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ABSTRACT

FATIGUE STRENGTH ANALYSIS OF A
TYPICAL HIGHWAY SIGN FACE TO POST CONNECTION

Surapong Tovichakchaikul

Master of Science in Engineering

Youngstown State University, Year 1978.

The objective of this thesis can be divided into two
basic parts. The first part was to analyze and formulate
equations involving stress and deflection of the sign face-
to-post connection, in order to better understand the effects
when fatigue loads are applied. The equations for deflection
were formulated based on simple beam theory and plate theory.
Experiments were performed using strain-gages to verify the
analytical method and results obtained. Typical examples were
conducted and are included to compare the theoretical and
experimental results.

The second part was to investigate the fatigue
properties of current and proposed sign face connection
systems by subjecting them to mechanical oscillatory-type

bending tests on a fatigue testing machine.
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CHAPTER I
INTRODUCTION

The fatigue strength of a typical highway sign face-
to-post connection is affected by many factors. From fatigue
investigations conducted in the past [l],l it was found, for
example, that the fatigue strength of a sign can be improved
with the use of flat washers between the bolt head and sign
blank. In some cases, the use of local back-up devices
supporting the under-side of the sign blank were alsé found
to improve the fatigue life. However, it was found that.one
of most damaging elements that leads to an early fatigue
failure of a sign face is the "over-torqueing"” of the fastener
bolts., Since there are not much data available in the open
literature on this subject, this investigation is directed
toward the development of an improved sign blank fatigue life
by means of experimental fatigue studies and mathematical
analyses.

It is known that a fatigue failure of a highway sign
is caused by the dyhamic loading resulting from the oscillatory

motion effect of the wind. It has further been found that the

lNumbers in brackets designate references listed on
Page 105,



most critically stressed sections of the sign face are in the
mounting hole area and along the edge of the post, or line of
contact between post and face. Consequently, the purpose of
this study was:s
1. to investigate the factors affecting the fatigue strength
of the face for a standard connection;
2. to determine the fatigue strength of the face with a
modified post-to-face connection; and,
3. to determine the fatigue strength of the face when using
a proposed back-up device.

By the nature of their design, it was reasonable to
expect that the modified post-to-face connection and the use
of the proposed back-up device would improve the fatigue
strength of the face along the edge of the post as well as in
the fastener area.

From a previous investigation on highway signs [l].
it was found that the state of stress induced by wind loading
on a sign face is primarily one of bending caused by both wind
pressure acting directly on the face and by the dynamic loading
effect resulting from the inertia and vibratory motion of the
sign. As a result, it was felt that a representative fatigue
test of the sign blank can be obtained by directly loading the
sign blank material, connected to a standard post, with an
oscillating-type bending load.

In order to obtain this type of load, it was necessary
to design a loading frame for this purpose. Figure 1 shows

the assembly drawing of the loading frame as finally designed.



Figure 2 shows the loading arrangement using the loading
frame in the Mechanical Engineering Department's Material

Testing System (MTS), fatigue testing machine.

Ty =~ < s i N
g e ae B R A N
> L = |

7
E? iy e [ :—-':‘ -';‘-T-_:._ ]
' ETJ

Figure 2 Photograph of MTS Direct Loading Arrangement
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The mathematical analysis of bolted connections under
cyclic loading are commonly encountered in various analytical
design problems. Notable work related to the design aspects
of bolted connections can be found in the publications of
Shigley [2], Faire [3], and Spotts [4].

For this project, when fatigue loads are applied to
a sign face-to-post connection, it was more convenient to
analyze this type of connection by treating the sign face
section as a beam or plate.

In making an analysis of the sign face-to-post
connection, three basic assumptions were made:

1. The standard post is rigid.

2. The fatigue failure of the sign face is caused by bending
stresses only. )

3. The fatigue strength of the bolt is larger than that for
the sign face. The stress in the bolt should be kept
below the elastic limit at all times. If the stress in
the bolt exceeds the elastic limit, plastic elongation
of the bolt will occur, resulting in a loosening of the
bolted connection [5].

Also, in conducting this analysis, the stress at any
point in the face is determined by assuming static loading.
Based on the above assumptions, the fatigue strength at any
point of interest and the fatigue strength of the bolt can be
obtained.

A secondary purpose of this study was to obtain a

comparison between the stresses from experimental and



formulated equations at a given point in the sign blank, and,

in the bolt under the same loading conditions.



CHAPTER II

THEORETICAL ANALYSIS

2.1 Introduction

In order to analyze the typical Highway sign face to
post connection, when fatigue loads were applied, it was
necessary to determine:

1. the tensile force and stress in the bolt,

2. the bending stress in the sign face along the line of
contact between the edge of the post and face, and,

3. the stress at the mounting hole

for three different loading conditions.

2.2 Mathematical Analysis

The fastener bolts are tightened by applying torque

to the bolt's nut as shown schematically in Figure 3.

AN

Figure 3 Schematic of Fastening Bolt



Bolt Force

If the forces in a screw are analyzed by considering
the developed helix to be an inclined plane, the following

equation relating tensile force to torque is obtained [#]:

T = Dﬁ[im—%+z'—(%)/lz] . (2-1)
The bracketed term in equation (2-1) involves:

(1) coefficient of friction terms //4, and/AX} which represent
the coefficient of thread friction and the coefficient of
friction for the collar respectively; (2) the angles o< and

©® which are the helix angle and the thread angle respectively;
and, (3) the radii r, and ry which are the collar radius and
the pitch radius of the thread respectively. Since all of the
above terms are constant for a particular size and type of
bolt used with a given application, equation (2-1) may be

written as
T = uof uition (fakd)

where//é( is the constant that replaces the bracketed term of
equation (2-1). The value of)[l was determined experimentally.
The value determined, along with a description of the experimental

work is presented in Chapter III.

Normal Stress

The average tensile stress normal to the bolt's cross

Seéction for an initial tensile preload F is given by:

WILLIAM F. MAAG [ IRRARY
YNIINRS S



4; .- -5 . (2-3)

Free Body Diagram

When an initial torque or tensile preload, F , has

been applied, the bolt will undergo a deformation due to this
load.

Figure 4 Free Body Diagram of a Post Section when the Bolt
has been tightened

From Figure 4, considering static equilibrium in the vertical

direction:
d
R 3 . (2-4)
Substituting F from equation (2-2) into equation (2-4) gives:

Lo Lk h
fi—z/m . (2-5)

Using Hooke's Law, the deformation caused by the preload, Fi )
in the bolt is given by:

S, = ke
b AbEp d
or, v gb - %’ ’ (2'6)

Where, Kb = %’ ® (2'7)



Substituting equations (2-4) and (2-5) into (2-6) gives:

N .
= o . (2-8)

Figure 5 Free Body Diagram of Sign Face Section when the
bolt Has Been Tightened
Using the equilibrium equation and neglecting the
weight of the sign face in Figure 5, the reaction forces at
the fixed supports C and D are equal to zero.
Therefore, the deformation of the sign face will only

occur between points A and B.

Moment Area Method Applied to Sign Face:

It was necesséry to draw a moment diagram for considering
the bending occuring with the sign face. Accordingly, drawn in
Figure 6 are the loading, shear and moment diagrams for a section

of sign face subjected to initial bolt load.
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A z A
E
A 8
R
Ra
SHEAR
DIAGRAM
R
MOMENT | ;
A
DIAGRAM XA

Figure 6 Loading, Shear and Moment Diagram

From Figure 6, the maximum deflection of the sign face due to
the bolt load can be determined by using simple bending theory

and the moment area method as follows:

| Rx % 2 %
Estl "(& = 7T 7TT3yT '
3
Egp I éﬂ - %FE ' .
Dividing by qu gives:
S Fa® R
A | e TR By
R HEG — Kp ey 189



Substituting Equation (2-5) into (2-9), gives the face
deflection 5& in terms of the initial bolt tightening

torque as:

V-
f ,QaDKP

External Load, fg , Applied

« (2-11)

The next section of this analysis deals with the
effects of an external load application to the post-face
connection. Two cases will be considered here as shown in
figure 7; (a) a tensile-type load; and, (b) a compressive

load.

fe

[

(a) Tensile Load
Fe

(b) Compressive Load

Figure 7? The External Load, e » Applied

11



12

Case (a) Tensile External Load

Since the bolt is initially in tension, it would have
an increase in deformation amounting to A.éb as a result of

the application of the tensile load Fy "

RA R?

Figure 8 Free Body Diagram of Post with External Tensile Load
Fe applied, Case (a)
With the load Fe applied, the tensile force in the
bolt changes from the initial value Fi to F? as shown in

Figure 8. Now A F; is defined as follows:

AF, = F-F . (2-12)

L L

Using Figure 8 and considering static equilibrium in the

vertical direction, the following is obtained:

R = F, + 2R . (2-13)
or, R - _F".a_._;F . (2-14)

From equation (2-6), the change in deformation of the

bolt can be expressed as

AF;
Agb = ?b . (2-159)
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Substituting LxFi from equation (2-12) into equation (2-15)
gives

a s - F-R . (2-16)
b -

Now, substituting equation (2-12) into equation (2-14) gives

" = ___Fi*AZF'»'Fe . (2-17)

Using equation (2-17) and assuming that Fe> AFi and comparing

R“l(

The next step in this analysis was the determination

this to equation (2-4), leads to the conclusion that

R

of the maximum deflection at the mid-span of sign face section
shown in Figure 9.

™
UJ;. N';ﬂ

R

Figure 9 Free Body Diagram of the Sign Face with External
Load Fe applied, Case (a)

The moment area method along with the superposition principal
were then applied to sign face..
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Fe R P P
Qif ‘ : : ! = @
A ]E B e, D
f’—”””"—> ,Z Ff - e
R 5
E? é Fe Te
— ‘______7:;a,q_=====c5==-_,= e
Fa b)
r® Se
\
+ = ——
2R® ()

Figure 10 Deflection by Superposition
By superposition, 5# - SF + &f . (2-18)
e

In order to find 5% as shown in Figure 10b, it was
necessary to draw its moment diagram. Accordingly, drawn in
Figure 11 are the loading, shear and moment diagrams treating

the sign face as a simple beam with a concentrated center load
of Fe'
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e S &
& A 4 B3 2
DEFLECTION
Curye ‘,:e
Fo
3
suEAR e

DIAGRAM

MOMENT )

DIAGRAM \IM

Figure 11 Loading, Shear and Moment Diagrams

From the deflection curve shown in Figure 11, it follows that:

Oe - O .

