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LECTURES TWENTY THREE & TWENTY FOUR
MACHINE FRAMES, BOLTED CONNECTIONS AND WELDED JOINTS

Figure (20) shows an example of an eccentrically loaded bolted joint. The
motor on the extended bracket places the bolts in shear because its weight acts
directly downward. But there also exists a moment equal to (P*a) that must be
resisted. The moment tends to rotate the bracket and thus to shear the bolts.
The basic approach to the analysis and design of eccentrically loaded joints is to
determine the forces that act on each bolt because of all the applied loads. Then,
by a process of superposition, the loads are combined vectorially to determine
which bolt carries the greatest load. That bolt is then sized. The method will be
illustrated in Example Problem 20-1.

The American Institute of Steel Construction (AISC) lists allowable stresses for
bolts made from ASTM grade steels, as shown in Table 20-1. These data are for
bolts used in standard-sized holes, (1.5875 mm) larger than the bolt.

In the design of bolted joints, you should ensure that there are no threads in the
plane where shear occurs. The body of the bolt will then have a diameter equal
to the major diameter of the thread. You can use the tables in Chapter 18 to
select the standard size for a bolt.
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TABLE 20-1 Allowable stresses for bolts

Allowable Allowable
ASTM grade shear stress tensile stress
A307 10 ksi (69 MPa) 20 ksi (138 MPa)
A325and A449  17.5ksi (121 MPa) 44 ksi (303 MPa)
Ad90 22 ksi(152MPa) 54 ksi (372 MPa)

Example Problem 20-1 (page 781

For the bracket in Figure (20-4), assume that the total force (P) is 3500 lb
(15568 N) and the distance (a) is 12 in. (304.8 mm). Design the bolted joint,
including the location and number of bolts, the material (see table 20-1), and the
diameter.

Solution:

The solution shown is an outline of procedure that can be used to analyze
similar joints. The data of this problem illustrate the procedure:

1. Propose the number of bolts and the pattern. This is a design decision, based
on your judgment and the geometry of the connected parts. Assume the No. of
bolts and their orientation, so assume (4 bolts) and fixed as shown in figure
(20-5).

2. Determine the direct shear force: {FS = } Load per bolt = F; = %

No.of bolts

15568

; ;= 3892N U

= F

3. Compute the Moment to be resisted by bolts pattern: the product of the
overhanging load and the distance to the centroid of the bolt pattern. In this
problem: (M=P*a = 15568%*304.8 = 4.745 KN.m)

4. Compute the radial distance from the centroid of the bolt pattern to the center
of each bolt. In this problem, each bolt has a radial distance of:

{r=138.12+ (50.8)2 = 63.5mm}
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5. Compute the sum of the squares of all radial distances to all bolts. In this
problem, all the four bolts have the same (r), then

Sri=rf+rf+rd o = 4 (63.5)? = 16130 mm?

6. Compute the force on each bolt required to resist the bending moment from
the relation:

M= P*a=F1 T’l + Fzrz + F3T3 + o

F; F, F, F;
F; a1 - —=constant = —= —= — = ......
T &1 T2 T3
F F. F. F;
M=2xrf+ Z2xrf+ 25 1rf+ ... = 2 (rf+ 12+ 1ri+ ... )
&1 2 T3 Ty
Mr; Mr;
;= = T e ees e 20—-13
L r2+ri+ri+r? Yr2 ( )

r; = radial distance from the centriod of the bolt pattern to the i*" bolt
F; = Force on the i® bolt due to moment. The force acts perpendicular to the reduis.

In this problem, all such forces are equal. For example, for bolt 1:

F1 _ 4745 N.m*63.5 mm — 18682 N
16130

7. Determine the resultant of all forces acting on each bolt. A vector summation
can be performed either analytically or graphically, or each force can be
resolved into horizontal and vertical components. The components can be
summed and then the resultant can be computed.

