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ABSTRACT

The design of a device incorporating a mechanical
loading system to study fatigue crack propagetion using
compact tension specimens has been completed. The machine has
the capebility of loading the specimen from a minimum of
zero load up to a maximum of seventy-six thousand newtons. Any
cyclic load range within this upper and lower bound is
achievable by changing a system of static weights. Provisions
for collecting fatigue crack propagation data while the speci-
men is subjeéted to various aggressive environments have been
incorporated in the design. An envi?onmental chamber which
can be accommodated by the device has been proposed. A
simplified device was built to test thé loading scheme. Data
taken using this device is compared to data taken using a

servo~-hydraulic test machine.
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1. Introduction

This report has its origin in an extensive five yéar
federally funded program for the Federal Highway Administration
of the Department of Transportation. Two of the main areas
of interest within the program are (1) to study the effects
of various corrosive environments on fatigue éraék propagation
in bridge steels, and (2) to obtain infofmatiqn in.régafd
to threshold levels of fatigue crack propagation at cyclic
freqﬁencies of one hertz or less both in benign and aggressive
environments. |

A typical curve showing the three regions'of fatigue

crack growth is given in figure 1 where-g% is the fatigue

d

crack growth rate pef cycle and 4K is the stress intensity

factor range.

da
dN

Fig., 1
The limiting value of the stress intensity factor

range in region I below which a fatigue crack will not propagate,
v - ’

is known as the threshold value of the stress intensity factor

range, AKTH. The threshold growth rates of region i are defined

by growth rates on the order of 1x10m7 mm/cycle.

2.
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In region II the fatigue crack propagation behavior
can be modelled by the Paris equation:

da _ n
aN - A(AK)

Thus, a plot of log(%%) versus logfAK) in region II will yield
a straight line whose slope is numerically equal to the constant
n.

Some fatigue crack propagation data was collected
during tesfing of compact tension specimens as part of the work
reported here. The material tested was a 1035 grade steel

with the following mean material properties:

Yield Stress 365.8 MPa
Tensile Strength | 544.7 MPa
Elongation in 203.4 mm 24.1%
- Area Reduction 55.3%

This material was used in the testing because it was immedi-
ately available and because it was one of the steel grades
which was to be tested in the DOT project. Thus, the data
coilected could be uséd as a baseline for data to be collected
- in the’DOT project. A proposed ASTM load shedding test pro-
cedure was used during the testing to evéluate its ability to
facilitate the determination of AKTH in a reproducible manner.
The procedure was found to be acceptable and will be used

in the DOT project testing.



The test is begun by precracking the specimen at a
stress intensity factor range, AK, high enough to facilitate
the initiation of a fatigue crack. Once a crack is established,
thg load range, AP, is decreased in a series of Steps to
dégrgase AK. This is accomplished by decreasing the load by

ten percent each time the fatigue crack has extended a distance

not less than the plastic zone radius determined from:

1, Ky2 1

==,

21 \o
ys

where oys is the yield strength of the material. Crack length,

a, and the number of applied load cycles, N, are recorded. . The

crack length is determined using a traveling microscope. A

typical increment of crack extension is taken as 0.5 mm.

This load shedding procedure is followed until AKTH is

determined. AK is then allowed to increase by maintaining

the load range at a constant value. a-N data is then

taken with AK increasing. The slope of the curve plotted

from the a-N data is the crack growth rate, %%. Thus, from

the a-N data a curve representing the crack growth rate

versus the stress intensity factpr range can be constructed.
When testing at low values of the stresslintensity

factor range a relatively large number of load cycles must be

1Stanley T. Rolfe and John M. Barsom, Fracture and Fatigue
Control in Structures (Englewood Cliffs, New Jersey:
Prentice-Hall, 1977), p. 60.