3 I = "
or, SF. — 4‘% - %.SIT’({)[SI -‘(%-Tx)z] ’

é _ Rxoela ,
Fe 96 E,;I

- fe » (2-19)
Ke

— _96Eql
where, KF. Fel-%)
Recognizing the similarity between Figures 10c and 6,
it follows thats
a
dp= B . (2-20)

Now, substituting equations (2-19) and (2-20) into equation
(2-18) gives: ]

L éf == 'E‘;.‘l'% ' . (2-21)
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It is assumed here that the maximum deflection at
mid-span due to the external load Fe’ applied as in case (a)
is less than the maximum deflection due to the initial bolt

load, in other words éf & éﬂ .

Therefore, the difference in deflection at mid-span

must be equal to the change of deformation in bolt stretch,
or, §o-8 = 84, . (2-22)

Substituting equations (2-9), (2-16) and (2-21) into
(2-22) gives:

R_(R,R|_F-R
Ky Kre Kp T Ke :
a
or, A-R_R _ F-F . {2-29)
K\’ KF. Ky

Substituting F? from equation (2-13) into (2-23), and

solving for r2 givess

Fa- R _ R _ Fe+2rR™-F .
Kr Ke Kp

Since F; = 2FR. it follows that

h_K_& 2Fs
Ke Ke KFe Kp Kp Kb

I
g
+
%
|
N
=

a a
R . B LIl Ll L) L
Ko Kp “ P Kb)“ (“F*Kb)%} ’
R° - KoKp Kp+ 2Kp - Kpt Krp E 3
lKPf Kb Ker KFe Kb

R = Ry - 5i’(———!‘l*“"‘K )r—; : . (2-24)
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If a sufficiently large Fe is applied in this case,
the sign face will no longer be in contact with the edge of
the post, or R® = 0. Then from equation (2-24) a limiting
value of Fe can be computed for the condition which results
in R® = 0; i.e.,

- Keo[ ZKe* Kb _
(Fe]umar T?’( Kb + Kp, ) Fa . (2-25)

Now, from equation (2-13) and with S ;> CFe)limit'

a
Fy

Fe + 2(0) .

= .
or, Fe

In this case then where Fe is increased beyond (Fe)limit

and R? = 0, the force in the bolt is equal to the applied force,
r_ .
e

Case (b) External Compressive Load

\
Iy

When the load Fe is applied in compression as shown in
Figure 12, the tensile force in the bolt changes from the initial

b
value Fi to Fi’

Figure 12 Free Body Diagram of Post with External Compressive
Load F, applied, Case (v)
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Now, defining the change in bolt force as A Fi' it
follows thats .

AR = R -F . (2-26)

Using Figure 12 and considering static equilibrium in the

vertical direction, the following is obtained:

Fo = 2R°-F, ,  (2-27)
b F-b+ Fe
or, R® = 1N . (2-28)

2

Substituting A F; from equation (2-26) into equation (2-15)

gives

b
F-F
A éb = Kb . (2‘29)

Now, substituting equation (2-26) into (2-28) gives

~ h 2

By comparing equation (2-30) to (2-4), leads to the conclusion
that |Rb| > R -

It is next desirous to find the deflection at the
mid-span of sign face section as shown in Figure 13 below.
This is accomplished by applying the moment area method and

the principal of superposition to sign face as outlined by

Figure 14,
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©| 7
-l
P

Figure 13 Free Body Diagram of the Sign Face with the External
Load Fe applied, Case b

Rb Fb b

e B
e / l e “"L—’ =]
L) .
f {
2 z
Fe
— C ——— 5 — o |
) » 5
7 2
& 2RP e
2%& —
M i S i
- A

Figure 14 Deflection by Superposition
From the principal of superposition, it follows thats
t* cg{ = épe— SRB . (2-31)

Using procedures similar to Case (a), the following

eXpressions can be obtained for deflections:
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F
d = ! ;
and égk --%% .

By substituting the above expressions for éé and oOgp into
equation (2-31) gives:

b
Jf _Fk _R . (2-32)
Kg,  Kp

Then, the additional stretch in the bolt Aéb is equal

to (S;. + (gﬂ , Or Aéb— 5¥ + JF' »

L

b
Fe _R_? -Fl = ——FL-Fi' [ 2-

Substituting equation (2-27) and (2-4) into equation (2-33)
and solving for R?s

R _R R 2h_ 2R _ R ,
Ke Kp Kp ' Kyp Kp Kp
2&% Rb _F€_.+ FL—._F.B-_z—F! ’

b _[_KeKp ||[KptKey KotZKel £ | 9
9 (Z“P‘K [( "F.Kb)F;+( KpKo| ©

b — Kp (KetKe |F, , F .
@ =% ks |re o . (2-34)

Substituting equation (2-34) into (2-27) leads to the following

eéXpression for the bolt force F? '

b Ko | Ko+K
T g P NSV NG =
-y zK.»Kb)Fe ST
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b K .
Sl P (Ke*Ke | _ =

Stress in the Sign Face

The objecti§e of the next section of this analysis is
to develop expressions for the maximum stréss in the sign face.
The first step will determine the stress resulting from the
initial preload Fi caused by tightening the bolts.

Referring to Figure 6, the maximum stress at the
mounting hole area, point E, can be determined by using the

simple bending stress equation:
Mc . '
L = £ - . (2-36)

From Figure 6, the maximum bending moment occurs at

point E and can be written as:

ME - % . (2-37)

Substituting equation (2-5) into (2-37) gives
- _T_..& (] 2-' 8
" = gx5d (2-38)

From the bending stress,equation; the largest flexure
8tress occurs in the outer fibers of the sign face. "It

therefore follows that

t -
C-5 . (2-39)

Since there is the hole at point E, the inertia will be reduced

by Substracting the hole's diameter from the width dimension; i.e.,
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1 o (b-zr)t3

7 .« (2-40)

Substituting equations (2-39) and (2-40) into (2-36) gives

- % t 12
‘(E 44D 7 (bl ’
= 3Tz L] 2-“’1
2/(D(b-zr)t‘ ( )

The maximum bending stress at this point, including
stress concentration effects, can be obtained by multiplying
equation (2-41) by the stress concentration factor, Ky»

It is next desirous to compute the stresses resulting
from the application of an external tensile load as shown in
Figure 7(a). Referring to Figure 9, the bending moments at
points A and E can be determined by taking moments of forces

about points A and E respectively. Therefore,

(+ My -~%(l-x) »  (2-42)
i ME_%’Z- i . (2-43)

Substituting R?® from equation (2-24) into (2-43) gives
R Kp [ Kot Kg | =] 2
{ Me -‘i‘g *[5 - T(’ie(KZizif,)a]'Z— . (2-44)

But (Fe)limit can be calculated by equation ‘2-25)
. a " a _
and known that if Fe ;; (Fe)limit then Fi = Fe since R = 0,
therefore the moment at E will be

tojen

(+ M= ,i . (2-45)

Knowing the bending moments at points A and E, the

Pending stresses at these points can be obtained by using
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equation (2-36). Therefore,

= E([l_x).C
£, = Flh-n)¢ . (2-b6)
FK Kp+
wo LB Bl o) '
when Fe < (Fe)limit . , (2-47)
el ¢
or, A<;==fr-nig ywhen F_ ;> (Fo)iimit , (2-48)
where, C -———zt— ’
bl
IA"'ET .
1 (b-ﬁrztﬁ
e 2 *

The maximum bending stress at point E including stress
concentration effects can be obtained by multiplying equations
(2=47) ahd (2-48) by the stress concentration factor, Kt'

The following step will determine the stresses resulting
from the application of an external compreséive load as shown in
Figure 7(b). Referring to Figure 13, the moment at points A and
E can be determined by taking moments of forces about points A

and E respectively. It follows that:

(+ My = -2l . (2-49)
; . b
(+ Mg = ——F4Ll+%£ o (2'50)

Substituting equation (2-34) into (2-50), results

Kp+K
ZKb

fo K
ME = —%’1-4-[’(;

K+ F,l % . (2-51)
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Therefore, the bending stress at points A and E can

be obtained by using equation (2-36), leads to

KA -%(Z-x)%A ,  (2-52)
£ Ko | Ko* Kfe %z c
and 4<; = [-jg*{fi(j%;5§ Q*ﬁ%z] e -+ (2-53)
where, C = %- )
bt’
=" '
A gbanf
€ 12 *

The maximum bending stress at point E including stress
concentration effects can be obtained by multiplying equation

(2-53) by the stress concentration factor, Ky -

Stress in the Bolt

The objective of this part of analysis is to develop
expressions for the tensile stress normal to the bolt section.
There are two cases which are involved in this project. The
first case is to determine the tensile stress in the bolt
resulting from the application of an external tensile load as
shown in Figure 7(a). The tensile stress can be expfessed as

a
& = %, . (2-54)

Before going to substitute F? into equation (2-54), a

limiting value of F, will be computed by using equation (2-25).

Therefore, the required tensile stress can be determined by the
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following equations:
i nissfe for F, > (F,) (2-55)
b Ab ! e/ ‘"e’limit’

[t
L, = [‘ Kfj(;;fr,]%*m v for Jg <(Fe)limit' (2-56)

or,

The second case deals with the external compressive
load applied to the sign-post connection. Thus, the tensile

stress normal to the bolt section can be expressed as:

Tl . (2-57)

Substituting equation (2-35) into (2-57) gives

ELKF? ]F+2Fg

£< _.[ K&(ﬁ:*@

. (2-58)

Equation (2-35) which gives the theoretical value
of bolt force was obtained by using simple beam theory. When
specific values were substituted into this equation, a poor
correlation with experimental results was obtained as will be
shown in the next chapter. In order to improve this correlation,
and in observing the deformation of the sign face near the
mounting bolt, it was decided to use plate theory for the

- deflection of the sign face under the bolt's load.

