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ABSTRACT

Fillet welded connections are frequently loaded
eccentrically in shear with the externally applied load in
the same plane as the weld group. Some methods of
analysis used in the past were basically incorrect because
they mixed inelastic and elastic analyses. They also gave
very conservative and variable margins of safety.
Connection design is now customarily based on ultimate
strength. A method is developed to predict the ultimate
strength of eccentrically 1oaded fillet welded connections
based wupon load-deformation characteristics of fillet
welds and the fulfilment of equilibrium and compatibility
conditions. This method is compared with current design
tables and with full-scale tests of others.

Even though the load-deformation characteristics of
fillet welds are dependent on the direction of loading,
current design procedures generally use a lower bound
approach based on the longitudinal strength, regardless of
the loading direction. An expression is developed for the
ultimate strength of fillet welds loaded in shear for any
loading direction. Using this expression, design tables
for eccentrically loaded fillet welded connections are
proposed. Recognition of the increased strength of fillet
welds loaded other than longitudinally leads to more
consistent margins of safety and greater economy for

welded connections.
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1. INTRODUCTION
1.1 General

Fillet welded connections are frequently loaded

eccentrically in shear with the externally applied load in

;

the same plane as the weld group. Examples are shown in
Fig. 1l.1. The method of analysis in which the shear
stresses due to the concentric load are assumed to be
uniformly distributed on the weld and the shear stresses
due to the moment distributed as a function of the elastic
section modulus is basically incorrect because it combines
inelastic and elastic analyses. Furthermore, it gives
margins of safety that are both very conservative and
variable.

Connection design 1is now customarily based on
ultimate strength. Butler et al (1972) developed a method
of analysis for predicting the ultimate capacity of
eccentrically loaded welded <connections Dbased upon
load-deformation characteristics of the weld and
fulfilment of equilibrium and compatibility conditions of
the connection. The fillet weld group is considered to be
divided into a discrete number of finite weld elements and
the resistance of the weld group is taken as the sum of
resistances of these elements.

For a given weld metal the ultimate strength of a
fillet weld element loaded in shear is dependent upon the
angle of loading. As shown by Butler and Kulak (1971) and

Miazga and Kennedy (1986) among others, the strength
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Figure 1.1 Eccentrically Loaded Welded Connections



increases as the orientation of loading changes from
parallel to the axis of the weld (longitudinal fillet
weld) to perpendicular to the axis of the weld (transverse
fillet weld). Fillet welds loaded longitudinally are the
weakest and thus provide a lower bound to fillet weld
strength.

Current design standards such as CSA Standard
CAN3-516.1-M84 "Steel Structures for Buildings (Limit
States Design)" (CSA 1984) and CSA Standard WS59-M1984
"Welded Steel Construction (Metal Arc Welding)" (CSA 1984)
base the strength of fillet welds subject to shear on the
strength of 1longitudinal fillet welds regardless of the

loading angle. This approach is conservative. However,

these two standards state that the vector sum of factored

longitudinal and tranéverse shears shall not exceed
factored resistances based on the strength of longitudinal
fillet welds unless an ultimate strength analysis is used
instead although such a method of ‘analysis is not
prescribed. |
Ultimate strength design tables for eccentric 1loads
on weld groups presented in the CISC Handbook of Steel

Construction (CISC 1985) are based on the work of

3

Butler et al (1972). These tables will be compared with -

results derived from the ultimate strength analysis

proposed herein.



1.2 Objectives

Miazga and Kennedy (1986) developed a theoretical
analytical method for predicting the ultimate strength of
fillet welds loaded in shear as a function of the loading
angle. Based on the rationale proposed by them, the
objectives of this study are:

1. to develop a method for predicting the ultimate
strength of eccentrically loaded fillet weld groups
loaded in shear,

2. to compare these results with current CISC Handbook
design tables and with the full-scale test results of
others, and

3. to make appropriate design recommendations.

Recognition of the increased strength of fillet welds

loaded other than longitudinally should lead to more

consistent margins of safety for welded connections.

1.3 Scope

An analytical method for predicting the ultimate
strength of eccentrically loaded fillet welded connections
is developed based on the work of Miazga and Kennedy.
Results derived from this method are compared with the
test results of others and with the design tables for
eccentrically loaded weld groups given in the CISC
Handbook of Steel Construction. Design recommendations

are proposed.



2. THE INSTANTANEOUS CENTRE OF ROTATION METHOD
The énalytical approach used to predict the ultimate
strength of eccentrically loaded fillet weld groups loaded
in shear is based upon load-deformation characteristics of
:

the weld and fulfilment of equilibrium and compatibility

conditions of the connection. The instantaneous centre of

rotation method is used to satisfy the latter criterion.

This method relies on the following assumptions:

1. Under an eccentric load, a fillet weld group tends, at
any load 1level, to rotate about an instantaneous
centre of rotation.

2. A fillet weld group is considered to be divided into a
discrete number of finite weld elements. The
resisting force of each elemental length of weld acts
through its centroid. The resistance. of the weld
group to the external eccentric load is provided by
the combined resistances of the weld elements.