applied to the specimen in order to determine AK The

TH'
average-numbér‘of load c}cles required to smoothly decrease
.AK down to AKTH and then allow AK to smoothly ingrease, was
approximately forty-seven million cycles. At a loading frequency
of fifty hertz, the tests required two hundred sixty five hours
to complete. Figure 2 shows a plot of the data taken during
vthese tests. The threshold stress intensity factor range’
for this 1035 steel is seen to be approximate;y 3.3 MPavm
at a load ratio of 0.8.‘

The data for the DOT project is to be collected while
operating at a frequency of one cycle per second, as this
loading fréquency has been determined to be representative
of loading rates seen by bridges. Since the average number
6f cycles of loading during the threshold test was forty-seven
million, the time required to complete the test at a freqﬁency
of one hertz is 13250 hours, or about 1.5 years. Clearly,
a device which could be built economically to feliably do

the testing was desirable. Because the effects of aggressive

thé machine must have the capability of accommodating some
sort of environmental chamber. With a chamber surrounding
the test specimen, optical measurement of the crack length
would be difficult, if not impossible. A compliance technique

was chosen as being a viable method of determining the crack -
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Figure 2
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length under these conditions. The crack opening displacement
would be measured using a linearly varying displacement
transducer, LVDT.

When tesﬁing with the.more conveétionai servo—hydfaulic
machines, a current off-current on situation, or any event
which might cause a deviation in the load waveform, could
result in an overload to the specimen. An overload is a single
or multiple application of a load larger in magnitude tﬁan
the maximum load intended to be applied to the test specimen,
and has the effect of delaying the growth of the fatigue crack
ﬁy locally yielding the matefial at the crack tip. Since it
is extremely inconvenient to obtain a history of the loading
because of the large number of loading cycles, there is no way
of assuring that every load cycle is exactly the same as the
cycle before. Therefore if an overload would occur, an'éécurate
evaluation of the magnitude of the overload and the resulting
delay would be impossible. The relative\ease with which an
anti-overload scheme:could be incorporated in the'design, as
well as economy, reliability and corrosion fatigue testing
capabilities, made a mechanical device an attractive and
practical alternative.to the sefvo—hydraulic test devices.

The economy of the‘mechanical device is realized when the

0.2 H.P. required to power the mechanical device is compared

to the 20 H.P. required for a typical hydraulic unit.

7.



With the goal of developing a machine with the above

features in mind, this report proceeds.



2. Initial Design

A mechanical loading gystem, as compared to a servo-
hydraulic system, was chosen for its simplicity as well as
for ease at which an anti-overload safeguard could be built
in. The loading system consists of a set of weights attached

to the specimen as in figure 3.

Specimen
4 P1.
)
Fig. 3
That portion of the load due to P2 is removed by means
of a cam device while load.Pl is maintained. Load P2 is

then reapplied. In this manner a loading cycle is established.
The maximum load which can be applied to the specimen is the .

sum of P The. loading cycle is shown in figure 4.

1

plug PZ,

load
s~}
8
o)
%
o v)
1l
L2+ ]
T
2]
2] N
[

time
Fig. 4

The shock imparted to the specimen due to sudden

application and removal of load P, was reduced by using a

2

system of precision compression springs. A cam device drives

9..



"a spring-plate system to smoothly remove load P On the

2.
downward part of the cam cycle, load P2 is smoothly reapplied

g Specimen

1l

(figure 5).

[ 2 : '
_Jil 15 Spring-~Plate System -

Fig. 5

The maximum load Pmax is then applied when clearance

.is observed between the compression springs and load P Load

2.
P2 1s removed when clearance is observed between a washer at

the end of the rod connecting load P, to load P,, and P,

(figure 6)

1 Py
—= Connecting Rod —_—

) | Py
R I
Load P, Applied Load P, Removed
2 “PP Fig. 6 2

A photograph of a device incorporating this loading

scheme is shown in figure 7. This'device was built at Lehigh

University and was used to test the loading scheme described

above.

10.



