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SUMMARY

This final report describes the design and analyses of a test
apparatus conforming to the ASTII document entitled "TENTATIVE RECoM-

MENDED PRACTICE OF THE CIRCULAR TRACK METHOD FOR DETERMINING THE l\lEAR

RESISTANCE 0F PAVEMENT SURFACE MATERIALS.,, The body of this report is
also presented in a I'|.s. thesis by Jack E. Helms, Jr. copies of the

thesis have been provided to the Arkansas State Highway Conmission.

The apparatus, as described herein, has been fabricated and in_

stalled in the Arkansas Highway Department Research Facility in Lit11e

Rock, Arkansas. A preliminary checkout of the system indicates that

operation is satisfactory.

If the expected performance and reriabirity are verified by

further testing, there is a possibility that this design, or a similar
one, will be adopted by other states.
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CHAPTER I

INTRODUCTION

Rising road construction costs, coupled with growino public

concern for safer highways, have acted to stimulate a nationwide

search for safer, longer lastinq pavement surfaces.

Many aggregates are used in pavement surface mixtures. A

method for determining the most suitable mixture is desirable. The

circular track method of wear resistance testing can be used to as-

sign quantltative ratings to aggregates.

An ASTM recormended practice ls being developed to standardize

the circular track method of wear resistance testing. The standard

method will allow for direct comparison of results between states.
The ASTM practice provides the simulation of an average size automo-

bile moving over the surface specimens.

Several state highway departments are curently using circular
track pavement testers in their programs. However, none of the

existing machines conforms to the ASTl,l recormended practice. The

testers all have fixed tire path radli. A fixed radius limits the
polishing action of the tire to a strip the width of the tire tread.
The namow path of wear tends to become a groove, €dge deterioration
follows, and as a resutt, highway drivinq is not simulated well. A

test apparatus which continuously varies the tire path radlus in a

random manner will permit a much greater specimen area to be contacted

and will more closely approximate actual highway conditions.
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CHAPTER II

OBJECTIVE AND SCOPE OF STUDY

The objective of this project has been to develop a Circular

Track Pavement Tester with a mechanism and associated controller for

continuously and randomly varying the tire path radius.

The tester designed conforms to the ASTM document entitled

"Tentative Recormended Practice of the circular Track Method for

Determining the wear Resistance of Pavement surface Materials" and

incorporates the fol lowing functional subgroups:

l. Mechanism for varying the tire path radius.

2. Controller for the variable radius mechanism.

3. Rotating drive and center support structure.

4. Wheel suspension system with caster and camber adjustments

5. l'lheel weight maintenance method with provision for weight

change.

6. Track support and drive foundation structure.

The scope of this design encompasses the synthesis process

from initial specifications through concept development to the final,
detail design and construction of the tester.

The ASTM recormended practice is included as Appendix B.

2



CHAPTER III

SYNTHESIS OF CIRCULAR TRACK PAVEMENT TESTER

A systems engineering approach was followed in the design of
the pavement tester. This procedure has proven to be the most effi-
cient method avairabre for compretion of comprex designs.

A systems engineering approach is characterised by the fol_
lowing sequence of events: After careful definition, the prob.lem is
broken into its separate basic functions. These functions are then

examined for solution possibilities and the most feasible solutions
demonstrated by conceptual designs. A trade-off study is then per-
forned on the concepts to see which best satisfies the objectives
laid down in the problem definition. The concept and trade-off
activities are coordinated to assure acceptabre interfacing of the
various functions. After a concept is chosen as optimum, it is then
developed into a detailed design which can be implemented with off-
the-shelf or manufactured hardware.

The pavement tester was considered to have two major functions
1. Rotary drive

2. Variable radius mechanism

A discussion of the subsequent design effort foilows.

Rotary Drive

Mechani ca'l

Since existing circular track wear testers all use mechanical

drives for rotation, this method was considered first. However, ar1

systems considered were complex and would requife high maintenance

effort. Figure I shows the schematic of one mechanical drive system

3
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a

that was developed to determine its feasibility. Electric motors

normally run at higher speeds than the tester (21 rpm maximum). A

variable speed reducer is coupled to the electric motor to reduce speed,

'increase torque, and to permit adjustment in rotational speed.