3. The deformation of a weld element varies linearly with
the distance from the instantaneous centre to the
centroid of the weld element (radius of rotation) and
acts in a direction perpendicular to the radius. The
angle of loading is therefore known. |

4. The resistance of a weld element is obtained from the
average load-deformation response as determined
empirically for the specificAangle of loading.

5. The load-deformation response of a fillet weld loaded

in compression-induced shear 1is the same as for a



similar weld loaded in tension-induced shear.

é. The ultimate strength of a weld group is obtained when
the maximum deformation of some weld element is
reached.

,

Although the method is general, the case presented
here is that in which the weld group is symmetrical about
a centroidal axis and the line of action of the external
load is perpendicular to this same axis. For this case,
the instantaneous centre lies on the centroidal axis of
symmetry. Its location on the axis must be determined
iteratively.

Consider a fillet weld group subjected to an external
load, P, 1located at an eccentricity, e = aL, from the
centre of gravity (c.g.) as shown in Fig. 2.1. A trial
location of the instantaneous centre of rotation (i.c.) is
chosen at a distance rj from the vertical length of weld.
Coordinate axes x and y are located as showﬁ.

The radius of rotation of a weld element is
[2.1] r, = xi + yi
When the weld element under consideration is in a
horizontal portion of the weld group} the angle which the
resisting force of the weld element makes with the
longitudinal axis of the weld element (angle of loading)

is
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Figure 2.1 Eccentrically Loaded Weld Group
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[2.2] 0, = tan~! (;E)
n

When the weld element is in a vertical portion of the weld
group, the angle of loading is
[2.3] 6, = tan™! (-?E)
o
The weld element which first reaches its maximum
deformation, the critical weld element, must be located.
In many situations, this is the weld element located
furthest from the instantaneous centre. Mathematically,
it 1is the element for which the ratio of maximum
deformation to radius of rotation is a minimum [ie.
(Amax)n/rn is a minimum]. The maximum deformation of a
weld element, (Amax)n' is a function of the loading angle,

8 as discussed in Chapter 3. The deformation of any

nl

other weld element is

Amax]

[2.4] A, = 1, [

critical

where A /r is the ratio for the critical weld element.

max

The resisting force, Ry, écting at the centre of the
nth weld element and at a loading. angle G is determined
from the load-deformation characteristics of the weld for
the value of A calculated from [2.4]. The

load-deformation characteristics of a fillet weld depend

on the angle 8  as discussed in Chapter 3. The vertical



and horizontal components of the resisting force for each
weld element are calculated from the geometry of the weld
group. For elements in the horizontal portion of the weld

group

[2.5] (RV)n = Rnsinen

[2.6] (Ry), = R,cos6,

and for elements in the vertical portion of the weld group

[2.7] (RV)n R, cose,
[2.8] .(RH)n = Rnsinen

The equations of equilibrium

[2.9] I F, = 6

il
o

[2.10] z Fy

i
o

[2.11] z M

are checked for the assumed position of the instantaneous
centre. For the case presented here, [2.9] is
automatically satisfied because of the symmetry of the

weld group and because there are no external forces in the

9



x-direction. For weld groups not symmetrical about the
centroidal x-axis, satisfying [2.9] establishes the
location of the instantaneous centre in the y-direction
corresponding to the trial location of the instantaneous
centre 1in the x—directgon, roe From [2.11], the
externally applied load, P, is found by taking the sum of
moments about the instantaneous centre:

n
z

(Rﬁ xr ) =20

[2.12] P (e +x + 1) - n

n=1

Load P from [2.12] is used to check [2.10]:

[2.13] P - (Ry), = O

[l It

If [2.13] is not satisfied, a new trial location of
the instantaneous centre is chosen and the procedure
repeated. When a value of ry is found which satisfies the
equations of statics, the value of P so obtained is the

ultimate load which the weld group can sustain.

10



3. ANALYSES OF FILLET WELDS LOADED IN SHEAR

3.1 General

. The ultimate strength and maximum deformation of
fillet welds 1loaded in shear are dependant upon the
direction of the applied load. Miazga and Kennedy (1986)
performed 42 tests on fillét weld specimens with seven
angles of 1loading and two weld sizes. Their data,
results, analytical observations and conclusions form the

basis for sections 3.2 to 3.4 of this chapter.