Figure 7.
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3. Test of Loading Scheme

If the simble mechanical loading system was to be used
to generate data for the five-year study, it would have to
be shown that the system could reliably reproduce results of
data taken using the more conventional servo-hydraulic test
machines. Consequently, two tests were run simultaneously,
one using the servo-hydraﬁlic device and phe other using the
mechanical device. The specimens were of the compact tension

configuration shown in figure 8.

12.7 Dia Dimensions in Millimeters
2 Holes 4 \ ,

0l6

T 3.175
I _L:E 44,5 —> e
i .

N

N

.6

T |-<—— 63.5 ——>f

rfe—— 76.2 —>

After machining, the specimens were polished using 600
grit carborundum paper. Polishing strokes were perpendicular

to the machined notch.

The tests were to be run at a frequency of 1 cycle/sec.

To facilitate the initiation of a fatigue crack in a reasonable

12,



amount of time, both specimens were precracked on a servo-
hydraulic test machine at forty hertz. Because of limitations
in the amount of space available, 1200 Newtons was about the
maximum load the mechanical device could accommodate. From
the reéults of previous tests (figure 2) it was known that a
stress intensity factor range of AK = 14MPavm would yield
growth rates qf approximately 10_5 mm/cycle. Stress intensity

range, load, and crack length are related‘b§ the following

equation:
_ AP a :
AK = T f(w) )
where
2

a2y - 3 842 8y3_ 2\ 4 ay5
£(3) = 0.2960(3)+1.855(3)2+6.557(5)3-10.17(D) +6.389(w) , (2)

and b, a, and w are shown in figure 9.

b = thickness

T

@
-

Fig.

2Rolfe and Barsom, p. 42.
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min

The load ratio, R = P was to be R=0.1l. AP and R
max

can be shown to be related as follows:

AP = P - P
max min
Dividing through by Pmax’
AP _ 1 _“?min
P P
max max
But,
Pmin =R
P
max
Therefore,
AP = Pmax(l—R) (3)

Substituting the results of equation‘3 into equation 1 yields:

Pmax(l_R) a
ok = BAX_____ g3
b/ v
a, _ bvw
Q) = _awn &K (4)
© o max )

All quantities on the right side of equation 4 are
known and therefore the crack lengtﬁ necessary to produce a
stress intensity range AKé14MPa/5'with a maximum load of
1200 Newtons may be determined from equation 2. Cafrying out
the calculation yields, a=36.83 millimeters. Therefore, when

the crack length reached 36.83 millimeters the loading frequency

14,



was reduced to one cycle per second. At this point one
specimen was tested on the mechanical s&stem while thé other.
was simultaneously tested on a servo-hydraulic test device.
Crack length and number of load applications were recorded
and a plot of this data is given in figure 10. Fof both
tests, the crack length was measured using a traveling micro-
scope. It is intefesting to note that the specimen which was
being tested on the servo-hydraulic device was for unknown
reasons overloaded. The overload occurred sometime after

the crack length of 39.6 millimeters was determined, as can
“be seen in figure 10. As a result of the éverload a large
plastic zone was established at the crack tip. This caused
the fatigue crack to stop propagating. Consequently the testing
of this specimen had to be terminated. Note that an overload
of this type can not occur on the mechanical system. If for
some reason there is a powér sufge or the power is shut off,
the maximum load which can be transmitted to the specimen

is the sum of Pl and P2 shown in'figureAS.

da
dN

comparable data was being taken from both machines up until

A plot of versus AK in figure 11 shows that

the application of the overload.

15.
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(10‘-6 mm/cycle)

dN

da

Figure 11
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4., Final Design

' The final design was to have the capability of testing
-compact tension specimens of up to 25.4 mm in thickness.
To have this capacity,. loads in excess of 71000 Newtons would
have to be applied to the speciﬁen. A lever system was chosen
as a viable means of decreasing the amount of weight necessary
to achieve the desired loading. It can be seen in figure 12

that the lever has the effect of magnifying the load ten times.