Accordingly, equations (2-34) and (2-35) were corrected
in thig fashion and the sign face was considered to be a flat
Plate in the mounting hole area under the external compressive

loaq F.» (case b) as shown in Figure 15 below. It will be
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seen that the deflection at the mounting hole using plate
theory will be larger than that resulting from a concentrated

load at mid-span of a simply supported beam.

mounrmg hole
dréa of The bolt

Figure 15 Concentrate Load applied at the Center of the
Mounting Hole Area

g
™

X
1))

Figure 16 (a) Concentrated Load at the Mid-Point of the
- Plate .

(b) Concentrated Load at the Mid-Span of the
Beam -

In using plate theory, it was assumed that the plate

%as simply supported along all edges as shown in Figure 16(a).
With concentrated load at the center and with this type of

& Support structure, the deflection under the load can be



27

found from reference [6] as case No. 36. Although the sién
face is not supported along the short .edges, of length x, it
can be shown that for plates with b >> X as is the case here,
the error resulting from using the simple support along all
edge solution can be shown to be negligible.

Under the above assumptions, the maximum deflection,

J;:lafe » is given by the following from reference [6]:

0203WX (Mm*- 1)
Cgf\a('e Ty o m’Et’(lfO.AGQN?) ’ (2’59)
or, éfb'\e = K::Iate » (2-60)
2.3 A
where, ) Kplofe = mg&é?:i?fﬁ:; y (2-61)
m = VL ’
set gonks .
)
and W = tofal load .

The maximum deflection, gbeam , of the beam at mid-span,
Figure 16(b), can be determined by using case number 8 from

reference [ 7 ] 3

Therefore, &mm - A‘gé‘; ’ (2‘-62)
or, b & .1 . (2-63)
where, ' Ky = 2 »  (2-64)

Letting » = 10", x = 33", t = 0.,1", 2r =
10" x 106

(o] WY}

E - psi., and 2} = 0.33, and substituting these
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typical values into equations (2-59) and (2-62), results in

dhidy .. W ;
o 0.4544x10" » (2-65)
' W
and S 0.6979n10*  HRnBPY

Dividing equation (2-65) by (2-66):

Ap‘afe Bcag .8979

il 0.4548
- 1.976 \ :
or ’ " éf‘a‘te = l .976 ébeam .

It is thus seen that the maximum deflection of the
plate is greater than the maximum deflections of the beam.

Therefore, the stiffness constant of the plate, Kplate' is

greater than the stiffness constant of the beam, Kbeam'

The stiffness constant, K_, used in equations (2-34)

P
and (2-35) should now be changed to be the stiffness constant

of the plate. Equation (2-32) can then be rewritten as

b
_k _ 2R b
J‘F r3 _KLI_:C Kflafe ' (2 67)

and equation (2-33) will be

b
2R® L 2R _ R-R
Kr)\afe Kr\afe Kp

F
el . 2“68
- (2-68)

Substituting equation (2-27) into (2-68) and solving for Rb
gives:s |

Fe 2 Rb + 2 F& Q.Rb Fe 2 Fg

Ke,  Kolde  Kode™ K, Ko Kp ’
then, IR = %(% R+2F, . (2-69)
(7
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Substituting (2-69) into (2-27) gives

_ | Kplole [Kpt Kg, |
Ff —[ s, (Kb‘Kyb'fe) l] Fe + 2F, . (2-70)

Finally, the tensile stress in the bolt, equation

(2-57), can be rewritten as
[Kplnte’ Kb"KFg -‘]FB"‘ZFR

— KFQ \Kb”(Ph% . 2.99
A, - (2-71)

and the average stress at point E will be given by:

R [ Kode[ Ko+ Kg | & z|c
45 -[-—i—+{K—ﬁ Kb’Kerf"F“] 7|1, (2-72)
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CHAPTER III

THE MEASUREMENT OF EXPERIMENTAL STRESSES IN
THE BOLT AND SIGN FACE

3.1 Introduction

The objective of this part of the project is to find
the distribution of stresses around the hole, i.e., along the
centerline passing through the holes. The stresses develop
when the sign face is subjected to the initial preload Fi' in
conjunction with the external tensile-type load and the external
compressive load} In order to determine the stresses at any
point in the sign face, it is necessary to employ a strain gage
to measure the surface strains directly at the point in question.
Thus, the conversion from the strains to the stresses can be
achieved by employing the stress-strain relationships of Hooke's
Law,

In this chapter, the experimeﬁtation conducted to measure
the strain readings in the bolt is also described; in other words,
the study involves:

l. the relationship between the tensile force in the bolt
and its corresponding strain-gage reading: and,

2. the relationship between the tightening torque applied to
the bolt nut and the corresponding strain-gage reading in

the bolt.
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The data so obtained will be utilized to determine
the relationship between tensile force in the bolt and
tightening torque. Moreover, this relationship can be used
to determine the coefficient of friction between the bolt
and sign. Also, the relationship between the tensile stress
in the bolt and the external tensile and compressive applied
loads can be obtained.

In the following sections of this chapter, three
specific example problems are presented for the purpose of
comparing the experimental results with theory. An average
bending stress was determined from the measured distribution
of strains (or stresses) acting along the centerline of the
face near the bolt hole and compared to a theoretical average.
In the first example, the face was subjected to an initial
preload, Fi' caused by tightening the bolts and, the theoretical
average was obtained by using equation (2-41). The face was
subjected to an external-tensile load in the second example
and, the theoretical average was obtained by using equation
(2-47) or (2-48). 1In the third example, the face was subjected
to an external compressive load and, the theoretical average
was obtained by using equation (2-72).

In the last section of this chapter, example problems .
- are presented that compare the tensile stress, as determined by
the measured strain in the bolt, with the theoretical tensile
Stress obtained by using equations (2-55), (2-56) and (2-71).
For the purpose of these analyses, the face was stressed by

either a compressive or tensile-type load.
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3.2 Stress Distribution in the Sign Face after the Bolt has

been tightened

This section involves the determination of the
distribution of stresses near the hole along the x axis of
the sign face as shown in Figure 17. The experimentation
is conducted by tightening the bolts to some known torque
level and measuring the resulting surface strains in the
y direction, near hole B, along the x axis. Measurement of
the surface strains was accomplished by employing four strain
gages along with strain gage instrumentation. The gages were

bonded directly to the surface of the sign face, as shown in

Figure 17.
Yaxis
24 ”
10 1+
' T
i : STRAINGAGE
]
: | -4 Ghss
! :
I} |
I s’
| LA/ 3 ¢ -3 HOLES
” ! i".’+' +" : r/ o 1
/2 © 1 Py =i cv Xax/s
A | $ U,
{ |
| |
| [}
|
: i \\\\smuwx
: \\k\k
| \\\\CﬂHUL%&ﬁW
7 10"

Figure 17 The Gages were bonded to the Sign Face.

The strain gages which were employed to accomplish

this task have the following specificationss
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Gage type t+ CEA - 13 - 250UW - 120

Resistance in ohms :+ 120.0 ¥ 0.3%

Gage factor at 75 F s 2.095 = 0.5%
Kt s +0.3%

The strain signal conditioning and readout instruments
used were the V/E 1l strain indicator with auxiliary units
V/E - 12; V/E - 14 and 11 - A6 adaptor manufactured by

Vishay Research & Education, as shown schematically in Figure 18.

Figure 18 Strain Read Instruments

The results of surface strain VS different values of

the tightening torque are presented in Table 1.
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TABLE 1
SURFACE STRAINS IN THE SIGN FACE VS BOLT TIGHTENING TORQUE

e e

Tightening Strain
Torque Gage

#1 . #2 #3 #l
(1b-in.) Ain/in Ain/in Ain/in Ain/in

60 5020 2276 1174 706
80 5242 2410 T 1222 724
100 6054 2792 1418 830

W

The stresses can be computed from strains by employing

the stress-strain relationship from Hooke's Law; i.e.,

stress modulus of elasticity ’

strain
or, {g— = E a o i%=1)

For Aluminum 6063 - T6;3 the modulus of elasticity is

approximately 10 x 106

psi.
Using (3-1), the stresses, for example, at gage No. 1

can be determined after a tightening torque of 60 lb-in. as:
£ = Ee

or, 4{ = 10 x lO6 b < 2232 psi
10

A = 50,200 psi %
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Therefore, the stresses are calculated from the
strains in Table 1, and are shown respectively in Table 2.

All the stresses in this case are compressive stress.

TABLE 2
SURFACE STRESSES IN THE SIGN FACE VS BOLT TIGHTENING TORQUE

Tightening | Stresses
Torque #1 #2 #3 #l
(1b-in.) (psi) (psi) (psi (psi)
60 50200 22760 11740 7060
80 52420 24100 12220 7240
100 60540 27920 14180 8300

Now, the average stress for each torque can be obtained
by employing the ﬁean value theorem. This can be achieved by
determining the area under the curve obtained by plotting the
distribution of stresses as a function of position along the
X axis and dividing this area by the distance involved in the
Plot. The following example shows the calculation of the area
under curve, when the distribution of stresses is plotted as

a function of position along the x axis of the sign face for a

tightening torque of 60 1lb-in.; refer to Figure 19.
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Figure 19 Distribution of Stresses along the x Axis

(1)

(2)
(3)
(%)
(5)
(6)

i 32 x % x (80,000 + 50,000)

i % x 3% x (50,000 + 32,500)
i 1 x4 x (32,500 + 16,000)
i 1x % x (16,000 + 9,000)
i 1x%x (9,000 + 6,000)

i 1 x 6,000

36

Summing areas 1 through 6 above, gives a total area

°f 103,375 1b/in.
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Therefore, the average stress about hole B along the

X axis can be obtained as follows:

the average stress = 100,685 l?/in.
in.
A 8! 20,675 psi.

3.3 Strain Readings in the Bolt after Application of Tensile

Loadgsz

This part of the experimental work was performed in
order to calibrate the strain measuring bolt. The strain
measuring bolt used was a T% diameter "Strainsert" aluminum
bolt whose interior consisted of a bonded four-arm bridge.
Tensile loads were applied to the bolt by hanging various size
dead weights to the bolt as shown in Figure 20 below. A strain
reading corresponding to each load was taken on the direct-
readout instruments and the results are presented in Table 3.
The readout instruments used for this part were the V/E 11,

V/E 12 and V/E 14. In this experiment, the applied tensile load

was gradually increased by the same increment for each reading.
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Figure 20 Photograph of the Tensile Load applied to the Bolt

TABLE 3
STRAIN READINGS IN THE BOLT VS APPLIED TENSILE LOADS

5 s
10 170
15 264
20 356
25 L 56
30 556
35 656
Lo 756
Ls 856
50 954
55 1030

o ———————
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3.4 Strain Readings in the Bolt after Tightening the Bolt Nut

This section involves the acquisition of strain
readings in the bolt after the bolt'has been tightened by
various torques. The same "Strainsert"” bolt was used as in
Section 3.3, and the same read-out instruments were employed.
Figure 21 shows all the instruments employed in this experiment.
The bolt was tightened by a calibrated tordue wrench and the
tightening torques were gradually increased by the saﬁe
increment for each bolt strain reading. The experimental

results for this test are presented in Table 4.