The speed reducer output shaft is coupled to a right angle worm

drive through a fluid coupling. Stalling of the electric motor during

start-up is prevented by the fluid coupling, which also prevents

transmission of shock loads and torsional vibrations back to the speed

reducer and electric motor. A horizontal chain, powered by the worm drive,

rotates the center column. Another horizontal chain is driven by the

center column and powers a second right angle worm drive, which in turn

rotates a crank about a horizontal axis. The vertical reciprocating

motion of the crank finally drives the variable radius mechanism.

Several problems, in addition to the complexity of configuration

are associated with the mechanical system. Alignment of mechanical

components is critical, as misalignment can result in vibration,

binding and seizing. The high torque, low speed rotary output requires

large, expensive reduction units. Since horizontally driven chains are

noteasily oiled automatically, frequent manual Iubrication is required.

Hydraul i c

Because of the problems associated with mechanical systems, a

decision was made to investigate a high torque, Iow speed hydraulic

drjve. Numerous advantages over mechanical systems became quickly

obvious, including:

l. Reduced maintenance

2. Simplicity

3. Ease of control

4. Reduced component cQst.

a
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,

Maintenance is reduced because hydraulic fluid acts as a

lubricant and increases component life. Internally generated heat is

carried away by the flowing fluid, allowing also for the components

to be of smaller size.

Simplicity of configuration is possible because components

need only be connected by tubing. The noisy components, such as pumps

and motors, can be acoustically isolated from the work area.

control is facilitated by the characteristics of hydrauric

components. Actuators have a high speed of response with fast starts,

stops, and speed reversals possible. Torque to inertia ratios are

large, with resulting high acceleration capability. Hydraulic actu-

ators may be operated under continuous, intermittent, reversing, and

stalled conditions without damage.

After appraising the relative merits of the hydraulic and

rnchanical systems, a high torque, low speed, direct drive was chosen.

Variable Radius Mechanism

The tire path radius must vary in a manner that results in a

random coverage of each specimen to insure that a pattern of wear or

rutting will not develop. The completed tester should also be aes-

thetical ly pleasing.

Two basic types of mechanisms, each with several variations

were init'ially studied. Ihese were the telescoprng and prnned linkages.

The best of each of these types was then developed into advanced con-

ceptual designs.

Tel escopi ng

The telesQoping mechanism incorporates two arms sliding relative

to a rotating center member. The telescoping arrangement requires a

6



linkage to synchronize the opposing sliding motions of the rotating

arms. Devices considered are listed below, followed by a brief dis-
cussion of each.

l. Toggle - external

Z. Toggle - internal

3. Crank

4. Rack and pinion

5. Screw

6. Chain and Sprocket

The internal and external toggle are essentially the same

mechanism. The internal toggle facilitates a shorter and possibly

stiffer center support structure. Either of the toggles requires a

vertical reciprocating motion for actuation. since the toggle is not

a constant force rnechanism, the resultant force transmitted is a

function of the angle between the horizontal axis and a line along

each member of the toggle.

The crank can be used to generate either a horizontal or

vertical reciprocating motion.

The rack and pinion arrangement generates a horizontal recip-
rocating output motion from a vertical reciprocating input motion.

Back-to-back racks drive counter rotating pinions. A second pinion,

keyed to each shaft, imparts linear motion to the horizontal rack at-
tached to the rotating arm.

Rotary motion about a horizoptal axis is produced from a

rotary input mot'ion about a vertical axis by a right angle drive in
the screw mechanism. The horizontally rotating screw imparts a

linear motion to a drive-nut that is rigidly attached to the sliding
member.

7



The cha'in and sprocket differ from the other variat.ions, in
that force is available on'ry durinq the return stroke. A cha.in

will not act as a compression member unless it'is ric,idly constrained.

This arrangement r,rould depend on the centrifuqal force of the rotatjnq
members to provide outward motion.

A trade-off study estabr'ished the double rack and ninion ar-
rangement as the best telescoping mechanism. Its primary advantage is
its ability to provide precise positioning and synchronizat.ion in a

linear manner. Pos'itive, precise positioninq is necessary to minimize

dynamic imbalance .in the'larqe rotating masses.