3.2 Ultimate Strength .

Miazga and Kennedy‘ developed a rational analytical
method for predicting the ultimate strength of fillet
welds loaded in shear as a function of the loading angle
that is consistent with both measured ultimate strengths
and fracture observations. This method is based on an
eqguilibrium analysis of a fillet weld loaded in shear and
on the maximum shear stress failure criterion. The
expression for ultimate load carried by a fillet weld
loaded at any angle 6, normalized by dividing by the

ultimate load for 6 = 0°, is

Pu A. (1 + 0.155sing)
2 AZE(sin6cosa—0.3sinesina) + cos“o]

The fracture surface area, Ag, as shown in Fig. 3.1, is

_ dl sin (=n/4)
[3.2]1 Ay = G (a7d o)

11



rﬂ
-
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b) Section

Figure 3.1 Fillet Weld Loaded at a General Angle

12



The fracture angle, «, is a function of the loading angle.
Values of a for any value of 6 are determined from the
data reported by Miazga and Kennedy or derived iteratively
from [5.4] given by them that maximizes the average shear
stress on the fracture surface with respect to «a. A
simplified form of [3.1], giving the ultimate load as a

function of the loading angle only, is

. Pu,/dl  Pu
[3.3] e - _% - 0.5 ginl*?

o + 1.0
Pu,/al ~ Pu,

Figures 3.2 and 3.3 compare this approximate relationship
with the more accurate expression, [3.13, derived by
Miazga and Kennedy. The curves are in good agreement.
Table 3.1 gives the test-to-predicted ratios for the
ultimate strength of a fillet weld using [3.3] and the
test data of Miazga and Kennedy. Ultimate test loads in
kN pér mm of fillet weld size per mm of weld length, also
given in Table 3.1, were normalized by dividing the
measured lbad by the actual average weld leg Size, d, and
weld 1length, 1, for each test specimen. The ultimate
loads are further normalized by dividing by the average
longitudinal ultimate load, Pui = 0.291 kKN/mm/mm, for the
six specimené loaded at 8 = 0°. The first two'numbers in
the test designation indicate the angle of loading for the
specimen. The mean value, standard deviation and
coefficient of variation of the test-to-predicted ratios

for all 42 tests are given at the end of the table. The

13
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Table 3.1 Test-to-Predicted Ratios for Ultimate Strength

16

Test Ultimate Load Normalized Normalized Test
Pue/dl Ultimate Load Ultimate Load Predicted
(XN/mm/mm) [test] Pue/Pu’Q [test] Pue/Pu’Q [3.3]

00.1 - 0.32825 1.12933 1.12933
00.2 0.30178 1.03826 1.03826
00.3 0.29744 1.02333 1.00000 1.02333
00.11 0.26383 0.90769 0.90769
00.12 0.28182 0.96959 0.96959
00.13 0.27083 0.93178 0.93178
15.1 0.30474 1.04844 0.98367
15.2 0.29641 1.01978 0.95679
15.3 0.30378 1.04514 1.06584 0.98058
15.11 0.29330 1.00908 0.94675
15.12 0.26692 0.91832 0.86159
15.13 0.30536 1.05057 0.98567
30.1 0.39370 1.35450 1.15102
30.2 0.37662 1.29574 - 1.10109
30.3 0.39163 1.34738 1.17678 1.14497
30.11 0.35181 1.21038 1.02855
30.12 0.35760 1.23030 1.04548
30.13 0.34521 1.18768 1.00926
45.1 0.40761 1.40236 1.08098
45.2 0.42553 1.46401 1.12851
45.3 0.41848 1.43976 1.29730 1.10981
45.11 0.32819 1.12912 0.87036
45.12 0.32559 1.12017 0.86346
45.13 0.33655 1.15788 0.89253
60.1 0.48259 1.66032 1.18344
60.2 0.48432 1.66628 1.18769
60.3 0.49012 1.68623 1.40296 1.20191
60.11 0.41985 1.44447 1.02959
60.12 0.40373 1.38901 0.99006
60.13 0.39650 1.36414

0.97233
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Table 3.1. Test-to-Predicted Ratios for Ultimate Strength (cont.)
Test Ultimate Load Normalized Normalized Test
Pue/dl Ultimate Load Ultimate Load Predicted
(XN/mm/mm) [test] Pue/Pux [test] Pue/PuQ [3.3]
75.1 0.42214 1.45235 0.98487
75.2 0.42764 1.47127 0.99770
75.3 0.43734 1.50464 1.47466 1.02033
75.11 0.42475 1.46133 0.99096
75.12 0.43163 1.48500 1.00701
75.13 0.41703 1.43477 0.97295
90.1 0.40059 1.37821 0.91881
90.2 0.40399 1.38991 0.92661
90.3 0.38274 1.31680 1.50000 0.87787
90.11 0.44095 1.51706 1.01137
90.12 0.43512 1.49701 0.99801
90.13 0.43202 1.48634 0.99089
" 1.00961
o 0.09010
A% 0.08924
n 42




proposed expression for the ultimate strength of a fillet
weld loaded in shear, [3.3], shows excellent agreement
with test results with a mean test-to-predicted ratio of
1.0096, a standard deviation of 0.090 and a coefficient of

variation of 0.089.