Let us use the letter approach for this problem. The shear force acts directly
downward, in the y- direction. The x- and y- components of F;are:

F;x = F;sinB = 18682 sin36.9 = 11209 N
F;y = F;cos® = 18682 cos36.9 = 14945 N
Total force in Y-direction

Firy = Fiy + Fg = 14945 + 3892 = 18837 N

R1 = Resultant force on bolt 1 = \/(11209)2 + (18837)2 = 21920 N

8. Specify the bolt material; compute the required area for the bolt; and select
an appropriate size. For this problem, let us specify ASTM A325 steel for the

~4~
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bolts having an allowable shear stress of (121 MPa) from table (20-1). Then
the required area for the bolt is:

Allowable shear stress =7, = 121 MPa = % = 2220, Dp=15215 mm

nD?
S -
4

Now choose 4 bolts with M16*2 from table 18-5 or use table 18-4 choose size

5/8 =0.625 inch = 15.875 mm
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WELDED JOINTS

References:

Machine Elements in Mechanical Design by Robert L. Mott, P.E. (Chapter 20)
Note: Read section (20-4) (Page 783)

Introduction:

The design of welded joints requires:

e Manner of loading on the joint.
e The type of materials in weld and in the member to be joined.
e The geometry of the joint itself.

Table (20-2) below shows material of weld and allowable stresses:

TABLE 20-2 Allowable shear stresses on fillet welds

A. Steel

Electrode Typical metals Allowable
type joined (ASTM grade) shear stress
E60 A36, A500 18 ksi (124 MPa)
E70 A242, Ad41 21 ksi (145 MPa)
E80 A572, Grade 65 24 ksi (165 MPa)
E90 27 ksi (186 MPa)
E100 30 ksi (207 MPa)
E110 33 ksi (228 MPa)

B. Aluminum

Filler Alloy
1100 4043 5356 5556
Allowable Shear Stress
Metal
joined ksi MPa ksi MPa ksi MPa ksi MPa
1100 3.2 22 4.8 33
3003 3.2 22 5.0 34
6061 5.0 34 7.0 48 8.5 59
6063 5.0 34 6.5 45 6.5 45
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For steel welded by electric arc method, the type of electrode is an
indication of the tensile strength for filler metal. For example, E70 electrode has
Su 2 70 Ksi (483 MPa). More information can be found from:

American Welding Society (AWS)
American Institute for Steel Construction (AISC)

Aluminum Association (AA)

See internal sites 3 & 7 in Robert L. Mott (Ch. 20)

Type of Joints, Type of Welds, and size of weld:
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Figures (20-6-) and (20-7) shows types and size of welded joints.

FIGURE 20-6 Types Buil g r
of weld joints l{ I } Edge
H : Corner

FIGURE 20-7 Some Fillet weld

types of welds showing size notation:
edge preparation TTr 1=0.707w
% W t = Throat width
g

(«) Fillet welds (noedge preparation) -L_“. |

l=——21} ] [ fgte 1 r ]< I
== i 12— [:@:I
(h) Square butt (¢)Single bevel (d)Double bevel

e O o (A R S|
[——@ﬁ|‘_%|

(e) Single vee (/) Double vee (g) J-groove with tee joint

Y i
k //
(/1) U-groove butt joint

(1) U-groove with corner joint

e The length of line from root of the weld = 0.707 W (W: leg dimension).

e The objective of the design of fillet welded joint is to specify the length of
fillet, so the weld is treated as a line having no thickness.

e Fig. (20-3) gives the allowable force per (inch or mm) of leg.

TABLE 20-3 Allowable shear stresses and forces on welds

Base metal Allowable Allowable force
ASTM grade Electrode shear stress per inch of leg

Building-type structures:

A36, Add1 E60 13 600 psi 9600 Ib/in

Al6, Addl E70 15 8OO psi 11 200 Ib/in
Bridge-type structures:

A36 E60 12 400 psi 8RO Ib/in

Addl, A242 E70 14 700 psi 10 400 1b/in
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e Four different types of loading are considered here when the weld treated

as a line:

The relationships used are summarized next:

Formula (and Equation Number)

Tvpe of Loading for Force per Inch of Weld
Direct tension or compression = PIA, (20-4)
Direct vertical shear f=VIA, (20-5)
Bending = MIiS, (20-6)
Twisting = Tcld, (20-7)

e Fig. (20-8) Page 786 shows geometry factors for weld analysis.
Example: use class 5 in fig. (20-8) with b=101.6 mm, d=152.4 mm. find Aw, Jw, X

Sol: Aw =d +2b =152.4+ (2*101.6) = 355.6 mm (with no thickness)

3 2 3 2

]W:(2b+d) _ b2+d) _ 3556° 10323 (@542 _ 4 g0 10-3 3

12 (2b+d) 12 355.6
_ 2
=2 =188 _58956mm

2b+d 355.6
2 2

S, = bd + % = (101.6)(152.4) + 1524 = 1963 mm?
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FIGURE 20-8
Geometry factors for
weld analysis