Pinned Linkaqe

The chief feature of a pinned linkaqe mechanism is that it
eliminates sliding contact. However, precisely sized members are required

to generate a horizontal reciprocatinq motion. Drive mechanisms con_

sidered were:

l. Crank

2. Rack and pinion

3. Push-Pul I

As in the telescoping mechanism the crank can be rotated

either about the horizontal or vertical axis. when rotating about

the vertical axis the crank acts as q direct drive. Force is trans-
mitted directly along each arm of the tester. The crank acts indirectly
when rotated about the horizontal axis. A vertical reciprocating motion

is produced which must be changed to a horizontal motion of the linkage.

A single rack and pinion arranqement transduces a rotary input

motion to a vertical reciprocatincr motion. A linkage is required to

change the vertical motion to horizontal motion.

8



The push-pu11 mechanism can use the crank, rack and pinion or

a hydraulic cyljnder for its input motion. This mechanism is very s'imilar

to the external toggle described above

The push-pul1 drjve mechanism was chosen for advanced

development. Eliminatjon of sliding contact was the primary reason.

The two advanced concepts were carefully compared to

determine which one better met the design requirements. The rack

and pinion variation of the telescoping mechanism was chosen for the

following reasons:

l. The djsplacement is linear throughout the radius change. ,

2. The linkage would require high precision in the location

of Pinned connections.

3. Considerable torque would have to be transmitted through

the Pinned ioints.

4. The rack and pinion arrangement prov'ides much better arm

'length adiustment.

Final Design

Figure 2 is a plan view of the circular track pavement tester

installation. The track is enclosed within a heavy chain link fence

for safety reasons. The power pack is isolated in a small acoustical

enclosure. A control panel is shown next to the power pack enclosure;

however, its position js arbitrary.

Section AA, Figure 3, is a frontal v'iew of the tester, concrete

supports and track.

Detail B, Figure 4, is a cutaway of the center support structure.

The heavy walled tube (outer member) is stationary and houses the

bearings on which the smaller center tube turns. The center tube

9
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is a pieceof honed hydraulic cylinder tub'ing connected to the shaft

of the main motor and the rotating arm assembly. The cylinder rod

extension passes through a hole bored in the drive motor shaft and

connects to the vertical double rack through a combined piston and

thrust bearing block. Antj-friction rings fit in grooves on the

piston and contact the honed bore of the rotating tube. The vertical

rack is reciprocated by the hydraulic cylinder and imparts counter

rotary motion to two sets of pinion gears. Two pinion gears are

keyed to a conmon horizontal shaft on each side of the centerl ine of

the vertical rack. The inner pinjons are driven by the vertical

rack, while the outer pinions drive horjzontal racks attached to

the sliding members. This prov'ides the motion necessary to vary the

tire path radius. The hydraulic cylinder is attached to the bottom

motor adaptor plate with a spacer which serves as a mounting for the

two pneumatically operated switches that Iimit travel of the

cylinder. The spacer also provides access to the grease fitting on

the bottom face of the motor shaft. The four-way, two direction, pi'lot

operated power valve is mounted on the lower end of the cylinder on a

mounting plate.

Detail c, Figure 5, is a partial cutaway of one wheer assembly

and rotating arm. The threaded hub shaft is mounted in a spherical

bushing which is in turn captured in an adapter plate at the end

of the lower arm. Four bolts'with self aligning pads at the ends,con-

tact machined flats on the hub shaft. They hold the hub in p'lace and

provide a method for adjusting both caster and camber. The ballast

box of steel shot provides the additional weight required to generate

a wheel loading of 1085+ 25 lbs. The weight can be adjusted by adding

or removing shot. Partitions in the ballast compartments a'lso permit

t6
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a radial weight shift as needed for dynamic balance. The spring and

shock arrangement provide damping to eliminate bouncing and he]p

to simulate the performance of an automobile.

chapter IV discusses the design of the hydraulic drive and

control ' 
systems.

a
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CHAPTER IV

DESIGN OF HYDRAULIC CONTROL SYSTEM

while the rotailonal speed of the drive motor is selected

simply by adjusting the displacement of the main pump, the control of
the tire path radius variation mechanlsm requires a more sophisticated
system. Not only must the radius change rate relate to the drive
motor rotational speed, but the direction must reverse at the limits of
travel .

