropriately in [5.31] gives

[5.36] 0., = (—(1—’-—'——& o

- 2v) "¥p
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For elastic conditions with »=0.3 yielding is delayed until

0,5=1.750,,.

The groove welds do not fail until ultimate conditiong

are reached. Therefore the von Mises-Hencky yield criterion

is extended to the ultimate with the assumptions that there

is an appropriate modulus to replace the modulus of

elasticity, the comparative stress is the ultimate tensile

strength o, rather than the yield stress Oypr

and Poisson's

ratio takes on a value consistent with inelastic behaviour.

Ratzlaff et al. (in preparation) suggest v,=0.42, Under

these conditions if restrained across the width only (case

2) a partial joint penetration groove weld would fail when

[5.37] 7.,

L}
—h
(8]
<

I1f complete restraint is offered across the width of the
weld and through the thickness (case 3) a partial joint

penetration groove weld would fail when

[5.38] 0,; = 3.63 0

Equation [5.37] is plotted in nondimensional form in Fig.
5.18 together with the test results., A least sqguares best

fit guadratic curve to the test data is

Oy
afw

[5.39] = 1.55 - 1.16p + 0.61p°
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indicating that as zero penetration is approached, (in the
limit) the strength is increased 1.55 times.

Restraint is present in the partial joint penetration
groove welds that increases with decreasing penetration. It
is postulated that the across-width restraint probably
develops first and is the more significant contributor to
the increased strength. The through thickness restraint adds
to the strength to a lesser extent but at an increasing rate
as the percent penetration decreases.

For welds with greater than 70% penetration in these
tests, as the ratio of the yield strength to ultimate is
0.70, yielding would occur in the plate before fracture of
the weld. This yielding of the plate would increase its
lateral contraction and decrease the restraint to the weld.
Therefore increased strength due to restraint would be
expected to be less significant above 70% penetration as is

the case.

5.3.5 Weld Defects

Weld defects, particularly in the form of porosity, but
also as inclusions and lack of fusion, were present in some
welds and amounted to up to 5% of the weld area. When this
loss of weld area is taken into account the points falling
below the line given by [5.29] plot above the line. As the
area of weld defects on the average was only 1.4% the data

have not been adjusted and have been presented and analyzed
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assuming zero weld defects.

5.3.6 Test Results §f Others

The data of Popov and Stephen (1977) are in good
agreement with the results of these tests as plotted in Fig.
5.21. The strength increases on an unit area basis as the
percentage penetration decreases. The data of Lawrence and
Cox (1976) show the same trend of increasing strength with
decreasing perecentage penetration but appear to lie above
these data and those of Popov and Stephen. This is
attributed to the higher strengths steels used by Lawrence
and Cox. As the yield/ultimate strength ratio was 0.89,
yielding of the plate prior to fracture of the weld would
oniy occur at higher percentage penetrations than in the
tests reported here. Furthermore, with no sharply defined
yield point and the corresponding yield plateau, and with a
yield strength closer to the ultimate, local yielding,
tending to reduce the restraint would be less than for
normal structural steels. Thus the restraint is greater and
the partial joint penetration groove welds in the higher
strength steels exhibit the increased strength due to
restraint even more than normal structual steels with a

yield plateau.
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5.4 Ductility of Specimens

The strains measured across the weld, on a 75 mm gauge

length, generally increased as the percent penetration

increased as
were limited
the weld was
the weld did
deformations

Therefore to

shown in Fig. 5.22. In general the deformations
in those cases where the ultimate strength of
less than the yield strength of the plate. When
not fracture befofe the plate yielded the

were consistent with yielding of the plate.

get ductile behaviour of the whole specimen the

ultimate strength of the weld must be greater than the yield

strength of the plate.