—>| 50.8 |<——— 508 —— ]

Spécimen E ‘ —_Y -

Fig. 12

A device incorporating this idea is éhown in figure 13.
The device consists largely of a rigid frame composed of I-beams,
wide flange shapés, steel tubing and steel angle. .These compo-
nents were chosen for their inherent strength and availability.
The lever is composed of two parallel 25.4 mm thick bars
separated by a steel spacer which provides the necéssary
clearance for other components.

The cam which drives the spring-plate system to provide

the desired fatigue loading of the specimen is shown in figure

18.



Figure 13.

19.



14. Note that this entire assembly is to be located on the
152 mm wide flange (figure 13), but is not sbown in figure 13
for ease in drawing. The necessary straight line motion of
the spring-plate is guaranteed through the use of-a linear
pillow block bearing (figure 14).

A one hundred RPM gearhead motor drives the cam shaft
at 60 RPM by using a 76.2 mm, diameter pulley on the motor and
a 127 mm. diameter pulley on the cam shaft. The number of
loading cycles is determined by multiplying the elapsed time
by the speed of the cam shaft. Iﬁ this case, multiplying
the elapsed time in minutes by sixty will yield the number
of cycles of loading appliéd to the specimen.

As described above, the lever consists of two 25.4 mm.
thick bars. The pivot point of the lever is a roller bearing
which is pressed into the lever support. The static weight .
is attached tq the lever 50.8 centimeters from the pivot.

The specimen is attached to the lever on the opposite side

of the pivot and 5.08 centimeters from it. Moﬁnting of the
specimen to the lever is done as in figure B2, appendix B.

This configuration allows an environmental chamber to be
placed around the specimen and gripé. A possible chamber
could be a two piece construction fabricated out of clear 6 mm.

thick plexiglass bonded together with a silicon based adhesive.

20.
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Pan
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///r———Spring
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Figure 1l4. Loading System, Assembly
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The specimen and grips may be removed from the mounting
assembly by removing the two 19 mm. pins which hold them in
position. With the specimen and grips removed the chamber can
easily be installed. Piping to and from the chamber can be
added as is needed. The crack length will be determined using
a compliance technique by measuring crack opening displacement
using a LVDT and therefore the chamber must be large enough

to accommodate the transducer.

22..



5. Conclusions

Mechanically thé spring-plate loading system functioned
reliably. On the initial design some rocking of the weights
was evident while the machine was in operation. The addition
of a nylon bushing to guide the rod connecting the two weight
pans decreased the rocking motion to an acceptable level.

Although only a limited émount of data is available
to compare the device to ;he servo-hydraulic test machiné,
the data which was taken indicates that comparable growth rates
can be achieved on both test machines.

Compared to the conventionél test devices, the méchani—
cal device is relatively inexéensive. Coupled with its
simplicity is an anti-overload feature. Therefore, based on
the ease with which the dévice can be constructed, reliability
and cost, it is concluded that the device should be considered

for use in the DOT project.

23.
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APPENDIX A

CALCULATIONS

The design loads of the device will be based on the
loads which would be necessary to test a 25.4 millimeter
thick compact tension specimen with w=5.0 (figure 8) at a
load ratio of R=0.8. This is a conservative approach since
the device will be primarily used to test the standard ASTM
1-T compact tension specimen and therefore considerably lower
loads will be required. All Somponents of the device which
are part of the load path will be included in the analysis.
The load path paéses through tﬁe spring-plate, through the
connecting rods,'along the lever and into the sﬁecimen mounting
assembly. A minimum factor of safety of four will be used in
all calculations ekcept for bearings where size is a 1imi;ing

factor.

Bearing Selection

1. Cam follower
Under the above criterion, APmax=18680N. Therefore
the maximum load that the cam follower will be subject to is
1868N. The following factors are taken from Torrington
Catalog #478:
Speed Factor at 60 RPM = 1.2
Life Factor for 35000 Hours = 3.6

Factor of Safety = 330
25. .