Two basic types of contror system were investigated. They

were:

1 . E'lectrohydrauric and mechanical servovarves

2, FIow metering and mechanism travel reversal

Serveval ves

l'lydraul ic servo systems are capabre of handr ing large inertia
loads with high accuracy and rapid response (r). A sensor transduces

the rotational displacement of the drive motor into a mechanica'l or
electrica'l signal, which acts as an input to the servovalve. The

flow through the valve causes the actuator to move and chanqe the

tire path radius. A feedback mechanism closes the valve as the actu-
ator moves such that actuator displacement is proportional to angular
rotation of the drive motor. At the rimits of radius travel the

valve shifts to reverse flow to the actuator. Both electrohydraulic
and mechanical servovalves and related sensors are relatively expensive.

Their cost and complexity led to the consideration of a less sophis_

ticated system.
t

20
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Flow Metering and Mechanism Travel Reversa

The characteristics of the hydraulic servo system described

on the preceding page can be approximated by metering actuator flow
proportional to the angular speed of the tester and by reversing

flow at the actuator travel limits. Travel reversal can be easily
attained by using a four-way, two-position, pilot-operated valve

controlled by actuator limit valves. The methods of flow metering a.nd

the types of valves investigated are discussed below.

F_low Metering

A specific relationship between rotational speed of the tester
and linear speed of radius variation was derived from the

specifications. A rotational speed of 2.2 rad/sec (2.l rpm) corresponds

to a maximum of radius variation of 0.35 in./sec. This relationship

requires metering f]ow to the hydraulic actuator of the variable radius

mechanism in proportion to rotational speed.

Three methods for producing the required flow ratio for drive
and control are listed and discussed as follows:

I . F'low divider

a. Manufactured

b. Two piston motors

2. Mechanically connected pump for variable radius mechanism

3. Use of drive motor exhaust

Cormercially available flow dividers consist essentially of
tno (or more) gear motors coupled by a corrmon shaft and enclosed in

one housing. Flow is divided according to the relative displacements

of the motors. The metering ratios available are fixed. Flow divider
shaft speed is a function of the total amount of flow passing through

21
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the devjce. The resulting speed of the variable radius mechanism

actuator will be in a fixed proportion to the drive motor speed for all
possible speeds of the tester, except for small variations caused by

leakage rates in the drive motor.

Two hydraulic piston motors, with coup.led shafts, will act as a

flow divider very similarly to the cormercia] type discussed above. An

adjustable flow dividing ratio can be developed by coupling a fixed
displacement motor to a variable displacement motor. Theoretically,
ratios from one to infinity are possible if the two motors are of the

same maximum flow capacity. The chief advantage of the variable dis-
placement motor-fixed displacement motor combination is that it will
allow the actuator speed to be adjusted as experience dictates and will
permit periodic calibrations needed by changing drive motor Ieakage.

A pump driven off the shaft of the drive motor wil'l develop

a flow proportiona'l to the speed of the drive and can be used to provide

metered flow to the actuator of the variable radius mechanism. A variable
displacement pump will provide a range of flow ratios. The commercially

available pumps are not recormended for vertical mounting and require

a chain and sprocket arrangement or a right angle drive.

The entire drive motor exhaust could be used to actuate an

eight inch bore cylinder at the required speed of 0.35 in./sec. This

would require the drive motor to operate against the fluctuating back

pressure developed by the cylinder. }'lhile this method would be the

least expensive, the fluctuating back pressure could cause unsteady

speed of the drive motor. Also, any change in drive motor leakage would

alter the speed ratio.

0f the preceding p6ssibilities, the variable displacement motor-

fixed displacement motor combination was considered to be the best method
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of flow division.

Mechani sm Travel Reversal

The variable radius mechanism is required to complete a cycle of

extension and retraction in ten or more revolutions of the tester.

Since the speed of the actuator is limited by the flow divider adjust-

ment, reversal of the actuator flow is the only requirement remaining.

The following mechanical valves were investigated to determine

their suitabi I ity:

l. Cam operated valve

2. Clevis operated valve

3. Air pilot operated valve

0f the several reversing systems considered, a four-way, two

direction, air pilot operated valve was determined to be most suitable.

The valve mounts on the cylinder and is connected to the cam operated

air limit switches by tubing. Size of the limit switches and provision

for their adjustment determined the length of the structure between

the actuator and motor.