Figure 21 Photograph of a "Strainsert" Bolt and Strain
Readout Instruments

s san g
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TABLE 4
STRAIN READINGS IN THE BOLT VS BOLT TIGHTENING TORQUE

R R B
(b-in.) - |  REDINGS
10 1078
20 2097
30 3526
4o 5453
50 7754
60 9456

3.5 The Relationship between the Bolt Tension and Tightening

Torques

The objective of this section is to determine the
tensile force in the bolt after the bolt has been tightened
by using the experimental data obtained in the previous two
sections. Also, the coefficient of thread and nut friction
can be established once this relationship is obtained.

The strain readings are plotted as a function of tensile

load by using the results from Table 3, and are shown in Figure 22.

The bolt strain readings are plotted as a function of the

tightening torque by using the results tabulateéd in Table 4,

and are shown in Figure 23.
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Figure 22 Bolt Strain Readings as a Function of Tension
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It can be seen that the bolt strain reading equals
9456 when the tightening torque is 60 lb-in. from Figure 23.
Therefore, the tensile force in the bolt when the strain
reading is 9456, can be determined by either extrapolating
the bolt strain-load relationship given in Figure 22 or, by
developing th algebraic straight line relationship between
the two. Performing the later, the slope of the straight-line

in Figure 22 can be calculated by selecting any two points as

follows:
the slope S5 - 10 19.111 15 |
Therefore, the tensile load VS strain reading relationship |

becomes:

Load = Strain reading - 19.111 .
For the example under consideration;
tensile load= 9456/19.111 = 494.8 1b.

| In other words, the tensile force is 494.8 1lb after a

tightening torque of 60 lb-in. has been applied to the bolt.
Therefore, the relationship between the tightening torques
and the tensile bolt loads can be determined and are tabulated

in Table 5.
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TABLE 5
TENSILE LOAD ON BOLT VS BOLT TIGHTENING TORQUE

TIGHTENING BOLT-LOAD
(1b-in.) (1b)

10 | 56.40
20 | 108.80
30 184,50
40 285.33
50 405.70
60 494,80

By considering the relationship between the tensile

bolt load and the tightening torque from Table 5, it can be

seen that the constant //X » relating bolt force with torque,

described in Chapter II can be determined as follows:

From equation (2-2); T =/é(DFi '

o T ‘
or, /( = ﬁ . (3-2)

Referring to Table 5, the tightening torque 10 1lb-in.

Tesults in a tensile force of 56.40 lb, and by substituting
these two values into equation (3-2), yields

-

//42 = ' 0.567 :
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Following this procedure, the values of all the

coefficients VS 10 1lb-in. torque increments are tabulated in

Table 6. Thus, an approximate//é( coefficient for the bolt

can be determined by using the average value of Table 6.

TABLE 6 |
COEFFICIENT OF THREAD FRICTION

‘
— S —
e m——a————SS LSS LSS e ——— ——— —

b e 5
10 56 .40 0.567
20 108.80 0.588
30 184.50 0.520
Lo 285.33 0.448
S0 405.70 0.394
60 494,80 > 0.388

The average//% , from Table 6 is equal to 0.48, and

Now equation (2-2) can be rewritten as:
T = 0.48 DF; . (3-3)

The next step of this section involves the determination

12? the average stress along the x axis of the sign face near
2}0 B, from the initial preload F, caused by tightening the
,lt- The following example will show the calculation of the
{fﬂse Stress by using equations(2-41) and (3-3).
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Example

When the bolt has been tightened to 60 1lb-in. torque

and for a bolt diameter of %%, it follows from equation (3-3) .

that
F = 60 or
i = ) ’
o.u8(§-)
16
Fi = 400 1b.

For x = 34", ¢t

0.1", b - 10" and 2r = %"' equation

(2-41) gives

é{’ » 3 x 60 x 3.5
€
2x0A8x%PO-§“mﬁ

&, = 21,818  psi.

3.6 Stress Distribution in the Sign Face when an External

Load Applied

The objective of this section is to determine the
distribution of stresses along the x axis near hole B, for
the sign face as shown in Figure 17. The experimentation is

conducted after the bolts‘have been tightened by applying an

€xternal load and by measuring the surface strains in the
direction along the x axis near hole B. The strain gages

bonded directly to the surface of the sign face as in

ection 3.2, Also, the same gage type and the same reading

8truments were employed.

The experimental results are presented in Tables 7

1 8, The average stresses as determined experimentally are
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compared, in this section, to the stresses computed using the

equations presented in the last chapter.

made at corresponding points under identical loading conditions.

TABLE 7

The comparison is

SURFACE STRAINS IN THE SIGN FACE WHEN AN EXTERNAL
TENSILE LOAD HAS BEEN APPLIED®

EXTERNAL | TIGHTENING| STRAINS

LOAD F_| TORQUE #L #2 #3 #
(1b) (1b-in.) (f%ln/ln) (4in/in) |( 4in/in)|( 4in/in)

200 60 2635 1482 1114 936

80 4106 2032 1356 1080

100 4826 3748 2065 1419

400 60 2790 1898 1600 1414

80 3910 2248 1752 1506

100 4690 3883 2368 1803

600 60 3054 2329 2025 1844

80 3992 2604 2145 1890

100 ) 4009 2669 2156

aAll the strains are compressive strain.

~
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TABLE 8

SURFACE STRAINS IN THE SIGN FACE WHEN AN EXTERNAL
COMPRESSIVE LOAD HAS BEEN APPLIEDP

EXTERNAL |TIGHTENING | STRAINS
LOAD F_| TORQUE - #1 #2 #3 #e
(1b) (1b-in.) |( «in/in) (/aln/ln) (/ﬂln/ln) E/ﬂln/ln)
200 60 -3087 -1075 -336 -67
80 4514 -1684 -610 -200
100 -5043 -3305 -1349 -529
koo 60 -3212 -894 bl 362
80 4610 -1506 -249 164
100 -5125 -3145 -1038 -188
600 60 -3299 -716 366 2 730
80 4674 -1316 ie | 518
100 -5187 | -3006 769 148
A R SIS | SN | WS e

bA minus sign here indicates a compressive strain.

The corresponding stresses of the surface strains from

Tables 7 and 8 were calculated by employing the stress-strain
’?%lationship presented in Section 3.2, and‘the results are
tabulated in Tables 9 and 10 respectively.

When the distribution of stresses is plotted as a
ction of position along the x axis, the average stress can
Obtained by using the same method outlined in Seétion 3.2,
first consideration deals with the distribution of stresses
Table 9. The average stress for a tightening torque of

1o-in, and an external tensile load of 200 1lb. from Figure 24,
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is equal to 14,349 psi. Also, the average stress when the
tightening torque is 60 1b-in. and the external tensile load
is 400 1b from Figure 24, is equal to 18,429 psi.

The following example problems are presented to show
the comparison between the average stress as determined
experimentally and, the average stress computed by using either

equation (2-47) or (2-48), under identical loading condition.

In order to decide on which one of the two equations to use,

it is neceséary to compute the limiting value of Fe from

TABLE 9

SURFACE STRESSES IN THE SIGN FACE WHEN AN EXTERNAL
TENSILE LOAD HAS BEEN APPLIEDC

R e R P
(1b) | (1b-in.) | (psi) (psi) (psi) (psi)
200 60 26350 14820 11140 9360

80 41060 . | 20320 13560 | 10800

100 48260 37480 | 20650 | 14190

400 60 27900 18980 16000 | 14140
80 39100 22480 17520 | 15060

100 46900 38830 23680 | 18030

600 60 30540 23290 20250 | 18440
80 39920 26040 21450 | 18900

100 45420 40090 26690 | 21560

c
All the stresses are compressive stress.
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TABLE 10

SURFACE STRESSES IN THE SIGN FACE WHEN AN EXTERNAL
COMPRESSIVE LOAD HAS BEEN APPLIEDY

B B
EXTERNAL |TIGHTENING | STRESSES
LOAD F_| TORQUE #1 #2 #3 #h
(1b) (1b-in.) (psi) (psi) (psi) (psi)
200 60 -30870 -10750 -3360 -670
80 -4 5140 -16840 -6100 -2000
100 -50430 -33050 -13490 -5920
400 60 -32120 -8940 440 3620
80 -46100 ~15060 -2940 1640
100 -51250 -31450 -10380 -1880
600 60 -32990 -7160 3660 7300
80 -46740 | -13160 120 5180
100 -51870 -30060 -7690 1480
_—

dA minus sign here indicates a compressive stress.

, 'equation (2-25); i.e.,

. if Fe 'Y (Fe)limit' the average stress will be obtained
Oy using equation (2-47).

e F s (Fe)limit' the average stress will be obtained
¥ using equation (2-48).

ample 1
When the bolt has been fightened to 60 1lb-in. and an

tensile load of 200 1lb had been applied, the limiting

of F, from equation (2-25) can be expressed ass
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T=60lb-m ; Ry = 400b.

- AVG.STRESS @ = I8 429 psi

\\ L AVG. sTeesSD = 14,344 psi

———

T=60/b-in; R =200 Ib,

1 7] 2 23 b ¥4 4 R
GQAGE DISTANCE
- OCH

Distribution of Stresses along the x Axis, when an
External Tensile Load has been applied.
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79000

COMPRESSIVE STEESS—PSi

a
£ AVG . STRESS = 11256 forQ
\\ _ , AVG.STEESS = B7/5.¢ for®
OT=60 ,b-in;li =g00/b.
1 ' ' + . (X-allb)
* ; 3 2 3 % 4 T6ace DISTANCE
-INCH

T=60 |b-m.5 Fé-Aoob.