Dimensions
of weld

0]

i

A=

© p
®

A,=2d

oo
-

i —

A,=2b

W i

d :--—l-—rx
4

A, =2b+2d

W
>

d x— ¢ —x
4
Ay,=2b+2d
®
d
x x
A,=xd

Bending

Weld 2=1p

a—{p

Weld

2
At botiom: S, = du:b:d':

Weld all
around

S, = bd + d¥3
Weld all [~4
around
x
8, = x(d¥/4)

Torsion
i P
Weld
J, =dn2
T =P,
c =4d/2
Weld P
)
a
Py _ dib + dY)
Jo = 3
Weld P

-fl
" - .
Attop: S, = -Sﬂ-;—d - LQ_%;*’)-"_?M:
At bottom: §,, = L4034
Weld
= 2
S, = bd + d¥6
J bib + dp
w (26 + d)

Weld all

around

b + 3bd? + o}

)]

Jyy = x(d3/4)

Weld all
around

P



Mechanical Eng. Dept. Machine Design | (Lecture 23) Machines Frames

General Procedure for Designing Welded Joints:

1. Propose the geometry of the joint and the design of the members to be joined.

2. Identify the types of stresses to which the joint is subjected (bending, twisting,
vertical shear, direct tension, or compression).

3. Analyze the joint to determine the magnitude and the direction of the force on
the weld due to each type of load.

4. Combine the forces vectorially at the point or points of the weld where the
forces appear to be maximum.

5. Divide the maximum force on the weld by the allowable force from Table 20-3
to determine the required leg size for the weld. Note that when thick plates
are welded, there are minimum acceptable sizes for the welds as listed in
Table 20-4.

TABLE 204 Minimum weld sizes for thick plates

Plate thickness

Minimum leg size for

(in) fillet weld (in)
=1/2 36
>1/2-3/4 1/4
>3/4-13 5/16
wi3-24 3/8
>27-6 112
>6 5/8

Example Problem 20-2

Solution

Design a bracket similar to that in Figure 20-4, but use welding to attach the bracket to the
column. The bracket is 6.00 in high and is made from ASTM A36 steel having a thickness
of 1/2 in. The column is also made from A36 steel and is 8.00 in wide.

Step 1. The proposed geometry is a design decision and may have to be subjected to
some iteration to achieve an optimum design. For a first trial, let’s use the C-shaped weld
pattern shown in Figure 20-9.

Step 2. The weld will be subjected to direct vertical shear and twisting caused by the
3500-1b load on the bracket.

Step 3. To compute the forces on the weld, we must know the geometry factors A,
and J,,. Also, the location of the centroid of the weld pattern must be computed [see Figure
20-9(b)]. Use Case 5 in Figure 20-8.

A, =2b+d=24)+6=14In
(26 + d)*  b(b+d)}  (14) _16(10)°
12 (2b + d) 12 14
b’ 16 _

2b + d - 14 Tl4in

= 114.4 in’

Jo =

-
Il
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FIGURE 20-9 b
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C-shaped weld bracket 4.00 in
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(a) Basic design of bracket () Dimensions of bracket

Sin = 997

Vector summation of
Jiv =950 ynit forces on point
Jr = 1560 of maximum force

f; = 250

(¢) Analysis of forces

Force Due to Vertical Shear
V=P=235001Ib
f.=P/A, = (35001b)/14 in = 250 Ib/in

This force acts vertically downward on all parts of the weld.

Forces Due to the Twisting Moment

T = P[8.00 + (b — ¥)] = 3500[8.00 + (4.00 — 1.14)]
T = 3500(10.86) = 38010 Ib-in

The twisting moment causes a force to be exerted on the weld that is perpendicular
to a radial line from the centroid of the weld pattern to the point of interest. In this case, the
end of the weld to the upper right experiences the greatest force. It is most convenient to
break the force down into horizontal and vertical components and then subsequently re-
combine all such components to compute the resultant force:

Te,  (38010)(3.00)

fn = -’_.. = T 11aa 997 1b/in
_ Te,  (38010)(2.36) ,
e S TV R 950 Ib/in

Step 4. The vectorial combination of the forces on the weld is shown in Figure 20-9(c).
Thus, the maximum force is 1560 Ib/in.
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Step 5. Selecting an E60 electrode for the welding, we find that the allowable force
per inch of weld leg size is 9600 Ib/in (Table 20-3). Then the required weld leg size is

_ 1560 Ib/in
9600 Ib/in per in of leg

W

= 0.163 in

Table 204 shows that the minimum size weld for a 1/2-in plate is 3/16 in (0.188 in).
That size should be specified.