The welds themselves exhibited considerable ductility

with even the 5 mm welds straining an average of 1.16% on

the 75 mm gauge length at maximum load. Estimating the

elastic or inelastic deformations of the plate within the 75

mm gauge length and subtracting from the total deformation

the deformation within the weld can be estimated. Dividing

this deformation by the weld size gives a

non-dimensionalized deformation greater than 4% as shown in

Table 5.1. The deformation of the welds, in fact, will be

concentrated over a much shorter distance and therefore the

ductility is

much greater than this 4%. These deformations

-were sustained in the presence of rotations in the weld of

up to 2.8°, as measured for the 5 mm welds, with no loss in

strength. Although larger rotations were measured in some

larger welds

part of the rotation was due to plastic

deformation of the plate.
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Table 5.1 Non-dimensionalized Deformations in Welds

Specimen Estimated Specimen Estimated
Deformations Deformations
in Weld in Weld

05WS 1 0.193 15WS1 -

05WS2 0.148 15WS2 0.178
05WS3 0.188 15WS3 0.213
05wWS4 0.338 15WS4 -

05WS5 0.312 15WS5 0.066
05WS6 0.299 15WS6 0.137
05AS1 0.089 15AS1 0.150
05AS2 0.185 15AS82 0.152
05AS3 0.184 15AS83 0.117
05AS4 0.217 15A854 0.10%
10WS 1 0.193 20WS1 0.047
10WS2 0.194 20Ws2 0.064
10WS3 0.253 20WS3 0.139
10WS4 0.172 20WS4 0.264
10WSS 0.174 20WS5S 0.145
10WS6 0.148 20WSs6 0.161
10AS1 0.177 20AS1 0.091
10AS2 0.162 20AS2 0.173
10AS3 0.169 20AS3 0.141
10AS4 0.172 20AS4 0.046
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The welds themselves exhibited considerable ductility
but overall specimen ductility only occurs when yielding

occurs in the plate before the welds fracture.



6. DESIGN APPLICATIONS

6.1 Design for Strength

The analysis of the test results show that the ultimate
tensile strength of a partial joint penetration groove weld
can be based on the weld area normal to the load and the
ultimate strength of the base metal. The weld area can be

expressed as
[6.1] A, = p A

Thus from Fig. 6.1 a lower bound to the ultimate tensile

strength of the weld can be taken as
[6.2] T.,, = ¢, p A, F,

By fitting a curve to the test data the increasing
strength with decreasing penetration can be taken into

account and tensile resistance can be written as

[6.3] T,, = ¢, (1.55p - 1.16p" + 0.61p°) A, F,

This relationship takes into account the lateral restraint
offered to the weld by the adjoined less heavily stressed
plate material. It is strictly valid only for steels for

which the ratio of ultimate strength to yield strength is

133
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less than about 1.5. Furthermore, the restraint developed in
plates with smaller width/thickness ratios may also be
reduced. The resistance factors, ¢, and ¢,, for [6.2] and

[6.3] need to be determined.

6.1.1 Resistance Factors
Galambos and Ravindra (1976) have shown that resistance

factors for steel structures can be written in the form
[6.4] ¢ = pp exp(-8 a, Vy)

while a,, the separation coefficient can be taken as 0.55
and the reliability index, B, for connections is 4.5. This
value of B of 4.5 decreases the probability of failure of
the connector as compared to the member as a whole for which
a value of B of 3.0 is commonly used for building
structures. The ratio of the nominal resistance to the

specified resistance p, is, in this case,

[6.5] Pp = Py Pgy Pg2 Pp

énd the associated coefficient of variation is obtained from
[6.6] Ve =V, o+ VT o+ VS v,