Then,

(1.2)(3.6)(3.0)(1868) = 24209.28
’Chooée bearing YCR 32
2, Pillow Block Bearing
Load Capacity at 60 RPM = 8896 N

Life Factof for 35000 Hours = 2.6

Capacity for 35000 Hours = %596—6 = 3421.5 N

The maximum operating load of the cam is 1868 N, there~
~ fore the maximum load to which the pillow block bearings are
subjected 1is 934 N. The 25.4 mm. RAK Fafnir .pillow block

bearing is adequate for this application.

Factor of Safety = ——— = 3.66

3. Roller Bearing
A roller bearing is used at the pivot point of the

lever. The maximum load at each bearing is 27522 N.

é:??\\\___ 2 Bearings

50040 N . 5004 N

Speed Factor at 60 RPM = 1.2
Life Factor for 35000 Hours = 3.6
Then,

(1.2)(3.6)(27522) = 118895

26.



Choose bearing HJ-526832 with an inner race. The use of an
inner réce eliminates the need of using a hardened shaft as

well as reducing the diameter of the shaft required.

Lever
The lever is a 25.4 mm. x 102 mm. x 813 mm. cold
rolled steel bar with a yield strength of 379 MPa. Therefore

the allowable stresses are:

= 379 _
N = 94,75 MPa
TALL = 47.375 MPa

1. Shearing of the bearing shaft through the lever material

Pin

\\;;___Bearing Shaft

F
_ ‘max _ 102304/2 -
Ynin T Zer © 2(25.4) (47.375) | 2i-kemm
.2. Shear of pin through the lever material
& 93097/2 = 19.34 mn

min _ 2(25.4) (47.375)
3. Bending stress in ligament above roller bearing

_ MC _ (508)(9307.7) (51)12
I 2(25.4) (102)3

This stress is less than the allowable strgsé.
- 27.

= 54.7 MPa




Grips

The grip material is cold rolled 1018 steel. Using

a factor of safety of 2, the allowable shear stress is 94.75

MPa. ‘ :
46548.3 N 46548.3 N

N T

d |--- e

T - —--

4

T

46548.3 N 46548.3 N

_ 46548.3
dnin = Z(16)(94.75) - 1°+35 mm.

Choose d = 16.5 mm. The factor of safety then becomes F.S. = 2.16

Deflection of Upper 152 mm Wide Flange

P ‘ P Y
L#—a-ed J*-a-?
A A .
¢ 2 X
_ Pa 2
Ya --gEf(éa -3al)

1372 mm.

where, a = 343.5 mm and 1



Therefore,

(9296.3) (343.5)
(6) (2.0682x107) (2231)

y, = . [4(36.35)2-3(34.35) (1372) ]

yA = _0109 mm.

The maximum deflection is,

Pa

_ 2 .2
Ymax = 24ET (4a7-317)

(9296.3) (343.5)

2 2
y = [4(34.35)°~3(1372)°)
max  (24)(2.0682x105) (2231)

Yoax -.149 mm

Buckling of 152vmm I-beam

The critical load is:

p o TEL _ 1°(2.0682x10%) (41.623)

CR ;2 (137.2)2

_ 7
PCR = 1.174x10°N

This load is well below the actuai operating loads of the device.

Angle.Mounting Lever to 152 mm Wide Flange

Thickness = k25_+— 62 _’l'(' 38 —

9.5 m N '_{Ei;>__<jjl; _{i)f v
o =296.44MPa _i_ 9 10 11
_TZLL=37.05MPa d '<:>" '(:>' ‘<;>‘ <
. T (:D} <:>2 (:>3
| Ot QOF Qs

29,




1. Bolts #1 through #6 will be in tension due to the
eccentric load applied through the lever. The centroid of
this bolt group is located 87.66 mm., from point P, in the

X-direction.

2(38)A+2(100)A+2(125)A
6A

X =

X = 87.66 mm.-
Here A is the cross-sectional area of the bolt.
Then summing forces about point P we can calculate

the effective force Q acting at the centroid.