3.3 Deformation

The maximum deformatidn of a fillet weld loaded in
shear may be taken as either the deformation at weld
fracture or the deformation at ultimate load Puy. Both
cases are considered in Chapter 4. The test data indicate
that the maximum deformation decreases as the angle of
loading increases. Using a linear regression analysis,
the exponential function developed for the normalized
deformation at weld fracture as a function of the loading
angle, 8, is

[3.4] —EL = 1.087 (o + 6)70'®3

in mm/mm of fillet weld size. Similarily, the normalized

deformation at ultimate load Pue is

Pu 32

[3.5] —2%=10.209 (o + 2)70:
The multiplicative coefficients in these expressions have

been adjusted to give mean test-to-predicted ratios of

1.0'

18



Equations [3.4] and [3.5] are compared to average
test data in Figs. 3.4 and 3.5, respectively. Tables 3.2
and 3.3 list test-to-predicted ratios computed using [3.4]
and [3.5]. Test deformations listed in the tables, in
mm/mm of fillet weld size, are an average measurement of
four readings normalized by dividing the measured value by
the actual average weld leg size, d, for each test

specimen. The standard deviation and coefficient of

19

variation for the test-to-predicted ratios are also given

in each table. The curves of Figs. 3.4 and 3.5 and the
tables indicate that the proposed expressions predict the
average test data at each loading angle reasonably well

with a coefficient of variation of about 17 to 19%.

3.4 Load-Deformation Response

After several trials, a polynomial was selected to
model the load-deformation response of the 42 tests. The
data for each test ‘specimen loaded at an angle o were
non-dimensionalized by dividing the normalized 1load,
Pe/dl, by the normalized ultimate load, Pue/dl, for that
specimen and by dividing the corresponding normalized
deformation, A/d, by the normalized maximum deformation at
ultimate load, Ap,/d, for that specimen. Loads, 1in
kN/mm/mm, were normalized by dividing the measured values
by the actual average weld leg size, d, and weld length,
1, for each test specimen. Deformations, in mm/mm, were

normalized by dividing the measured values by the actual
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Table 3.2 Test-to-Predicted Ratios for Normalized

Deformation at Fracture

Test Normalized Normalized Test
Deformation at Deformation at Predicted
Fracture, Fracture,
Afr/d (mm/mm) Afr/d (mm/mm)
[test] [3.4]

00.1 0.36689 1.08205
00.2 0.34657 1.02212
00.3 0.31741 0.33907 0.93612
00.11 0.31317 0.92361
00.12 0.32187 0.94927
00.13 0.29056 0.85693
15.1 0.13366 0.88994
15.2 0.11719 0.78028
15.3 0.15257 0.15019 1.01585
15.11 0.21131 1.40695
15.12 0.14706 0.97916
15.13 0.12904 0.85918
30.1 0.10937 1.03374
30.2 0.11184 1.05709
30.3 0.11522 0.10580 1.08904
30.11 0.08319 0.78629
30.12 0.08189 0.77401
30.13 0.10878 1.02817
45.1 0.08875 1.05191
45.2 0.10754 1.27462
45.3 0.09158 0.08437 1.08546
45.11 0.11868 1.40666
45.12 0.11544 1.36826
45.13 0.12848 1.52282
60.1 0.07718 1.08171
60.2 0.07701 1.07933
60.3 0.08243 0.07135 1.15529
60.11 0.06751 0.94618
60.12 0.06417 0.89937
60.13 0.06548 0.91773
75.1 0.04626 0.74063
75.2 0.05468 0.87544
75.3 0.04716 0.06246 0.75504
75.11 0.05660 0.90618
75.12 0.05743 0.91947
75.13 0.04114 0.65866
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Table 3.2 Test-to-Predicted Ratios for Normalized
Deformation at Fracture (continued)
Test Normalized Normalized Test
Deformation at Deformation at Predicted
Fracture, Fracture,
Agp/d (mm/mm) Afr/d (mm/mm)
[test] [3.4]
90.1 0.05942 1.06222
90.2 0.03812 0.68157
90.3 0.06662 0.05593 1.19113
90.11 0.05796 1.03630
90.12 0.05152 0.92115
90.13 0.05547 0.99178
n 1.0
o 0.19364
A 0.19364
n 42
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Table 3.3 Test-to-Predicted Ratios for Normalized

Deformation at Ultimate Load

Test Normalized Normalized Test

Deformation at Deformation at Predicted

Ulti?ate %7ady Ult%fate %?ad,

A d (mm/mm A d (mm/mm)

PU'rt est ] Pur3.57

00.1 0.18948 1.13122
00.2 0.19455 0.16750 1.16149
00.3 0.19043 1.13690
00.11 0.14181 0.84663
00.12 0.10797 0.64460
00.13 0.16769 1.00113
15.1 0.10839 1.28348
15.2 0.09673 - 1.14541
15.3 0.09573 0.08445 1.13357
15.11 0.07864 0.93120
15.12 0.08378 0.99207
15.13 0.07820 0.92599
30.1 0.08069 1.16976
30.2 0.06938 1.00580
30.3 0.07681 0.06898 1.11351
30.11 0.06402 0.92810
30.12 0.04926 0.71412
30.13 0.06815 0.98797
45.1 0.05726 0.93884
45,2 0.05941 0.97409
45.3 0.06653 0.06099 1.09083
45.11 0.06501 1.06591
45.12 0.05347 0.87670
45.13 0.08046 1.31923
60.1 0.06512 1.16661
60.2 0.06349 1.13741
60.3 0.06794 0.05582 1.21713
60.11 0.05442 0.97492
60.12 0.04041 0.72393
60.13 0.04870 0.87245
75.1 0.04627 0.88844
75.2 0.05469 1.05012
75.3 0.04218 0.05208 0.80991
75.11 0.04679 0.89843
75.12 0.04845 0.93030
75.13 0.03526 0.67704
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Table 3.3 Test-to-Predicted Ratios for Normalized
Deformation at Ultimate Load (continued)