Two geometric parameters are needed to account for the
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variation of the percentage penetration and the variation
the area of the plate. Kennedy and Gad Aly (1980) give a
mean-to-nominal ratio for the variation in plate thickness
of 1.015 with a coefficient of variation of 0.013; From
Table 6.1 the corresponding figures for the percentage
penetration are 0.985 and 0.134 repectively. Table 6.2 gives
the results of 31 tension tests conducted by various
graduate students at the University of Alberta in which the
ultimate tensile strength was recorded. The
measured-to-nominal ratio has a mean value of 1.091 and a
coefficient of variation of 0.1013. As [6.2] and [6.3]
predict the strength differently these will be different
values of the test-to-predicted ratios for them. For [6.2]
each test value in Fig. 6.1 is divided by the predicted
value of 1.0 and the mean value and coefficient of variation
of the resulting test-to-predicted ratios are established.
As given in Table 6.3 these are 1.1516 and 0.1720

respectively. Using these data in [6.5] and [6.6] gives
pr; = 1.091x0,.,985x1.015x1.1516 = 1.256
vl = 0.1013% + 0.1339% + 0,013% + 0.1720°

= 0.05794

from which



Table 6.1 Mean to Nominal Ratios for Weld

Penetrations

Specimen Mean Specimen Mean
Nom. Nom.
05WS1 1.09 15AS1 0.97
05WS2 1.05 15AS82 0.93
05wWsS3 1.29 15AS3 1.02
05WS4 1.20 15AS4 0.66
0SWSS 1.40 15WP1 0.84
05WS6 1.28 15Wp2 0.88
05AS1 1.05 15WP3 0.87
05AS2 0.99 15WP4 0.85
05AS3 1.01 15AP1 0.91
05AS4 1.01 15AP2 0.94
05wp1 1.24 20WS1 0.89
05wWP2 1.21 20WS2 0.83
05WP3 1.17 20WsS3 0.97
05wWP4 1.10 20wWSs4 1.00
05AP1 0.97 20WS5S 0.92
05AP2 1.25 20WSe6 0.94
10WS1 1.04 20AS1 0.94
10WS2 0.87 . 20AS2 0.95
10WS3 0.80 20AS3 0.95
10WS4 0.94 20AS4 0.78
10WS5 0.81 20WP1 0.91
10WS6 0.79 20WP2 0.86
10AS1 1.09 20WP3 0.82
10AS2 1.04 20WP4 0.87
10AS3 1.16 20AP1 0.86
10AS4 1.13 20AP2 0.96
10WP1 1.01 25W1 1.03
10WP2 0.85 25W2 1.02
10WP3 0.91 25W3 1.04
10WP4 0.94 25W4 1.03
10AP1 1.04 25W5 1.02
10AP2 1.03 25W6 1.04
15WS 1 0.77 25A1 1.04
15WS2 0.85 25A2 1.03
15WS3 0.98 25A3 1.03
15WS4 1.01 25A4 1.03
15WS5 1.05 25A5 1.04
15WS6 0.88
u 0.985
o 0.132
v 0.134
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Table 6.2 Mean to Nominal Ratios for Ultimate
Strength of Base Metal

Type of F F Specified Mean
Steel Y v Nominal
300w 349 500 450 1.111
300W 332 518 450 1.151
300w 286 474 450 1.053
300w 319 526 450 1.169
300w 306 515 450 1.144
300w 325 497 450 1.104
300w 362 491 450 1.091
300w 363 516 450 1.147
300w 319 476 450 1.058
300w 331 445 450 0.989
300W 334 489 450 1.087
300w 294 488 450 1.084
300w 304 509 450 1.131
300w 351 496 450 1.102
300w 302 488 450 1.085
300w 318 488 450 1.084
300w 342 466 450 1.036
300w 341 474 450 1.054
300w 345 495 450 1.100
300w 348 498 450 1.106
300W 361 476 450 1.057
300w 353 481 450 1.069
300W 340 471 450 1.047
300w 364 522 450 1.160
300w 324 493 450 1.096
300W 346 513 450 1.140
350w 444 499 480 1.040
350w 444 537 480 1.119
350w 392 474 480 0.988
350a 384 539 480 1.123

K 1.091
o 0.1105
\' 0.1013
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Table 6.3 Variation in Ultimate Strength vs Percent