Final Design

The integrated drive and contror system consisted of three

sub-groups:

l. Power pack

2. Drive system

3. ControlJer for variable radius mechanism

Figure 5 depicts the components of the power supply. The rela-
tionship of the power pack components to the remaining hydrauljc com-

ponents is shown by the fluid power diagram, Figure 7.

A pallet was designed to support the power pack components.
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Space was provided for fork Iift tines by welding three extra channels,

Figure 6, to the bottom of the pal'let for ease in handling. The pump

and motors' are mounted on the pallet which can be isolated for noise

reduction and aesthetic reasons.

Dynamic analyses (see Appendix) indicated that a 7.5 hp

electric motor would be sufficient as a primary power source. A l0
gpm variable displacement pump (Vickers PVBI0) is coupled to the electric
motor. Hand wheel position determines pump displacement which

regulates the rotational speed of the drive motor and the linear speed

of the cylinder.

Two 5 9pm inline piston motors, one constant and one variable

displacement (vickers MFB5 and MVB5 respectively), are coupled to

form a flow divider. Adjustment of the variable displacement motor

determines the ratio of drive flow to actuator flow and thus the relative
speed. The two flow divider motors and main pump are protected by a

3000psi relief valve

A sixty gallon tank is used for the hydrautic reservoir. The

large volume will help maintain a low oil temperature without use of a

heat exchanger. Return line filtration of l0 microns and suction

Iine straining by a 100 mesh strainer protect the hydraulic components

against contamination. An oil level sight gauge and a filler-
breather cap are also provided for safety reasons. A shut-off valve

is provided in the suction line to allow removal of the Iine without

draining the tank. A large, removable cover permits easy access to

all areas of the interior.

FIow from the constant displacement flow divider motor is
ported to the high torque, low speed hydraulic motor (vickers MHT32)
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used for the rotary drive. The motor is protected by the same high

pressure reljef valve used to protect the flow divjder motors through

a tee and check valve arrangement, Figure 7. A check valve is also

provided to port exhaust flow back into the motor in the event of cavi-
tation at the motor inlet during shutdown or sudden Ioss of e]ectrical
power.

The variable radius mechanism is actuated by a 5 inch bore,

6 inch stroke,double acting hydraulic cylinder with a single I inch

rod. Flow from the variable displacement flow divider motor is ported

to an air pilot operated, four-wily, two direction detent valve. The

head end of the cylinder connects directly to the detent valve, while
rod end flow passes through a counter balance valve before reaching the

detent valve. The counter balance valve permits free flow into the

cylinder but limits flow out of the cylinder to prevent runaway of the

load on the extension stroke. ( The rotating masses produce a large

centrifugal force in the direction of extension travel. ) The two air
operated limit swi'tches generate signals to shift the valve and reverse

actuator flow. A relief valve prevents pressure from exceeding 
.;70 

psi

in the actuator control cir.cuit.

Schedule 40 pipe in the suction line facilitates the use of
a gate valve. The remaining full size lines are 0.5 inch 0.D. 3000 psf

hydraulic tubing. The smaller drain lines are 0.25 inch 0.D copper

tubi ng.
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CHAPTER V

SAFETY

A number of safety precautions are incruded to protect the
system against potentia'lly dangerous situations that could occur. Each

of these is briefly discussed below.

The entire tester will be enclosed in a heavy duty chain link
fence to prevent someone from being struck by the massive rotating
members. The fence will also help to contain anything that might

shake loose during operation. Large warning signs will be p.laced

inside and outside of the fence.

Electrical power failure during operation of the tester would

result in a stoppage of pump output and block the hydrau.lic supply and

return. Inertia would cause the tester to continue rotation, which

would temporarily convert the drive motor to a pump with a brocked in-
let and outlet. A check varve is incruded in a bypass rine to route
exhaust flow back to the motor inlet to prevent cavitation. The check

valve will operate when the pressure at the motor inlet becomes 5 psi

below the exhaust pressure. The system will then gradually coast to
a stop.

A high pressure (3000 psi) rerief varve is provided to port
pump output to tank in the event of seizure of the drive motor or one

of the flow divider motors. A system of tees and check va'lves is used

to facilitate the use of only one relief valve as shown in Figure 7.