Q = 432(9309.7)
87.66

= 45879.4 N.
Then using 16 mm. bolts, for twelve bolts,

s = Q. _45879.4

= 19.02 MPa
A 12(m)(8)2

Using grade 3 bolts (proof strength = 551 MPa), the factor

of saféty is:

551
19.02

= 28.9

2. Shear Through VertiélevLeg of Angle

Bolts #7 through #11 will be in a shéar mode. The
centroid of this bolt group is lécated 80.2 mm. from pbint P
“in the x—direction.’

—  2(38)A+2(100)2+1(125)A
x= SA

x = 80.2 mm.

30.



Summing forces about point P yields the force Q acting at the

centroid.
_ 432(9309.7) _
Q= 80.2 = 50147 N
Then for ten bolts,
__F  _ 50147
dpin = 2T, 10(2)(9.5)(37.05) ~ /12 ™o

‘Threads
The threads on the connecting rod and its mating

connection on the upper weight pan are M16x2.

19309.7 N

rc

—> €<— 19 mm

U B 12.7
' T
L)

l9309.7 N
oys = 294,44 MPa TALL = 37.05 MPa

31.



1. Shear of Threads on Connecting Rod

o o 2F
md_h
r
where, dr = diameterfpitch
d =19-2 = 17 mm.
r
Therefore,
_2(9309.7) "

This shear stress is less than the allowable shear stress.

2. Shear of Threads on Upper Weight Pan 

_ 2F _ 2(9309.7)
" wdh ~ w(19)(12.5)

= 24,96 MPa

T < TALL

32.



Fatigue Considerations

1. Lever Arm
A. Fatigue of ligament at A due to alternating bending

stress 50.

— i: — 508 .
P l

93097 N 9309.7 N
= (508)(9309.7)(52.8)(12) = 54.33 MPa
2(25) (102)
o . = (508)(7446)(59.2)(12) = 43.46 MPa
_ - 2(25) (102)
max + o i
o = Z20 = 48.89 MPa
mean 2 ,
“max - %min '
qALT = 7 = 5.43 MPa
For cold rolled steel, S , = 448.11 MPa. Using a surface

factor of 0.82, the endurance limit becomes,

w
Y

= (.5)(.82) (448.11) = 182,72 MPa
400 L

o

o

300

200

100}

Alternating Stress (MPa)

/100 200 300 400
Mean Stress (MPa)
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B. Shear of Bearing Shaft Through Lever Material

Using d = 60 mm.,

T = _ 51203.35 _
max (2)(25) (60) 17.04 MPa
Tmin = —=20966 ___ _ 13 65 Mpa

min - T3y(25) (60)

15.345 MPa

T
mean

T 1.695 MPa

ALT

The endurance strength is,

S;e = (.82)(.5)(Ssu) = 91.86 MPa

200

150

100 t+

wn
o

Alternating Stress (MPa)

50 100. 150 200

Mean Stress (MPa)
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2. Grips

Taking d = 16.5 mm.,

T = 46548 _

max 7016) (16.5) 88.16 MPa
T = 37238 _

min 7(16)(16.5) 70.53 MPa
T = 79.345 MPa

mean .

TALT = 8.815 MPa

The endurance strength is,

S;e = (.825(.5)(224)’= 91.86 MPa

200
150}
100

50

Alternating Stress (MPa)

50 100 150 200
Méan Stress (MPa)

Based on these calculations it is clear that with a
factor of safety of four incorporated in the sizing and selec-
tion of components, a fatigue failure as described by the

Goodman diagfams above, is unlikely.
| 35.



APPENDIX B
This appendix includes a table which serves as a bill
of materials required to build the mechanical testing device
described in this thesis. Detail and assembly drawings of
the components are included in this appendix. All linear

dimensions shown are in millimeters.
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Figure B1,
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Figure B27.
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