Normalized Test }
Deformatior.- at Predicted
Ultimate Load,

Test Normalized
Deformation at
Ultimate Load,

. Ap,,/d (mm/mm) Ap,,/d (mm/mm)
Pu[test] Pu [3.5]
90.1 0.05934 1.20610
90.2 0.03815 0.77541
90.3 0.06659 0.04920 1.35346
20.11 0.04920 1.00000
90.12 0.04708 0.95691
©90.13 0.04151 0.84370
u 1l.0
o] 0.17151
v 0.17151
n 42




average weld leg size for each specimen.

Coefficients for the polynomial were determined Dby
using a computer program, adapted from Gerald (1978), to
perform a non-linear regression analysis of all the
non-dimensionalized data. Consideration was given to the
declining number of data points beyond APu/d for test
specimens loaded at angles greater than o°. The
polynomial expression develéped from this analysis for the

load-deformation response of a fillet weld loaded in shear

at any angle 6 is

P,./dl P
o/t Py 1/2 _ 1/3

(361 5 7a1” Fug - 13.29p + 457.32p 3385.9p

+ 9054.2901/% = 9952.1301/% + 3840.71,/°

when p > 0.0325
and

Py
[3.7]1 50— = 8.23384p

when p < 0.0325

where p 1is

A/d A

[3.8] p =

26



and Apu/d is given by [3.5]. Puy is determined from [3.3]
when the value of the longitudihal ultimate st}ength, Puy,
is known.

Equations [3.6] and [3.7] are shown in Fig. 3.6. The
curve shows that after the ultimate load is re;ched,
unloading occurs with increasing deformation until
fracture occurs. The point of fracture moves up and to
the left along the curve as the angle of loading, 89,
increases from O0° (longitudinal fillet weld) to 90°

(transverse fillet weld).

Restating [3.6] and [3.7] as
[3.9] Pg/Puy = £(p)
and combining with [3.3] gives
[3:10a] Py = Pug £(p) = Pu, (0.5 sin*S¢ + 1.0) £(p)

or in normalized form

Pe Pux
[3.10b] 3 = ar (0.5 sin

136 + 1.0) £(p)

.The 1load sustained by a fillet weld loaded in shear at
any angle 6, for a known deformation, 1is predicted
from [3.10] using the 1longitudinal wultimate strength,

Pu,, of the fillet weld. Using the average test

value of Pul/dl = 0.291 kN/mm/mm for specimens loaded

27
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longitudinally, [3.10] 1is compared to test data in

Figs. 3.7 to 3.13 for seven angles of loading. The model
predicts the load-deformation data reasonably well.

Equation [3.10] can be rewritten as

L4

P
[3.11] I)e_ = (0.5sint">
e

8 + 1.0) £(p)

Figure 3.14 compares [3.11] for seven angles of loading.
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4. DISCUSSION
4.1 Coefficients 'C' for Different Weld Groups
The CISC Handbook of Steel Construction (CISC 1985)
contains design tables for eccentric loads on weld groups.
Tables are given for eight weld configurations of varying
geometry and load eccentricity as shown in Fig. 4.1 The

tables utilize a coefficient 'C' computed for various

values of an eccentricity parameter 'a' and a geometric
parameter ‘k'. Values of C are used to determine the
capacity of the eccentrically loaded weld group, P, as

[4.1] DL

g
n
(@]

where P externally applied eccentric load, kN

D=d = fillet weld leg size, mm

L = basic length of fillet weld group, mm (see
Fig. 4.1)
C = tabulated coefficients

Design tables similar to those in the CISC Handbook were
prepared for the same eight weld groups in Fig. 4.1 using
a computer program to perfprm the iterative steps
described in Chapter 2.

From the expressions . developed for the
load-deformation_characteristics of fillet welds and using
the instantaneous.centre of rotation method, the ultimate

strength of eccentrically loaded fillet welded connections

38
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~can be predicted. If 4, 1, and A in Equation [3.10] now
represent the leg size, length and deformation of a fillet
weld element, respectively, the resistance of the element
is R, = P, and therefore, the externally applied eccentric
load, P, is found using [2.12] and [2.13] for a specific
weld group.