The power valve, which reverses cylinder traveJ, is air
operated. A failure of the air supply would prevent shifting of the

valve when the cylinder reaches its limit of travel. Since the valve
is of the detent type, the cy]inder would continue to travel in the
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same direction untjl the piston bottomed out or the sl'iders hit the.ir

stops. The pressure would then build up quickly and flow would be

ported to tank by the 1ow pressure relief valve.

The low pressure relief valve wiil also port flow to tank in

the event of seizure of the variable radius mechanism.

Stops are prov'ided to prevent the rotat'ing arms from coming off
of the rotating center structure, should a failure occur in the rack

and pinion drive.

cam type idler-roller bearings are'incruded on the slider top

to prevent overturning of the rotating arms relative to the rotating

center structure in the event of wheel seizure.

An ojl level sight gauge is provided on the reservoir. It must

be checked periodically to insure that a sufficient quantity of oi1 is
available. An insufficient oil level would result in heating of the

oi'l , cavitation and excess'ive wear

The start-up controls are located outsjde of the safety fence

for operator safety.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This design effort has resulted in the deveropment and con-

structuion of a circular track paverent tester with a mechanism and as-

sociated controller for continously and randomly varying the tire path

radi us.

The tester,designed conforms to the mechanical portion of the

ASTM recomnrended practice (Appendix B) concerning circular track wear

testing. Instrumentation is required for the tester to meet all of the

specifications of the reconmended practice.

The integrated hydraulic drive and controller will require

minimum maintenance and has a long life expectancy. Since. the

mechanical parts of the tester will move at slow speeds, only Iimited

periodic maintenance will be required.

Recomrnendati ons

In the interest of safety, an oil level sensor could be in-

cluded in the reservoir to switch off the electric motor in the event

excessively low oil Ievel.

A linear speed sensor on the cylinder rod and a rotationar

speed sensor on the rotating center structure would be he'lpful in

calibrating the flow divider.

This pavernnt tester is the only one existing that meets the

specifications of the ASTM recormended practice. It is therefore

recommended that this machine be considered for adoption as an ASTM

standard test apparatus after appropriate testing.

Limit valves should be used to sense excessive downward

deflection of the rotating ayms. The valves would operate cut-off

30
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switches to stop tester rotation in the event of a flat tire.
A vibration sensor and cut-off switch should be included to

protect this tester in the event that a dynamic inrbalance develops.

Potential alternate uses for the tester should be investigated.
Tire wear vs. pavennnt surface type is suggested as one possibility.

a
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APPENDIX A

CALCULATIONS

Load Analysis

A load analysis was conducted to determine the amount of ballast

required to achieve a whee'l loading of 1085+ZS tU.

Lower Arm

A = 70 1b., Tire, wheel and spindle - c. G. at center rine of tire.
B =2 lb.,Bushing.

C = .l0.9 lb., Bushing mount.

D = 5 Ib., Camber adJust plate.

E = 24 'lb. , Spri ng, shock, tube, mounti ng pl ates .

F. = Spring Force.

R, = Pivot Reaction

G = 43.5 lb., 6 x 4 tube.

B

E
DC

Pi vot

E

Spri ng

'I

E

G

H I

R
p

a

t
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,MH t,=Q

(43.5) (zz1 + Qa) (30) + Fs(36) + s(40) + (10.e) (43.75) + (z) (44.5)

+ (70) (47) - (to8s) (qt) = o

F, = 1253.3 lb +

xMr=0 O
(2) (2.s) + (10.e) (3.25) + (s) (7) + (24) (1r) + (12s3.3) (ll)

+ (43.s) (25) - Rp (47) = 0

R, = 323.7 lb r

Check [Fy = g

323.7 - 43.5 - 1253.3 - 24- 5 - 10.9 - Z - 70+ l0B5 = 0

sprins deflection = H33i*h.

Upper Arm

Fr'= .l253.3 lb., Spring reaction.

l'l = Bal last.

| = 58.8 1b., 8 x 4 tube.

M = 340.7 lb., Pivot force, mount.

[rl = 10.7 1b., Tube adapter.

E

= 4.0 in.