Penetration
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Test Equation 6.2 Equation 6.3
Test Strength : Mean : Mean
Predict Nominal Predict Nominal
05WS1 1.30 1.00 1.30 1.33 0.98
05wWs2 1.32 1.00 1.32 1.33 0.99
05WS3 1.18 1.00 1.18 1.30 0.91
05wWS4 1.34 1.00 1.34 1.31 1.02
05WS5S 1.21 1.00 1.21 1.28 0.95
05WS6 1.29 1.00 1.29 1.30 0.99
05AS1 1.23 1.00 1.23 1.34 0.92
05AS2 1.43 1.00 1.43 1.35 1.06
05AS3 1.36 1.00 1.36 1.35 1.01
05AS4 1.58 1.00 1.58 1.35 1.17
05WP1 1.22 1.00 1.22 1.31 0.93
05wWP2 1.36 1.00 1.36 1.31 1.04
05wP3 1.29 1.00 1.29 1.32 0.98
05wWP4 1.30 1.00 1.30 1.33 0.98
05AP1 1.56 1.00 1.56 1.35 1.16
05AP2 1.33 1.00 1.33 1.31 1.02
10WS 1 1.09 1.00 1.09 1.18 0.92
10WS2 1.20 1.00 1.20 1.23 0.98
10WS3 1.24 1.00 1.24 1.25 0.99
10WS4 1.16 1.00 1.16 1.21 0.96
10WS5 1.29 1.00 1.29 1.25 1.03
10WS6 1.27 1.00 1.27 1.25 1.02
10AS 1 1.13 1.00 1.13 1.17 0.97
10AS2 1,13 1.00 1.13 1.18 0.96
10AS3 1.11 1.00 1.1 1.15 0.97
10AS4 1.14 1.00 1.14 1.16 0.98
10WP 1 1.16 1.00 1.16 1.19 0.97
10WP2 1.22 1.00 1.22 1.23 0.99
10WP3 1.24 1.00 1.24 1,22 .02
10WP4 1.22 1.00 1.22 1.21 1 01
10AP1 1.15 1.00 1.15 1.18 0.97
10AP2 1.18 1.00 1.18 1.19 0.99
15WS1 1,16 1.00 1.16 1.15 .01
15WS2 1.10 1.00 1.10 1.13 0.97
15WS3 1.04 1.00 1.04 1.09 0.95
15WS4 1.03 1.00 1.03 1.08 0.95
15WS5 1.06 1.00 1.06 1.07 0.99
15WS6 1.09 .00 1.09 .12 0.97
15AS81 1.07 1.00 1.07 1.10 0 97
15AS82 1.11 1.00 1.11 1.11 .00
15AS3 1.08 1 00 1.08 1.08 1.00
15AS4 1.27 .00 1.27 1.20 1.06




Table 6.3 continued
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Test Equation 6.2 Equation 6.3

Test Strength : Mean - Mean

Predict Nominal Predict Nominal
15WP1 1.17 1.00 1.17 1.13 1.04
15WP2 1.12 1.00 1.12 1.12 1.00
15WP3 1.16 1.00 1.16 1.12 1.04
15WP4 1.14 1.00 1.14 1.13 1.01
15AP1 1.19 1.00 1.19 1.11 1.07
15AP2 1.12 1.00 1.12 1.10 1.02
20WS1 1.09 1.00 1.09 1.04 1.05
20wWs2 1.06 1.00 1.06 1.06 1.00
20WS3 1.11 1.00 1.11 1.03 1.08
20Ws4 1.15 1.00 1.15 1.02 1.13
20WS5 1.08 1.00 1.08 1.04 1.04
20Ws6 1.05 1.00 1.05 1.03 1.02
20AS1 1.02 1.00 1.02 1.03 0.99
20AS2 1.13 1,00 1.13 1.03 1.10
20AS3 1.05 1.00 1.05 1.03 1.02
20AS4 1.15 1.00 1.15 1.07 1.07
20WP1 1.06 1.00 1.06 1.04 1.02
20WpP2 1.10 1.00 1.10 1.07 1.03
20WP3 1.08 1.00 1.08 1.06 1.02
20WP4 1.00 1.00 1.00 1.05 0.95
20AP1 1.12 1.00 1.12 1.05 1.07
20AP2 0.98 1.00 0.98 1.03 0.95
25W1 0.98 1.00 0.98 1.00 0.98
25W2 1.01 1.00 1.01 1.00 1.01
25W3 1.00 1.00 1.00 1.00 1.00
25W4 1.02 1.00 1.02 1.00 1.02
25W5 1.01 1.00 1.01 1.00 1.01
25W6 0.98 1.00 0.98 1.00 0.98
25A1 1.02 1.00 1.02 1.00 1.02
25A2 1.02 1.00 1.02 1.00 1.02
25A3 1.02 1.00 1.02 1.00 1.02
25A4 0.94 1.00 0.94 1.00 0.94
25A1 1.00 1.00 1.00 1.00 1.00
u 1.1516 1.0057
o 0.1981 0.0491
v 0.1720 0.0489
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é, 1.256 exp(-4.5x0,55x0,2407)