In order to compare the design tables using the
method developed herein with those in the CISC Handbook,
the longitudinal ultimate strength} Pu,, in [3.10] is
taken from CSA Standard CAN3-S16.1-M84 (CSA 1984) or from
CSA Standard W59-M1984 (CSA 1984) as the factored

‘longitudinal strength of a fillet weld loaded in shear,

that is

[4.2] Pu, = Vr = 0.67 ¢, A, X,
where

[4.3] A, = 1 = 0.7071 41
Rearranging [4.2] gives

[4.4]  Vu = X = 0.7071 ¢, 0.67 X, = 0.15236 kN/mm/mm

for E480XX electrodes with X, = 480 MPa. Vu is the unit
shear resistance of a longitudinél fillet weld in kN per

mm of weld leg size per mm of weld length. Using [4.4] in

41



[3.10] gives Py as

[4.5] Py = R, = Vu dl (0.5 sinl*3g¢ + 1.0) £(p)

The ultimate load computed from [2.12] and [2.13] is
divided by d x L to obtain the coefficient C for specific

values of the parameters 'a' and 'k' for each weld group.

The eight weld groups‘were analyzed by considering
the maximum deformation of the critical weld element to be
either the deformation at fracture, Ap., = Ag,s, OF the
deformation at ultimate load, Ap,, = Apy,- In the latter
case the effects of unloading are neglected. Tables 4.1
to 4.8 list values of C for the case when A .. = Ag.,
except for that noted below.

When the maximum deformation is taken as the
deformation at ultimate load, Ap,, = bp,» the values of C
are less than the values obtained when the maximum
aeformation at fracture is used except for the weld group
consisting of two vertical weids, and even for this case
values of C are less for lower values of the parameter k.
The higher wvalues of C obtained when the maximum

deformation at wultimate load 1is wused are listed in

Table 4.1 for this weld group.

4.2 Comparison with CISC Handbook of Steel Construction
The values of C listed in Tables 4.1 to 4.8 are

generally slightly lower than those tabulated in the CISC

42
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Handbook, with a maximum difference of about 188%.
However, for smaller values- of 'a' (smaller
eccentricities) and for smaller values of the parameter k
(see Fig. 4.1) the values given in Tables 4.1 to 4.8 tend
to be higher. These differences vary for each weld group.
For one weld group, Table 4.7, about half the values are
actually slightly higher than those in the handbook. On
the average, the CISC values are about 1.05 times the
values reported herein. There appear, however, to be two
minor inconsistencies in the valﬁes given in the CISC
Handbook.

First, the maximum values of C in the handbook tables
are limited to that corresponding to a fiilet weld loaded
" longitudinally even though the tables intrinsically
recognize that welds 1loaded transversely are stronger.
This limitation is not justified as the increased strength
when transversely loaded is taken iﬁto account for most of
the values in the tables. This limitation was not
considered in developing Tables 4.1 to 4.8. The effect of
the limitation is especially evident for weld groups where
.a portion of the group is loaded transversely. Tables 4.1
to 4.8 givé values of C as much as 1.5 times those in the
CISC Handbook under these circumstances. The vaiues in
the handbook where this limitation has been applied are
those above the horizontal lines in the tables.

The second inconsistency relates to the derivation of

the handbook values from the strengths obtained by tests.
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The tables in the CISC Handbook are based upon empirical
relationships derived by Butler et al (1972). The

ultimate strength, Pug, is given as

_ 10 + 6
L4.6] Pug = 5793 + 0.06036

in kips/inch of weld length for a 1/4 inch fillet weld
using E60XX (E410XX) electrodes. The longitudinal unit

shear resistance, Vu, from equation [4.6] when 6 = 0°, is

Pu
[4.7] vu = dlx =0 ;2/2'320 = 43.5 kips/inch/inch,
or Vu = 0.300 kN/mm/mm

The values given in the handbook, except for those above
the horizontal 1lines in the tables, were obtained from
this value by multiplying by the product of the resistance
factor, ¢, = 0.67, the assumed ratio of shear strength to
ultimate tensile strength of 0.67 and' the ratio of
electrode strengths for which the tables are produced to
that used by Butler et al, 70/60, that is, by 0.524 to
give a longitudinal unit shear resistance of
0.157 kN/mm/mm. Actually, to make the ﬁest results of
Butler et al fit the shear strength for longitudinal welds
given in CSA Standard S16.1 or W59 (Equation [4.2]), the
values from [4.6] should have been divided by 0.300 and

then multiplied by the factored value from [4.4] of 0.152.




Thus the results in the tables are too large and should be
reduced by 0.152/0.157 = 0.968. ‘The procedure proposed
herein simply uses the test data to establish the strength
of fillet welds at various angles of loading relative to

that of longitudinal welds.

4.3 Comparison of Full-Scale Tests of Others

Predictions based on the ultimate strength model
developed herein are compared with ultimate loads for the
full-scale tests of Butler et al (1972), Swannell and
Skewes (1979) and Kulak and Timler (1984) in Tables 4.9 to
4.11. The actual value of the ultimate longitudinal unit

shear resistance, Vu = Pul/dl, as reported for each test

59

series, was used in [4.5]. Only weld groups similar to

those shown in Fig. 4.1 were investigated and the maximum
deformation was taken as that at fracture.