25 Distribution of Stresses along the x Axis, when an
External Compressive Load has been applied




(Fe)limit
where, . Kp

KFe
and Kb

6

2r = 8 and Esf = Eb = 10 x 10

obtained:
Ky

Kpe

pnd (Fe)iimit

“efore,

i

2Kp + Kp )
Fa

Kf Kp+ KF'

24 Egl

zs ’

- 96 B¢t ]
A ) ’

into equation (2-4) gives:

AbE)

Ly "

By considering a set of typical values for the above,
e.gey x = 2.5", t =0.1", [ =8", {, =1.75", b = 10",

psi, the following results are

4.3 x 10° 1bv/in.

0.128 x 10° 1b/in.

0.05953 x 107 1b/in.

0.4816 FR .

By substituting for T (60 1lb-in.) into equation (3-3),

60

B e —

o.ua(Ig)

Loo 1b.

Loo

—— = 200 1b.,
2 .

0.4816 x 200

96.32 1b.

b J e
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The external load applied for a given test has been
assumed to be uniform over the entire length (24") of the sign
face. Since the force acting through a bolt includes only the
force acting in the segment of the sign in the immediate
vicinity of the bolt, it is necessary to find the proportion
of the external load acting on a given segment. This can be

done by partitioning the sign into segments of 7", 10" and 7"

respectively from end to end and approximating the load on a
given segment by its length to total length ratio. Following
this procedure, the external load Fe on the central segment

for a total load of 200 1b can be determined as follows:

F 49 200 = 8 1b
e™ 7 ¥ 443 - |

It results thaf: Fe <:(Fe)limit‘ :

The average stress can be obtained by using equation !

(2-47), which follows: | |

4 6 [-"1 + (r-;z —2.os7eFe) —}] |

E ~ (-0t | 4

Ky = 62.9 (\.st, - o.sm;)

t W, substituting for Fp and F, gives

4{£ = 12611.56 psi.

Comparing the average stress as determined experimentally

® the computed theoretical stress leads to a 12.1% difference.

ample 2

The bolt has been tightened to 60 1b-in. and an external
ile loag of 400 1b is applied.
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By calculation of (Fe)limit from equation (2-25), this
example gives the same limiting value of Fe as in example 1.
Since the same typical values have been substituted into

equation (2-25), the'following result is obtained:

(Fe)limit = 97.20 1b.

Following the procedure outlined previously, the portion
of the total external load of 400 1b acting on the central 10"

section is:

400
F ~ —Xx 10
e 24
= 166.67 1b.
It follows thats Fo > (F)yimit  °

Therefore, the average stress can be obtained by using equation

(2-48) as follows:

£ RAL . _© ]
g AS 4 (b-2rX:

1

= 166.67 x 2 x 62.33
= 20777.08 psi.

Comparing the average stress as determined experimentally
the computed theoretical stress leads to an 11.3% difference.
The second consideration deals with the distribution of
iresses from Table 10. The average stress for a tightening
Ue of 60 1b-in. and an external compressive load of 200 1b
T‘FiSUre 25, is equal to 11,256 psi. Also, the average stress

e tiGhtening torque of 60 lb-in. and an exterﬁal compressive
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load of 400 1b from Figure 25, is equal to 8,715.76 psi.

The following example problems are included to show
the computation of the average stress by using equations (2-53)
and (2-72), and to compare the computed results with those

obtained experimentally, under identical loading condition.
Example 3

The bolt has been tightened to 60 1lb-in. and an external
compressive load of 200 1lb has been applied. The average stress

using equation (2-53) is computed in the first part of this

example. The following results are obtained:
o|-BL [ K[ Kot K, z|C
45 -[— A +{er KbQZKf Fef F‘}l] IE

where, Kp fi;?l. "

- 926E41 .
KFe T (sh-x) '
ApEp :
and K = " .
b Lo

By substituting typical values of x = 3.0", t = 0.1",

-8, 0,175, b =10, 2r = 3" E_. = E, = 10 x 10%si
and y = 0.33, it follows that:
K, = 0.0740 x 10° 1b/in.
Kpg = 0.04233 x 107 1b/in.
K, = 4.3x 102 . 1b/in.

o Rl [/ z
l‘efore. KE = m[—i—*(l?O“Fe*Fg, !] ’




"

&E & 62.33(-2F°+2.5509Fe*l.5|=u) ,

&E = 2.3 (o-nge'H",Fk) 0 (3‘4)

By substituting for T (60 lh-in.) into equation (3-3) gives
60
i 5
o.ua(__)
16

F

Substituting the above value of Fi into equation (2-4) gives

koo

FR = —-2— = 200 1b.

Following the procedure outlined previously, the portion

of the total external load of 200 1lb acting on the central 10"

section is:

Fe ~ 83.3 1v.

By substituting for Fp and Fe into equation (3-4), the
following result is obtained:

Lg = 21607.39 psi.

Comparing the average stress as determined experimentally
the computed theoretical stress leads to 48% difference.
The average stress is next computed by using equation

=72). The following results are obtained:

£ K,_we Ko+ Krp E+F x| Cc
g 4 Kb*Kf“e 2 IE ’

. miEt® (1 +0.4¢20C)
; Kplate = 0208 & (mE S L




KFe

Kp

58

96 Estl .
xIol-%) '
AvEp

Lo «

- Using the same typical values as in the first part,

it follows that:

K. iate 0.06165 x 107 1b/in.
Kpe = 0.04233 x 10 1b/in.
Ky = 4.3 x 10° 1b/in.
“Since Fecs 83.33 1b and FR = 200 1b as in the first part,

62.33 (-2F_ + 1.08752F, + 1.5F;) ,
62'33_“°9125Fe + 1.5F) ,

13959.6 psi.

i

Comparing the average stress as determined experimentally

and the computed theoretical stress leads to a 19.3% difference.
‘Example 4

The bolt has been tightened to 60 lb-in. and an external
Ompressive load of 400 1b has been applied. The first part of

is example will show the computation of the average stress by

*iNg equation (2-53) as in example 3. Using the same typical

‘iues as before,

<.

€quations (3-3) and (2-4) yields

= 62-33 (0-55996Fe + loSFR) . (3"5)
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FR = 200 1b. §

Following the procedure outlined previously, the
portion of the total external load of 400 1b acting on the

central 10" section is:

Fe & 166.66 1b,

By substituting the above values for FR and Fe into equation

(3-5) gives:

4<e = 24515.8 psi.

Comparing the average stress as determined experimentally
and the computed theoretical stress leads to a 64.4% difference.
Now, the average stress A<; is computed by using

equation (2-72). Following the method of examplé 3.

léf; = 62.33 (-.9125F, + 1.5F;) .

By substituting for Feg 166.66 1b and Fp = 200 ib, leads to:

/
‘fC; = 9220 psi.

Comparing the average stress as determined experimentally

and the computed theoretical stress leads to a 5.5% difference.

3.7 Bolt Strain Readings with an External Load Applied to the

Post-Face Connection

e —————————————

The same "Strainsert" bolt and instruments described in
Ction 3,3 were employed here. This part of the experimentation

included in order to determine the tensile force in the bolt



60

when an external load has been applied. It was necessary to
use the calibrated bolt strain readings VS tensile load
relationship as obtained previously from the curve in Figure 22,

The experimental results for this section are presented
in Tables 11 and 12. The tensile stress in the bolt as
determined experimentally was compared to the tensile stress
calculated from the equations derived in the previous chapter
(2-55), (2-56), (2-58) and (2-71).

Also included in this part are experimental bolt strain
readings for different hole locations, A, B, and C respectively.

The experimental results in which the distribution of the

applied external load can be determined by calculating the
percentage of strain (or stress) for each bolt is tabulated in
Tables 13 and 14.

The following example will show how the tensile force
in the bolt, as tabulated in Tables 11 and 12, was obtained
from the bolt strain reading. ‘

For Tébles 11 and 12, the bolt strain readings were
obtained by conducting the experiment with the bolt at hole C.
i For a tighfening torque of 10 1lb-in. and an external tensile

load of 200 1b, the strain reading was 1425 as tabulated in
Table 11,

Thus, the tensile force in the bolt can be computed
follows:

Tensile force = i&fé__ = 74.56 1b.

19.111
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TABLE 11

BOLT STRAIN READINGS AT HOLE C, WITH A TENSILE-TYPE
EXTERNAL LOAD APPLIED

TIGHTENING EXTERNAL STRAIN TENSILE
TORQUE LOAD F READINGS FORCE
(1b-in,) (1b) © - (1b)
10 0 1300 68.02
200 1425 7. 56

Loo 1864 97.54

600 2694 140.97

20 0 2582 135.10
200 2L 52  128.30

400 2842 148.71

600 3526 184.50

30 0 3964 207.42
200 3168 165.77

400 3310 173.20

600 3894 203.76

40 | 0 6787 . 355.14
200 5645 295.38

400 © o sEy 273.51

600 5588 292.40




TABLE 12

BOLT STRAIN READINGS AT HOLE C, WITH A COMPRESSIVE
EXTERNAL LOAD APPLIED

PIGHTENING EXTERNAL STRAIN TENSILE
(ggggg?) Lo?gb§e READINGS ?gggE
0 1297 67.87

200 1324 70.22

400 2054 107.48

600 2620 137.09

g3 2546 133.22

200 3264 170.79

400 4152 217.25

600 5179 270.99

0 4081 213. 54

200 5084 266.02

koo 6185 323.64

600 6954 363.87

0 6653 348.12

200 7784 407.30

400 8807 460.83

600 9819 513.79

i
l

o




TABLE 13
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BOLT STRAIN READINGS AT HOLES A, B, AND C WITH
A TENSILE-TYPE EXTERNAL LOAD APPLIED

an be determined as follows:

the bolt strain reading at hole A =

2314

PIGHTENING |EXTERNAL | STRAIN | STRAIN | STRAIN | PORTION(%)
TORQUE LOAD | READINGS |READINGS | READINGS | OF F_ ACTING
(1b-in.) | (1b) AT HOLE | AT HOLE | AT HOLE | ON SECTION C
10 0 1814 1586 1008 0
200 2314 2324 1210 20.6
100 3268 3900 1978 21.62
600 4362 5562 2882 22.5
20 0 1664 4686 3530 0
200 3628 3802 3568 32.44
400 3676 4212 3719 32.0
600 bl25 5500 3966 28.5
30 0. 7084 8012 634k 0
200 5980 7966 5412 27.96
400 5076 6148 5552 TP
600 5046 6488 5730 33.19