0.692,

say 0.69 for use with [6.2].
Similarly for [6.3] each test value in Fig. 6.1 is

divided by the predicted value given by the best fit curve

auw 2
[5.39] - — = 1.55 - 1.66p + 0.61p
fw

evaluated at the measured penetration. From Table 6.3 the

mean value and coefficient of variation are 1.0041 and

0.0488. Using these data in [6.5] and [6.6] gives
Pr, = 1.091x0.985x1,015x1,0041 = 1.095

Varo = 0.1013° + 0.1339% + 0.013% + 0.0488°

[}

0.03074

from which

¢, 1.095 exp(-4.5x0.55x0,1753)
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= 0.710

say 0.71 for use with [6.3].
6.1.2 Design Equations

The design equations consistent with current practice

in CSA Standard S16,1-M84 are therefore

[6.2a]

3
]

0.69 p A, F, and

ri

[6.3a] T,, = 0.71(1.55p - 1.16p° + 0.61p°) A, F,

Equation [6.2a] is the simpler to use while [6.3a]
recognizes the greater stréngth of the welds with small
penetrations. On the average they both provide the same
reliability'but [6.32a] gives a better prediction for
different degrees of penetrations. The resistance factors
are both'slightly in excess of the currently used value of
0.67 in connections. This latter value could be used safely
with a 3% and 6% error, both on the safe side, for [6.2a]
and [6.3a] respectively.

In Fig. 6.2, [6.2a] and [6.3a] are plotted for partial
jdint penetration groove welds for a unit area of plate in
grade 300W steel made with matching E480XX electrodes. Also
plotted in the fiqure is the strength as given by CSA

Standard W59,
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[2.14] v, = 0.67 ¢, A, X,

r

It is seen that [6.2a] gives results 1.39 times that of the
current design equation and that [6.3a] is 1.00 to 1.05
times [6.2a]. Beyond 84% penetration for [6.3a] and 87%
penetration for [6.2a] the respective equations give
strengths greater than the factored resistance of the plate
itself and therefore would not be applicable above these

respective percentage penetrations.

6.2 Design for Ductility

All partial joint penetration groove welds exhibited
considerable ductility in the weld itself as was evident
from the significant joint rotations they underwent before
failure. However, as the amount of weld metal that can
deform is limited, the total deformation of the specimens
was small in all those cases where the weld fractured before
the plate yielded. To ensure overall ductility of welded
members the fracture load on the weld should exceed the
vield load on the plate area using [6.2] as the predictor

equation gives

[6.7] p A, F, >A F, or

p "y’

FY
[6.8] P> 7

u
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in deterministic format. Fig. 6.3 shows [6.2], [6.3] and the

equation for the tensile resistance
[6.9] T, = F, A

in unfactored form. For ductile behaviour the percent
penetration must be greater than 67% when based on [6.2] and

62.5% found from equating [6.3] and [6.9], ie

F
[6.10] p (1.55 - 1.16p + 0.61p") > -

u
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7. SUMMARY AND CONCLUSIONS

7.1 Summary and Conclusions

Although the literature review has shown, for the
limited number of investigations that have been made,
that the strength of partial joint penetration groove
welds, loaded in direct tension, is directly related to
the tensile strength of the weld material, current
Canadian standards base the strength, in part, on the
shear strength of the weld. The review also showed that
the deformability of these welded members was limited,

when the weld fractured before the plate yielded.