Tables 4.9 and 4.16 give mean test-to-predicted
ratios of the ultimate strength of 0.977 and 1.008 and
coefficients of variation of 0.128 and 0.083,
respectively. The model predicts the ultimate strength
reasonably well, On the otherhand the mean
test-to-predicted ratio for the test data of Kulak and
Timler is 1.282 although the coefficient of variation is
still only 0.081. The reason for this discrepancy has not

been determined.
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Table 4.9 Test-to-Predicted Ratios for Ultimate Loads of
Full-Scale Test Specimens: Butler, Pal and
Kulak (1972).

Specimen Ultimate Load, P, (kN) Test
Number Test Predicted Predicted
\21 560.5 i 534.8 1.04806
V2 1014.2 1043.8 0.97164
V3 418.1 454 .4 0.92011
v4 1383.4 1445.9 0.95677
V5 1036.4 1155.6 0.89685
V6 720.6 802.2 0.89828
v7 1450.1 1621.6 0.89424
v8 1058.7 1069.6 0.98981
Cl 1321.1 1391.2 0.94961
c2 1000.8 1219.1 0.82093
c3 1401.2 1044.0 1.34215
c4 1338.9 1325.6 1.01003
C5 1294.4 1299.2 0.99631

M 0.97652
o 0.12525
\' 0.12826

n 13
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Table 4.10 Test-to-Predicted Ratios for Ultimate Loads of
Full-Scale Test Specimens: Swannell and

Skewes (1979)

Specimen Ultimate Load, P, (kN) Test
Number Test Predicted Predicted
1 306.0 291.6 1.04938
3 179.3 160.7 1.11574
4 98.0 91.3 1.07338
5 220.0 ‘ 240.9 0.91324
6a 180.6 184.5 0.97886
7 211.3 202.1 1.04552
8 218.6 228.7 0.95584
10a 196.6 226.9 0.86646
11 235.3 218.5 1.07689
" 1.00837
o 0.08391
A% 0.08321
n 9
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Table 4.11 Test-to-Predicted Ratios for Ultimate Loads of
Full-Scale Test Specimens: Kulak and

Timler (1984)

Specimen Ultimate Load, P, (kN) Test
Number Test Predicted Predicted
1 612.3 518.1 1.18182
2 464.9 364.8 1.27440
3 499.6 359.6 1.38932
M 1.28185
o] 0.10395
\'% 0.08109
n 3
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4.4 Design Application
From [3.3] the ultimate strength of a fillet weld
loaded in shear at any angle of loading 9 as a function of

the longitudinal strength is
[4.8]  Puy = Pu, (0.5sin’"%¢ + 1.0)

Equation [4.8] is then used in [3.10] for determining the
ultimate strength of an eccentrically loaded fillet welded
connection. Similar to [4.2] for the longitudinal

ultimate strength Puy, [4.8] can be written as
[4.9]1  vry = ¢; A, 0.67 X, (0.5sinl*5¢ + 1.0)
where the resistance factor, ¢y, must be determined.

4.4.1 Resistance Factor

The 1limit states design <criterion for ultimate

strength is
[4.10] R > AS = T ;S5

which states that the factored resistance must be greater
than or equal to the effect of factored loads. Using a
first-order probabilistic design procedure, Galambos and
Ravindra (1973) have shown that the resistance factor can

be written as



Ravindra and Galambos (1978) and Fisher et al (1978)
propose that the reliability index, 8, be taken as 4.5 for
’connections to ensure that the probability of failure of
the connector is less than that of the member as a whole
for which a value of B = 3.0 is commonly used for building
structures. Galambos and Ravindra (1973) also have
proposed a value of ap = 0.55. To establish the

resistance factor, values of pp and Vp are needed.

The ratio of the mean-to-nominal resistance is
[4.12] e = g PM1 PM2 PP
and the associated coefficient of variation is
[4.13] 'V = V2 + VvV + Vv

Using fillet weld leg dimensions for 42 test specimens as
reported by Miazga and Kennedy (1986) the mean value of
the measured-to-nominal ratio of effective weld throat

area, A is pg = 1.034 with a coefficient of variation

wl
Vg = 0.026. Two material parameters are needed to account
for the variation of material strength. First the
variation of the ultimate tensile strength of the weld

metal as compared to the electrode classification must be

determined. Second the ratio of the shear strength as a
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: 65
function of the weld metal ultimate tensile strength to
that assumed in the design expression must be determined.
The mean value of the measured-to-nominal ratio of
ultimate tensile strength, pm1+ defined as cu/Xu, is given
in Table 4.12 for tests of others. From this data the
mean value 1is 1.123 with a coefficient of variation
VMy = 0.077. Table 4.13 gives for a total of 126 tests a
mean value for the meaéured shear strength/ultimate
tensile strength ratio all divided by the nominal value of
0.67, of P2 = 1.118 with a coefficient of wvariation
Vym2 = 0.121. The variablity associated with the ultimate
strength model is given by test-to-predicted ratios, Pp*
Test-to-predicted ratios are given in Table 3.1 for the
test data of Miazga and Kennedy and in Tables 4.9 to 4.11
for the full-scale test results of others. These values
are summarized in Table 4.14. From this data pp has a
mean value of i.OlS with a coefficient of variation
VP = 0.111.