E

Spri ng

K

W

P vot M
t,

J

F
S

RL

54"

35
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1l_-9 .+)
(10.7) (2) + (340.20)(18) + (s8.s)(25.5) + w(s0) - (12s3.3XS+1 = o

W = .l200.5 lb. +

tMt< .3)

(1200.s)(4) + (58.8)(28.s) + (340.7)(so) + (10.t)(sz) - Rl(s+1 = s

R,- = 357. 4 1b. +

Check xFy = g G)
357.4 - I0.7 - 340.7 - 58.8 - 1200.5 + 1253.3 = 0

=Q

Bal I ast

End Pl ates

Bottom

Si des

Parti tion

Covers

l,leld = 3 lb

Volume of 1/4" plate =

2(16x22+8x8)=
(23 x ls.5) +(1.75 x 7)=

(15.5 x 22)=

4(20.5 x 7.5) + 2(8 x 6.5)=

15.5(15 + 8) =

1/8x2193+22+121 = 3.1.75 in3

832

368.75

341

719

356. 5

Total 2617.25 in2

185 1b

9 ]b

3 ]b
T97-m-

Angl es

2617.25---T--
Weight of plate = 654.31 x .283 =

Weight of angle = 31.75 x .283=

Weight of weld =

Volume of container

Sides 15.5 x 15 x 21.25 =

Middle8xl5.5x7.25 =

Total =

654.3 in3

l'Ieight of container

4940. 6

899

5839.6 in3
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Weight of shot = 5839.6 x .1699 lb/in3 =

Volume in upper arm

3.62 x 7.62 x 8.0 = 2?0.7 in3

Weight of shot = ?20.7 x .'1699 =

992 ]b

37. 5 1b
i226.5 16Total ballast available

Void Space in Shot

(,
I 699

t

-.83 = 40%

Dynamic Analysis

From specifications, maximum wheel velocity:

V=1.5 ry! xR
ft

R = 7.5 ft., tester radius.

Substitution into above equation yields:

V = 11.25 mph

-Vo-R

ur = circular frequency, rad/sec

Substitution yields:

u = 2.20 radlsec

Track circumference, C:

C = 2nR = 47.1 ft
Distance traveled in 5 revolutions:

S = 5C = 235.6 ft = Vt

S = distance traveled, ft.
t = time required, sec.

Solving for time yields

t = 14.28 sec.

37

100



Actuator speed

v
a

- 5.0 in.- T4:m sec

t0
x

i=l

Shaking Force

F=92
I

F = shaking force, 'lb

u = 2.20 rad/sec, circular frequency.

g = 386 inlsec2, acceJeration due to gravity.

l,li = Weight of component pieces, lb
rj = radial distance to center of gravity of component pieces, jn.

substitut'ing values from upper and lower arm load calculations yields:
tr - Q.20)2 .-t = ffi- [70 x 90 + 2 x 87.5 + ]0.g x g6.75 + 5x g3 + ?4 x 79

+ 43.5 x 65 + 1200.5 x 75 + 58.8 x 50.5 + 340 .7 x 43+ r0. 7 x 27)
= .l511.0 

1b

This is the maximum outward radial road for each arm.

Gear Strength Analysis

P = 5 in- 1, diarnetral pitch

S = 20 , pressure angle

d = 3.5 in., pitch diameter

N = 
.l8, 

nunber of teeth

F = 2.5 in., face width of gear

Lewis' equation must be modified due to:

l. Stress concentration at the tooth fillet
2. The effect of contact ratio on division of tooth load
3. The velocity, or dynamic effect, on tooth .load

38
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With these rnodifjcatiorrs, Lewis' equation becomes:

t,/. P

o=dFJ e)
v

o = modifjed bending stress

W, = l5ll lb., transmitted load

K, = 1.0, velocity or dynamic factor

J = 0.37, geometry factor

Substitution into this equation yie'lds:

,, _ I5II.0 x 5 _" 1.0x2.5x0.37

= 8]67.6 lb. /in.2
From Gear Speci fi cati ons:

Material stress for steel gear = 20,000 psi. This value is based

on beam strength but not wear. Service factors must be used to correct

material stress for type of loading and Iubrication (3).

Service factor for no shock = 1.0

Service factor for intermittent lubrication = 0.7

Corrected material stress =
?0 000 x 0.7

= 14,000 psi

Factor of safety = = *.f,#,[ = l.7l
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Power Requirenpnts

wr_nd__Qfeg

The model shown below uias used to determine frontal area of the

rotating arms.