A total of 75 partial and full joint penetration groove
weld specimens made with matching E48018 electrodes in
grade 300W and 350A steel were tested. Weld preparation
consisted of a 45° single bevel preparation 2-3mm deeper
than the specified penetration. Penetrations from 20% to

100%, or complete penetration, were tested.

All partial joint penetration groove weld specimens
failed in the weld on the fusion face of the specimen
with the square preparation. The full joint penetration
groove welds failed in the base plate some distance from

the weld.
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The analyses of the behaviour of the specimens, as
verified by tests, showed that, though specimens tested
singly and in pairs initially had combined axial and
bending stresses on the weld, the tensile yielding of
the weld dissipated the bending moment and the welds

failed in tension,

The fracture surface appearances ranged from a silky
smooth texture on a plane at approximately 45° to the
plate surface for the 5mm welds to a crystalline surface
on a plane at about 90° to the plate surface for the

20mm welds. The fracture always followed a fusion face.

There was no difference in ultimate strength whether
specimens were tested singly or in pairs or with

concentric loading.,

The strength of partial joint penetration groove welds
made with matching electrodes is linearly related to the
ultimate strength of the base metal and directly, though
not linearly, to the degree of weld penetration. The
maximum normal and shear stress theories predict weld

strengths equally well.

The ultimate strength of the joint, based on weld area,
increases with decreasing weld penetration due to the

development of lateral restraint in the weld arising
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11,
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because the adjacent base plate is less heavily

stressed,

Weld defects, based on data from this and other studies,
decrease the joint strength in proportion to the area of

the defects.

All welds had adequate ductility to accommodate the
rotations that occurred in them with no loss of
strength. The partial joint penetration groove welds
thus exhibited considerable ductility. The entire
specimen behaved in a ductile manner only if the
strength of the weld exceeded the yield strength of the

base plate.

The factored tensile resistance of partial joint

penetration groove welds can be written as either

T, = ¢ p A, F,

r

where ¢ = 0,69 or

T, = ¢ pA, F, (1.55 - 1.16p + 0.61p°)

r

where ¢ = 0.71 based on a reliability index of 4.5 and a

coefficient of separation of 0.55. These equations
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provide a minimum of 39% increase in tensile resistance
for welds made with E480XX electrodes in 300W and 350A
steel as compared to the existing resistance equations
in CSA Standard W59-1984. The current resistance factor
of 0.67 for welds as used in CSA Standard S16.1 would
not be inappropiate. The latter equation based on the
increased strength due to lateral restraint is strictly
valid only for steels with ultimate strength/yield
strength ratios less than about 1.5 and with

width/thickness ratios similar to those examined.

To insure overall member ductility the plate area must
yield before the weld fractures. For the 2 equations

giving the tensile resistances this occurs when

F
P> F
v F
and p(1.55 - 1.16p + 0.61p°) > F—
u
Areas of Further Research

Useful extensions of this work would be:

to investigate experimentally the effect, if any, of
other types of weld preparation on the behaviour and
ultimate strength of partial joint penetration groove

welds,

to investigate the strength and behaviour of partial

joint penetration groove welds reinforced with fillet
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welds as may be used when joining a beam flange to a

column flange in the shape of a Tee, and

an inelastic 3-dimensional finite element analysis of
the stress conditions at failure, taking into account

the inelastic values of Pcisson's ratio, to assess the

. effect of restraint on the strength of the partial joint

penetration groove weld.
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