The portlon (by percent) of the total external load,

lctlng on the section of the post-face which consists of hole C,

From the experimental data in Table 13, for a torque of

’ 1b-in. and, an external load of 200 1b, it follows that:




BOLT STRAIN READINGS AT HOLES A, B,

TABLE 14
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AND C WITH
A COMPRESSIVE EXTERNAL LOAD APPLIED

® calculated as:

% Load at hole C =

the bolt strain reading at hole C

1210

TIGHTENING | EXTERNAL STRAIN STRAIN STRAIN |(PORTION(%)
TORQUE LOAD Fe READINGS | READINGS | READINGS |OF Fe ACTING
(1b-in.) (1p) AT §0LE AT gOLE AT gOLE ON SECTION C

10 0 1968 1754 1246 0
200 2764 2500 1282 19.6
400 3926 3554 1712 18.62
600 4956 4528 2560 21.26
20 0 3936 4364 2624 0
200 5098 shih 2945 21.84
400 6196 6521 3900 23.16
600 7186 7518 L832 24.75
30 0 6488 7170 5385 0
200 7832 8190 6278 28.15
Loo 8855 9274 7240 28.54
' L=:j 600 9840 9980 8254 29.4
the bolt strain reading at hole B = 2324
= 1210

Therefore, the portion of the total load at hole C can

x 100 ’ >

(2314 + 2324 + 1210)
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= 20.6% .

In other words, the load applied to the section that
contains hole C is equal to 20.6 percent of total external
load of 200 1b, or 41.2 1b.

The following example problems are presented to show
the comparison between the experimental results of the bolt
stress presented in this chapter and, the theoretical bolt

stress using the equations derived in the last chapter.

Example 1

Given a tightening torque of 10 1lb-in. and an external
tensile-type load of 400 1lb. The tensile stress in the bolt
can be computed by using either equation (2-55) or (2-56).

In order to make a decision on which equation to use, it is
necessary to compute the limiting value of Fe from equation

(2-25); i.e.,

2 Kg [ Kpt 2Kp
(Fe)limit KP(Kb+K& R ¢
where, Kp & —ZA%L ’
9bEL(]
KFe Ty 2 : ’
and = Aoko .
Ky A
By substituting the typical values of x = 2.5".‘X(= 8%,

g - 1.75", b = 8", t = 0.1*, D= 2., 2r = 2, and
16

8
e * Eb = 10 x 106 psi, the following results are obtained:

K, = 0.1024 x 10° 1b/in.
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Ke = 0.0476 x 107 1b/in.
e
and, (Fe)limit = 0.4816FR 1b.

Substituting for T (10 1b-in.) into equation (3-3) gives

P, = e
0.48(3_ '
F. = 66.6216) 1b.

1

Substituting the above value of Fi into equation (2-4) yields

' 66.66
Fo = > = 33.33 1b.
|
Therefore, (Fe)limit=' 16.05 1b.

From Table 13, the portion of the total external load

on this section is 21.62 percent.

25 s ' 21.62 x 400
=
e e 100
x 86.5 1b.

It follows thats  F, > (Fg)iimit

Hence, the tensile stress will be obtained by using
€quation (2-55), or,

F‘
ZgL ;; ’

ésb o 86.48 :
0.0767

&, = 1127.5 psi.
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From the experimental results, Table 11, the tensile
force in the bolt for this case is 97.5 1b. The tensile

stress in the bolt, dividing by it's area, is:

A, = 975 . 1271.7 °  psi.
, 0.0767

Comparing the above two values of the tensile bolt

stress leads to an 11.3% difference.
Example 2

Given a tightening torque of 10 lb-in. and an external

compressive load of 400 1lb. The tensile stress is obtained

by using equations (2-58) and (2-71).
First, the tensile stress.ng y, is determined by using
equation (2-58) » i Q. ’

ﬁ Kb+K§
A = % Kk Kb'z’(f)-l]':e * 2R
b Ap J

By substituting the typical values of x = 3%",A(= ary

2 : 50. 3n Y
/b:lz;,b:B,t:O.-l,D:R,Zr:.g andEsszb_

10 x 106psi. The following results are obtained:

K, = 0.0466 x 10° 1b/in.
Kpg = 0.0292 x 10° 1b/in. -
Ky = 4.3 x 10° 1b/in.,

From Table 14, the proportion of the total load acting
O this segment is equal to 18.62 percent. fl

18.62 x 400 i
That i 8 F = [] H\E
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Fe = 74,5 1b.

For the tightening torque of 10 1lb-in., and using
equations (3-3) and (2-4) gives

F = 33.33 1b.
226 .4 ;
It follows thats £, = ST 2952.3  psi.

Now, using equation (2-71) to determine the tensile

stress,
Kplfe [ Ko + K | £
e
bug” A.b »
_ mERGs0420t)
WieDs, Kpla‘ce T 0203 &K (mi-1) ’

By suﬁstituting the same typical values as before,

the following results are obtained:

Kyjate = 0-05299 x 107 1b/in.
Kpe = 0.0292 x 10 1b/in.
K, = 4.3 x 10° 1b/in.
Since, Fe = 74.5 1b,
and Fp = 33.33 1v,
& = zfz;zs = 1650.8  psi.

From the experimental results, Table 12, the tensile
force in the bolt in this case is equal to 107.5 1lb. Dividing

this by the bolts' area gives an experimental bolt-stress of




69

A Wi 1401.3 i
= = . Sl.
0.0767 o

Comparing the tensile bolt stress from the above
experimental result and from equation (2-58) leads to 52.2%

difference.

Comparing the tensile bolt stress from the above
experimental result and from equation (2-71) leads to 15.1%

difference.
Example 3

Given a tightening torque of 20 1lb-in., and an external
tensile-=type load of 600 1lb. The tensile stress in the bolt
can be computed by using either equation (2-55) or (2-56).

A limiting value of Fe can be obtained as in example 1 and,

using the same typical values as before in (2-25), gives the

following result:

(Fo)yiimit = O-4816Fp . 1b.

Substituting for T (20 lb-in.) into equation (3-3) gives

y : 20
g o.ua(é_

16
Py 7= 133.33 1b.

Substituting the above value of Fi into equation (2-4) gives

poconige 192:3 of “gelpe 1b.
2

/

-
us, (Fe)limit= 0.4816 x 66.66




70

(P ) yiacn 32.1 1b.

From Table 13, the proportion of the total external
load acting on this segment is equal to 28.5 percent.

x 600

r 28.5
That is, F =
.. 100

171 1b.

It then follows thats F_> (F )jjn:¢ -

Dividing the above by the area, gives the tensile stress; i.e.,

¥ o .

o
PR
b T 5.0767
KL, = 2229.5 psi.

From the experimental results, Table 11, the tensile
force in the bolt is equal to 184.5 1b which gives a tensile

stress of:

184.5 Sgs = 1
= S ————. = . Sl.
5 0.0767 11s

Comparing the above two values of tensile bolt stress

leads to a 7.3% difference.
Example 4

Given a tightening torque of 20 1lb-in. and an external
Compregsive load of 600 1b. The tensile ‘stress is obtained by

! ing equations (2-58) and (2-71).
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Repeating the procedure outlined in the last three

examples by first substituting into equation (2-58) gives:

(2.145) Fe + ZFR

£ B .
Ay

From Table 14, the proportion of the total external

load acting on the segment is equal to 24.75 percent.

24 .75 x 600
Then, Fe = 100 | = 148.5 1b,
and since FR " 66 .66 1b,
4</ 451,86 8 .
it follows that e 576;37 = 5891.3 psi.

Now, using equation (2-71), and the same typical values
as before leads tos

0-80’+Fe + 2FR
4‘9 = A : ’

b

and substituting Fe

= 148.5 1b and FR = 66.66 1b gives
&b = -2—53:93 = 329605 ; pSio
0.0767

From the experimental results, Table ,2, the tensile

force in the bolt is equal to 270.9 1b and the tensile stress
will be:

R S WP ad psi.
Comparing the tensile bolt stress from the above
eXperimental result and from equation (2-58) leads to a 40%
difference.
Comparing the tensile bolt stress from the above

erimental result and from equation (2-71) leads to a 6.7%
fference,
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CHAPTER IV
EXPERIMENTAL FATIGUE INVESTIGATIONS

4,1 Introduction

From a previous investigations [l]. it was found that
it would not be practical to determine the fatigue properties
of signs and their related hardware through the use of field
mounted sign installations, because of the following obvious
reasons:

1. the lack of control aver atmospheric wind conditions
and,

2. the long time period required to achieve a fatigue
failure.

Therefore, it was decided, in both the referenced and
current study, to determine the fatigue properties of the
present and proposed sign systems by subjecting them to
mechanical oscillatory-type tests. The MTS machine was selected
for the conduct of these tests.

Thus, the purpose of this chapter is the establishment
Of the fatigue strength of the typical sign face fastened to a
standard post with various initial bolt torques and connection
modifications. Because of the size of the loading frame of the
NTS machine, the sign blank material was reduced in size, as

Compared to a true sign,as shown in Figure 2. Therefore, the

Common size face used in the experimentation was 12" x 24" with
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a span of 8". The 24" length dimension allows for a hole
spacing of 10" center-to-center and a 2" center-to-edge
dimension.

In order to minimize the testing time, the testing
frequency was as high as possible and the dynamic load applied
was selected so as to cause a stress, at the most critically
stresses section, in excess of the fatigue strength of the
face material. Therefore, a desirable dynamic load for this

test would be 600 1lb (see Appendix A).

4,2 Standard Connection

The sign face blank was fastened to a standard post

and a bending-type load was applied directly to the arrangement

as shown in Figure 26 below.

Figure 26 Photograph of Standard Connection
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L,2.1 Testing Procedures and Results

In the conduct of these tests, an oscillating-type
bending load with an amplitude of I 600 1b was selected. The
Servo Controller of the MTS was adjusted to produce the
displacement amplitudes that resulted in the desired loading.
The test frequency used was 1.2 hz. This resulted from the
inability of the servo-system to respond to the required
displacement amplitudes at higher frequencies. The results

of the fatigue testing conducted using the standard 18 aluminum
bolt and flat washer are given in Table 15.