Example Problem 20-3

Solution

FIGURE 20-10
Steel strap

A steel strap, 1/4 in thick, is to be welded to a rigid frame to carry a dead load of 12 500 1b,
as shown in Figure 20-10. Design the strap and its weld.

The basic objectives of the design are to specify a suitable material for the strap, the weld-
ing electrode, the size of the weld, and the dimensions W and h, as shown in Figure 20-10.

Let’s specify that the strap is to be made from ASTM A441 structural steel and that
it is to be welded with an E70 electrode, using the minimum size weld, 3/16 in. Appendix
7 gives the yield strength of the A441 steel as 42 000 psi. Using a design factor of 2, we can
compute an allowable stress of

G, = 42 000/2 = 21 000 psi
Then the required area of the strap is

P 125001b -
=B EROW o egei
A= 21000 b/in’ "'

But the area is W x t, where t = 0.25 in. Then the required width W is
W = A/t = 0.595/0.25 = 2.38 in

Let’s specify that W = 2.50 in.

To compute the required length of the weld &, we need the allowable force on the
3/16-in weld. Table 20-3 indicates the allowable force on the A441 steel welded with an
E70 electrode to be 11 200 Ib/in per in of leg size. Then

_ 11200 Ib/in

= X 0. i = 2100 Ib/i
£, T0in leg 0.188 in leg Ib/in

.
e r9
L] 1A | e

member
Strap

. Thickness = 1/4in
+ ASTM Ad41 steel

\

Weld

P=125001b
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The actual force on the weld is
f, = P/A, = PI2h

Then solving for h gives

P 125001b

2(f) ~ 2(21001b/in) ~ 2001

h =

Let’s specify # = 3.00 in.

Example Problem 204

Solution

FIGURE 20-11
Bracket assembly

FIGURE 20-12
Force vectors

Vector summation:

Evaluate the design shown in Figure 20-11 with regard to stress in the welds. All parts of
the assembly are made of ASTM A36 structural steel and are welded with an E60 electrode.
The 2500-1b load is a dead load.

The critical point would be the weld at the top of the tube where it is joined to the vertical
surface. At this point, there is a three-dimensional force system acting on the weld as shown
in Figure 20-12. The offset location of the load causes a twisting on the weld that produces
a force f; on the weld toward the left in the y-direction. The bending produces a force f, act-
ing outward along the x-axis. The vertical shear force f; acts downward along the z-axis.

Rigid
surface

3/16-in fillet weld all around
1/4-in fillet weld all around 1/2-in plate
1
\
L ]

4-in Schedule 40 steel pipe P =25001b P
OD = 4.50in

14.00in 1 8.00in

_T.. P T ——
e N

S, = 177 1b/in

Jp = 2201 Ib/in

JR=Lo + Ji + S
ol = V2 + [2+ 2 Jr = 2296 1b/in
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From statics, the resultant of the three force components would be

fe= VI + R+
Now each component force on the weld will be computed.
Twisting Force, f,

Tc
ﬁ=x

T = (2500 1b)(8.00 in) = 20000 Ib-in
¢ = 0D/2 =4500/2 =225in
= (w)(OD)*/4 = (7)(4.500)/4 = 71.57 in®

Then
Te  (20000)(2.25) ,
= — = = 6?2
=7, 71.57 629 Ib/in
Bending Force, f;
M
fr = g‘
= (2500 1b)(14.00in) = 35000 Ib-in
= (w)(0OD)*/4 = (w)(4.500)*/4 = 15.90 in®
Then
M _ 35000 ,
= 5.~ 1590 11b/in

P

=

A, = (w)(OD) = (w)(4.500in) = 14.14in
P _ 2500 _ ;

IR w7 i b L Ib/in

Now the resultant can be computed:

Lr=VE+E+E

— V629° + 2201° + 177* = 2296 Ib/in

Comparing this with the allowable force on a 1.0-in weld gives

5 :
W= 22961/in__ _ 539in
9600 Ib/in per in of leg size

The 1/4-in fillet specified in Figure 2011 is satisfactory.