Using these values in [4.12] and [4.13] gives

1.034 x 1.123 x 1.118 x 1.015 = 1.318

2 0.0262 + 0.0772 + 0.1212~+ O.lll2 = 0.1832

<
]
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and substituting these values of pr and Ve into [4.11]

gives

1.318 exp (-4.5 x 0.55 x 0.183)

o1

0.838 = 0.84

31

Although [4.11] allows ¢y to be computed separately and
similar expressions allow load factors to be computed
separately (Ravindra and Galambos, 1978), load and
resistance factors are not independent as indicated by
[4.10]. Specifically, if a set of 1load factors are
computed for a particular value of B, then resistance
factors should be computed for the same value of 8. In
this case, load factors corresponding to ¢; should be
based on a value of 8 = 4.5, however, load factors
currently used for building structures were computed using
a value of B = 3.0. Rather than using different load
factors the effect of the different B's can be imposed on
the value of ¢ to be used. Equation [4.10] can be

rewritten as
[4.14] R > ¢S
where ¢ = A/¢ is the central safety factor corresponding

to a particular value of 8. An adjusted resistance

factor, ¢,, to be used with load factors based on g = 3.0



can be computed such that the central safety factor for

B = 4.5 is maintained. That is,

Moo
B=4.5

such that

A
=3.0 —
[4.16] —§$;—" = bg=q,5 T

A
[¢l]B = 4.5

Fisher et al (1978) have shown that the ratio of load
factors in equation [4.15] can be taken as 0.88 for fillet
welded connections. Therefore, the adjusted resistance

factor becomes
¢, = 0.84 x 0.88 = 0.739 = 0.74
The ultimate strength design expression from [4.9], giving
the factored shear resistance of a fillet weld at any
angle of loading, becomes
[4.17] Vrg = 6, A, 0.67 X, (0.5sin’*%s + 1.0)
with . ¢, = 0.74
4.4.2 Proposed Design Tables

The values of coefficient C listed in Tables 4.1 to

4.8 were computed using a longitudinal ultimate strength
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based on a resistance factor by = 0.67. However, these
values of C can be increased by the ratio of ¢,/¢, = 1.104
for use when designing eccentrically loaded fillet welded
connections and still maintain a reliability index of 4.5.

When these incre;sed values are compared to the
current CISC Handbook design tables, it is then

established that on the average they are about 1.05 times

the current CISC values.
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5. SUMMARY AND CONCLUSIONS

5.1 Summary and Conclusions

1.

A method has been developed to predict the ultimate
strength of eccentrically 1loaded fillet welded
connections. It is based upon load-deformation
characteristics of fillet welds obtained by Miazga and
Kennedy and upon fulfilment of eqguilibrium and
compatibility conditioné of the connections using the
instantaneous centre of rotation method.

A simplified expression has been established for
predicting the ultimate strength of fillet welds
loaded in shear at any angle of 1loading. This
expression models the theoretical expression developed
by Miazga and Kennedy reasonably well and is in good
agreement with test data with a mean test-to-predicted
ratio of 1.0096.

The deformation capacity of fillet welds decreases as
the angle of loading increases. Expressions have been
developed to predict maximum deformation at ultimate
load and maximum deformation at fracture.

The load-deformation curve for fillet welds loaded in
shear at any angle of loading are represented by one
non-dimensionalized polynomial expression. This curve
models the test data of Miazga and Kennedy reasonably
well and shows that unloading occurs before the weld

fractures.
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Design tables have been prepared for eight weld
groups. The analysis was performed by considering
the maximum deformation of fillet weld elements to be
either the deformation at fracture or the deformation
at ultimate load. Results show that values of the
coefficient C, indicative of the weld group strength,
are generally larger when the deformation at fracture
is used as the critical‘deformation.

Tabulated values of the coefficient C for the eight
weld groups are on the average about 5% 1lower than
those listed in the CISC Handbook of Steel
Construction.

The method developed predicts the full-scale test
results of others reasonably well with a mean
test-to-predicted ratio for two sets of data of 0.990
with a coefficient of variation of 0.110. The greater
test-to-predicted ratio for one set of tests (Kulak
and Timler) remains unexplained.

The factored shear resistance of fillet welds at any

angle of loading can be written as
Vrg = 0.67 ¢, A, X, (0.5sinl+5¢ + 1.0)

with ¢9 = 0.74 to provide a reliability index of 4.5.
Using this expression, values of the coefficient C are
on the average 5% higher than those given in the CISC

Handbook of Steel Construction.
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5.2 Further Study

l.

A sufficient quantity of statistical data for fillet

~welds is required to establish the validity of the

resistance factor determined for the ultimate shear
strength of fillet welds. !

The reliability index used for connections could be
re-evaluated as the difference between this value and

that used for members as a whole may be unnecessarily

too large.
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