The face in each test was inspected by the naked eye
for cracks after approximately every ten to twenty thousand
cycles. When the first crack appeared, it was so fine that it
was hardly noticeable by the naked eye. Thus, this condition
was not taken as fatigue failure, On the other hand, it was
not necessary to continue a test to the point where the sign
face was torn completely loose from the post in order to create
a fatigue failure. Then, it follows that the establishment of
a failure criteria was required. Therefore, it was decided to
consider a fatigue failure as having occurred with a crack
originating at the mount%ng hole and propagating radially
outward to a length of % . |

In some tests, there were a number of cracks at the
mounting hole that could not be seeh by the naked eye. 1In
Order to complete the inspection in this case and determine

the number of cracks and their length of propagation, it was

Necessary to use a dye penetrant which was capable of detecting




FAILURE NOTES
CRACK LENGTHS

TABLE 15
TABULATION OF FATIGUE TESTS USING A STANDARD CONNECTION
TEST | NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF
(1b-in.) (CPS) (1b) CYCLES IN INCHES
l"
16 A 2R - I NAX.
B 0.1 NO. 4 60 1.2 *600 178,687 | 1p - 12
STEEL F
c 2R - Tz MAX; 1P - 13"
l"
17 A 2R - T MAX.
B 0.1 " 60 1.2 2600 164,078 | 1p - 21"
c NO CRACKS
" l"
18 A 2R- MAX; 2P-3" MAX.
B 0.l » 60 Xs 2 2600 238,553 | 2P - 2" MAX.
1" 3-.
c 2R - ) - 12
1z MAX: 1P - 1f

GL
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TABLE 15 CONTINUED

: e e ———
TEST |NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
ln
19 A 4R - T hax.
B 0.1 NO. U4 60 1.2 2600 167,200 | 1R - lg
STEEL 1
- NO CRACKS
5 A 1R - %"
+ 1"
B Q.1 " 80 1.2 ¥600 109,131 |1P - 5
I 3o
c 3R -  MAX; 1P - 17
1" .
9 A 2R - 7 MAX; 1P - 13"
B 0.1 " 80 1.2 2600 106,620 | NO CRACKS
c IR - &
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TABLE 15 CONTINUED

TEST |NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
ln
12 A 4R - T MAX.
B 0.1 NO. 4 80 1.2 2600 163,596 |1P - 23"
STEEL i
C 1P - 2’5
% A 1R - %" MAX.
B 0.1 " 80 1.2 Z600 150,9%0 |1P - 11"
g "
c IR - g3 1P - g
1"
6 A 3R - I MAX.,
B 0.1 " 100 1.2 *600 80,000 |2R-1" MAX; 2P-1" MAX.
‘]_." ' ;-n
c 2R - i MAX; 1P - 3

Le




TABLE 15 CONTINUED

TEST |NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCE | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
10 A 2R - %“ MAX .
B 0.1 NO. 4 100 1.2 2600 100,402 | NO CRACKS
STEEL
c 1P - 1%®
ln
11 A 3R - m MAX.
B 0.1 " 100 1.2 *600 81,000 | NO CRACKS
c 2R - % MAX; 1P - 1&"
13 A 1R - %"
B 0.1 " 100 1.2 ¥600 101,000 | NO CRACKS
c R = 25 1P - g
e ——— —

22




TABLE 15 CONTINUED

= ,
TEST | NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FATILURE NOTFS
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
i :
7 A 1R - 3% |
B 0.1 No. & | 120 1.2 *600 76,200 | 2R - 2g MAX; 1P - 13"
STEEL 1
c 2R - % MAX; 1P - 1"
1* 1"
8 A 2R - & MAX; 1P - 3
B 0.1 " 120 1.2 *600 77,400 | 1R - %"
c 2R - 1" max.
16
l A lP o l.u
5 m
B . 0.1 " 120 1.2 2600 98,000 | 1R - %
c 1P - 2"
e

64




the finest of cracks.

Two types of cracks occurred in the tests; namely, a
radial type, noted by R in Table 15, which originates at the
mounting hcle and propagates radially outward; and, a parallel-
type, noted by P, which is parallel to the post along the line
of contact between the post and sign face.

A close-up of the fatigue cracks for the standard
connection is shown in Figure 27. From the results of the
fatigue testing presented in Table 15, it is seen that excessive
fastener bolt torque tends to greatly reduce the fatigue strength

of a sign.

- Figure 27 Photograph of Typical Cracks for Standard Connection I




4,3 Modified Connection

In an effort to reduce or eliminate the parallel-type
cracks obtained with the standard connection, the face blank
was fastened to the post with half pipes mounted along the
entire length of each edge of the post between the post and
blank as shown in Figure 28. A steel pipe l%" outside diameter

and 24" in length was cut into halves as shown in Figure 29.

4.3.1 Testinz Procedures and Results

In this test, the same oscillating-type bending load,
test frequency, and procedure were used as was used for the '
standard connection tests. The results of the fatigue testing
conducted in this case are given in Table 16.

Inspecting the sign face for cracks, as was done
previously, showed radial-type cracks at the mounting hole
area. The parallel-type cracks which would be in line with
the pipe were eliminated, fhat is, the bending stress along
this line was reduced and transmitted to the mounting hole area.
The fatigue failure criteria for this test was the same as used
in the standard connection testing.

A close-up view of the fatigue cracks of a test using

this modified connection is shown in Figure 30.




L BULATION OF FATIGUE TESTS USING A MODIFIED CONNECTION

TEST | NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
ln
20 A 2R - 7 MAX.
B 0.1 NO. 4 80 1.2 *600 161,733 1R - %3
STEEL
C 3R - % MAX .
ln
21 A 2R -  MAX.
B 0.1 " 80 1.2 *600 169,000 1R - %"
3"
Cc 2R - 18 MAX.
ln
B 0.1 " 80 1.2 ¥600 145, 364 NO CRACKS
3'!
Cc 2R =3
16

28




TABLE 16 CONTINUED

TEST |NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (cps) (1b) CYCLES IN INCHES
26 A NO CRACKS
. ' ln
B 0.1 NO. 4 80 1.2 2600 154,483 3R - MAX.
STEEL ; :
c 3R - MAX.
1”
22 A 2R - 5 MAX.
B 0.1 " 100 1.2 ¥600 120,000 NO CRACKS
l"
C 2R -— MA.X-
yry
l"
23 A 2R - I MAX.
B 0.1 " 100 1.2 ¥600 88, 314 NO CRACKS
c 2R - ,1;" MAX.

£8
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Figure 28 Photograph of Modified Connection

Figure 29 Photograph of Half Pipes

85
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Figure 30 Photograph of Typical Cracks for Modified Connection

4.4 Connection with a Proposed Back-Up Plate

The sign face blank as fastened to a post when using
the proposed back-up device under the direct loading arrangement
is shown in Figure 31. The designed proposed back-up strip is
shown in Figure 32. The strip consists simply of a strip of
aluminum blanking material which has been deformed by bending

Over the edge of its mating post.

by Testing Procedures and Results

The loading arrangement and frequency were the same as
in the previous tests. The results of the fatigue testing for

*his case are given in Table 17:



TABULATION OF FATIGUE TESTS USING A PROPOSED

TABLE 17

BACK-UP PLATE

TEST | NOM. GAUGE. | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
28 A 2P - 13 MAX.
B 0.1 NO. 4 80 1.2 2600 167,000 1P - 24"
STEEL
c , NO CRACKS
29 A 2P - 2" MAX.
B 0.1 " 80 1.2 *600 171,924 1P - 2%”
c 1P - 3"
lﬂ
30 A 1P - 25
B 0.1 " 80 1.2 2600 140,000 1P - 14"
C 2P - 1" MAX.

L8



TABLE 17 CONTINUED

TEST | NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTFS
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES
33 A 1P - 1%"
B 0.1 NO. &4 80 1.2 2600 145,000 1P - 1%
STEEL
c 2P - 13"
31 A 1P = l%u
B 0.1 " 100 1.2 2600 105,600 1P - 1§"
c 2P - 11" MAX.
32 A 1P - 13"
3"
B 0.1 " 100 1.2 2600 130,000 1P - 1
c 2P - 1i" MAX.

1l

|
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TABLE 17 CONTINUED

TEST |NOM. GAUGE | POST BOLT TEST DYNAMIC | NUMBER FAILURE NOTES
NUMBER | THICKNESS | TYPE TORQUE | FREQUENCY | LOAD OF CRACK LENGTHS
(1b-in.) (CPS) (1b) CYCLES IN INCHES

3“‘ A 1P - l‘%‘ "

B 0.1 NO. &4 100 1.2 *600 123,337 1P - 13~

STEEL 5

c 1P - 13

35 A 1P - 13"
B 0.1 " 100 1.2 2600 131,089 2P - 2" MAX.

3"

c 1P - 1

68



90

Figure 31 Photograph of Connection with a Proposed Back-Up |
Plate |

Figure 32 Photograph of Back-Up Strip
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Inspection of the face for cracks with this test
revealed the presence of the parallel-type cracks which were
in line with the edge of the back-up plate. The radial-type
cracks at the mounting hole were eliminated. This apparently
results from the fact that the back-up plate carries some of
the initial bending stress induced in the sign blank by the
bolt.

In order to compare the results of this test with the

results of the standard connection test, the failure criteria

for this test was based on the maximum length of parallel-type

crack from Table 15. For example, the maximum length of
parallel crack = 21" for test numbers 5, 9, 12 and 14 (all at
80 1lb-in. bolt torque). Therefore, the failure criteria was
taken as a 23" long P-type crack for 80 1lb-in. bolt-torque.

A close-up view of the fatigue cracks using the
connection with proposed back-up plate is shown in Figure 33.

In conducting the tests for these three connections,
the aluminum bolts were found to have adequate strength and
managed to remain fastened. Also, the post involved never
failed, and did not appear to have any detectable fatigue
failure effects.

To assist in evaluating the fatigue test results
contained in Tables 15, 16 and 17, the following notations
and reference notes were used:

Each face has three holes and fasteners, denoted as
A, B, C. A and C are the two outside holes, 2" away from

their respective edges. Hole B is the center hole with a 10"
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Figure 33 Photograph of Typical Cracks by Using Proposed
Back-Up Plate
center-to-center dimension from A and C.

Bolt-torque refers to the initial torque applied to
each of the fastening bolt nuts just prior to testing.

The fatigue cracks are referenced as "P" and "R",
which designate parallel and radial cracks respectively as
explained previously. |

A close examination of the fatigue test results,
tabulated in Tables 15, 16 and 17, reveals the following:

l. Excessive fastener bolt torque tends to greatly reduce
the fatigue strength of a sign; e.g., compare test
numbers 16, 17,18 and 19 (60 lb-in.) in which the number

of cycles required to cause the cracks is significantly
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greater than the number of cycles required for test
numbers 7, 8 and 15.

There were some eariy failures in the standard connection
when the same bolt torque and the same dynamic load were
applied. " This is evident from test numbers 5 and 9 which
failed before test numbers 12 and 14 indicating some
inconsistency of the results. This was not unexpected.
The use of the half steel pipe along the edge of the post
was found to increase the fatigue strength of the system
in comparison to the standard connection under the same
loading condition and the same bolt torque. This appears
by comparing test numbers 6, 10, 11, 13 with 22, 23, 24
and 27.

The use of the half steel pipe along the edge of the post
eliminated the parallel type of cracking. However, the
radial-type cracks continued to occur.

The use of the back-up device was found to improve the
fatigue strength of a sign connection when compared to
the standard connection. This follows by comparing test
numbers 28, 29, 30, 33 with 5, 9, 12 and 14. It was also
found that the use of the back-up plate resulted only in
parallel-type cracks in line with the edge of the back-up.
In the modified connection and the connection with the
proposed back-up plate, excessive fastener bolt torque

also tends to reduce the fatigue strength of the system.
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CHAPTER V

CONCLUSIONS AND DISCUSSION

5.1 Conclusions

In the analysis of the typical highway sign face to
post connection, it was seen that simple beam theory can be
applied when an external tensile-fype load is applied to the
post-face connection. In the case where an external compressive
load was applied, the theoretical value of bolt force, equation
(2-35), which was obtained by using simple beam theory, led to a
poor correlation with experimental results. Therefore, it was
decided to use plate theory for the deflection of the sign face
under the bolt's load in this case in order to improve this
correlation. The final formulations for bolt force, equation
(2-70), was thus obtained. ;

The bending stress in the sign face at the mounting hole
area, resulting from an initial preload, Fi' caused by tightening
the bolts, can be determined by equation (2-41). The stresses
at the mounting hole area resulting from the application of an
external tensile load and compressive load can be determined
by using equations (2-47) or (2-48) and (2-72), respectively.

The fatigue loading in this project had the form of a sine wave
which means that the applied load changes from a compressive
amplitude in one direction to a tensile amplitude in the opposite

direction. The fluctuating stress in the sign face at the
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mounting hole area can then be determined based on the amplitude
values. This is done in the next section.
The stress in the bolt resulting from:
l. the initial preload, Fi'
2., the application of an external tensile load, and
3. the application of a compressive load
can be determined by using equations (2-3), (2-55) or (2-56)
and (2-71) respectively. Similarly, the fluctuating bolt
stress can be determined and will be computed in the next
section.
In conducting the static experimentation of the bolt
and the sign face, as explained in Chapter III, the average
stress at the mounting hole area resulting from an initial
preload, Fi' (bolt torque), was obtained as described in
Section 3.2.and the percentage difference of about 8 percent
from the theoretical equation (2-41) was obtained. The average
stress at the mounting hole area from the experimental results
in Section 3.6, when an ekternal load; Fe' was applied, produced
a percentage difference of about 5 to 20 percent from the
theoretical values given by equations (2-47), (2-48) and (2-72).
In Section 3.7, the tensile stress in the bolt from the experimental
results, when an external load, Fe' was applied, produced a
difference of about 2 to 15 percent from the theoretical values
given by equations (2-55), (2-56) and (2-71).
In the experimental fatigue investigations of the sign |
face to post connection using the MTS machine to subject current

and proposed sign systems to stresses exceeding the fatigue limit,
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the following can be concluded:

1.

The most significant result was the effect of "over
torqueing" of the fastener bolts. This greatly reduced
the fatigue strength of the system.

The use of half steel pipes along the line of contact
between the sign face and the edges of the post can
improve the fatigue strength and reduce or eliminate the
detrimental effect of localizing the load transmission,
from face to post, along this line of contact.

The use of a back-up device can improve the fatigue
strength and reduce or eliminate detrimental effect of
localizing the load transmission at each mounting hole
area.

The fastener bolts were found to have adequate strength

and managed to remain fastened without any fatigue damage.

5.2 Discussion

When specific values were substituted into equations

(2-53) and (2-72), derived using simple beam theory and plate

theory respectively, and the analytical values compared to the

experimental results at the same loading conditions, it was

found that the analytical values obtained from beam theory

lead to larger percentage differences than those resulting

from plate theory. This was demonstrated through examples 3

and 4 in Section 3.6.

computed by using equation (2-53) led to a difference of about

48 percent from the experimental result. The average stress

Here it was shown that the average stress
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computed by using equation (2-72) resulted in a difference of
about 19 percent from the experimental value, in example 3 where
plate theory was used.

In considering the mounting hole area, point E, the
average stress at this point can be obtained by substituting
specific values into equations (2-41), (2-47) or (2-48) and
(2-72)., Thus, the fluctuating bending stress in the sign face
at the mounting hole area can be plotted as a function of time.
For example, when the bolt was tightened to 60 1lb-in. torque
and a completely reversed external load of 1200 1b has been
applied, the average stress, using equation (2-41), was found
from the example in Section 3.5 to be 21,818 psi. The average
stresses calculated by using equations (2-47) and (2-72), were
equal to 12,612 and 13,960 psi respectively, from examples 1 '
and 3 in-Section 3.6. Now, assuming a sinusoidal load variation,
the fluctuating stress at the mounting hole area can be plotted
as a function of time from these analytical values, and is shown
in Figure 34.

The fluctuating stress at the mounting hole area can
also be plotted as a function of time from the experimental
results of Sections 3.2 and 3.6 and are also shown in Figure 34.

Similarly, the stresses in the bolt were computed by
using equations (2-3), (2-55) or (2-56) and (2-71), and the
fluctuating stress in the bolt can be plotted. For example,
when the bolt has been tightened to 20 1lb-in. torque and a
completely reversed external load 2600 1b has been applied, the

stresses in the bolt, in examples 3 and 4, Section 3.7, calculated
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Figure 34 Fluctuating Stress in the Sign Face at the Mounting
Hole Area

by using equations (2-55) and (2-71), were equal to 2229 psi
and 3296 psi respectively.

The stress in the bolt calculated by using equation
(2-3) follows: :
substituting for T (20 1lb-in.) in equation (3-3) gives

F, = -—32———~ = 133.33 1b.

$ .uso(.f.g

Substituting for Fi in equation (2-3) yields
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133.33 "
= Se———— = l 8' L]
2Rk 30767 738.33 psi

Now, the fluctuating stress in the bolt can be plotted
as a function of time from these analytical values, and is
shown in Figure 35.

The fluctuating stress in the bolt can also be plotted
as a function of time from the experimental results of Section

3.7 and are also shown in Figure 35.

o
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Figure 35 Fluctuating Stress in the Bolt.

In a close examination of all the equations obtained
in Chapter 1I,.it was seen that the most sensitive parameter
in those equations is x, which is the distance between the
edges of post. In practice, it was very difficult to determine
the exact value of x since the distance, x, may vary from 2" to

33" depending on the direction of loading. Therefore, the value
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of x for each specific case was chosen from this range and
the fairly accurate results obtained justify its use in each
case. For éxample, in considering equation (2-72) used in

the example 3, from Section 3.6, substitution of the typical
values of x = 3“..[ = BY, /Q = 1%", b= 10"t = 0,1", D'= %%,
2r = g". and Esf = Eb = 10 x lO6 psi resulted in an average
stress at point E of 13959.6 psi. If the value of x is changed

to 33" and the others are unchanged, the following results are

obtained:
Kolate = 004544 x 107 1b/in.
Kpe = 0.03186 x 105 1b/in.
Ky = 4.3 x 107 1b/in.

Substituting Kplate' KFe' Kb and the specific values

into equation (2-72) gives
45 = 62033 (-2Fe + lale'LI'ZFe + lo?SFR).

and substituting Fe = 83.3 1b and FR = 200 1b as in example 3,
leads to

£

62.33 (-62.98 + 350) psi .

17839.9 psi.

It is thus seen from the above example that when the
value of x is changed from 3 to 3.5", the value of average
stress is changed, causing the difference between analytical

and experimental results to change from 19 to 37 percent,
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respectively.

The final consideration concerns the equations for
R? (2-24) and R® (2-3%). It was seen that the value of R®
from equation (2-24) must be less than Fr» and R® from
equation (2-34) must be greater than FR. This then agrees
with the conclusions from equation (2-17), that IRa| <| FRI i
and from (2-30), that |Rb|;>|FR| . Thus, the assumptions

included in this analyses were correct or can be said to hold

true for this study.
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APPENDIX A

Static Bending Stress Calculation
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STATIC BENDING STRESS CALCULATION

The maximum bending stress at point A, due to load P,
applied at point B, as shown in figure below can be expressed

as follows:

L
""‘_ﬂ-

b
|

Assumes At point A, there is no bending moment from
the initial preload Fi caused by tightening the bolt. Then

from the simple bending stress equation,

£ =g , (a-1)

where: é<

bending stress, psi, and,

M = bendihg moment, 1lb-in.
I = moment of inertia, inu
bt

—— [

12
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e PO -
S = section modulus, in3
= 1
= )
5 O,
-

By substituting typical values for P = 600 1b, L = T

b= 24" and t = 0.1" into equation (A-1l) gives
4 600 x%

24 2
= X (0.1)

33,750 psi.

From the table "Typical Mechanical Properties", page 26,
"Alco Aluminum Hangbook", it was found that:

Alloy 6063 - T6, endurance limit or fatigue strength
is equal to 10,000 psi.

Thus, it is seen that a 600 1lb force at point B results
in a bending stress at point A that exceeds the endurance limit

stress by a factor greater than three.
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