E

Tester

90"

A2

A
I

A
3

A4

A5

Total

X= 60038-840- = 71.5 in.

Speed at centroid

V = 71.5 in. x 2.20 rad/sec

V = l57.Z4 in/sec

13. l0 ftlsec
40

Area (in.2)

240

180

232

128

Moment Arm (in. )

90

63.5

52.5

81 .2

74

Monnnt (in.l;

21600

11430

I2180

I 0388

4440

60038

60

840

t



Drag force

D = l.28 ^-P- A vz
z9c

,
D = drag force, lbf

p = 0.076 lbm/ft.3, density of air.

A = 840 in.2, total projected area.

V = .|3..|0 ft./sec, speed of centroid.

g = 32.17 lbm tt./lbt sec 2, constant.c

Substitution into the equation yields

D = l.5l lbf (per arm)

Total Drag

DT = 2 x D = 3.03 lbf (at centroid)

Horsepower required to overcome wind drag

P
71.5 ft_n- x 3.03 lbf x 2.20 rad/sec x 5m ft.-tbf/sec

hp

P.,D = 0.072 hp

Rolling sistance and Inertia

I
t^lD

f = 0.0.| (
)

(4)+ v
mo

f = rolling resistance coefficient, dirensionless.

V = I I .25 mph, wheel speed.

F = f x .1085 lbf/tire x 2 tires

The value of f varies little and it is convenient to define an average value.

f
o

= 0.0.|

= 0.0.l1t
V

4l

t

Rolling resistance equals f multiplied by wheel loading.



f +fr-0v
'ave - --Z- = 0.0]

,
F = fur. x 1085 lbf/tire x 2 tires

F = ?2.92 lbf

summing torques about the axis of rotation of the tester:

T=Jo+T
T = torque required, ft.-lbf
J = mass moment of inertia about axis of rotation, ft.-lbf-sec2.
0 = angu'lar acceleration, rad/sec2.

T = 7-5 ft. x F = 1.719 ft.-lbf, average torque due to rolling resistance.

Rearranging the torque equation:

T - T = Jo

Integrating once and solving for start-up t.ime yields:

f= JO

T-T

The mass moment of inertia can be calculated from following relation:

l0

;=$i=rwi.i'

2
3747fr4-4

t70x (90 )2+zx(gt .5) 2+t 0. 9x(86. 75) 2+5x (gt)z+zq^Qs1z

+ 43. 5x(65)z+1200. 5x(75)2+58. 8x(50. 5)2+940. 7x(43)2

+ 10.7x(27)21

t

= 370.|.2 ft.-lbf-sec2

For a start-up time of 30 sec:

a

T- JO

m'
+ T
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{

a

= ?L 01.LQ_.nL + l7l.e
30

= 433.3 ft.-lbf

Power required for a 30 sec. start-up:

p=Tur=3gt#A

= 1.17 hp

Total hp required to overcome wind resistance, FOlling resistance and

inertia for a 30 sec start-up:

PT= Pnd * P = 1.85 hp

Cam Type Bea ri ngs

A free body diagram of half of the rotating center structure was

drawn to determine if the bearings would support the loads generated by

the drive motor.

E

Tester

F43
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At Stal I

IMo=0

T = 19. 5F - 6.75F

F = maximum radjal load, lb

T = one half of motor torque, in.-lb
From specifications (Osborn Load Runners), the maximum radial load that

the bearings will support equals 640 'rb. Substitution yields:

T=.l9.5x640-6.75x640

= 8.l60 in.-lb

= 680 ft.-lb
The two bearings shown will handle this torque.

From the motor specifications (Vickers Industrial products

Catalog) maximum motor torque equals 580 ft.-lb. The two bearings shown

must handle one half of this torque or z9o ft.-lb. Therefore:

factor of safety = 338 = 2.34

Hydraul ic Analysis

For a 5 in. bore cylinder with a lin. rod.

Axr n52-T- = 19.63 in.2

A
'tf 52- 2

= 18.85 in.2

QHE = V.AHE = 0.35 x 19.63 = 6.87 in.3/sec.

= 'l .79 gpm

Flow through drive motor:

Q, = Drt'r

D^ = 24.0 in.3/rev, motor displacernent

Substitution of Dm yields:

RE
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Q, = 24.0 x 2.l.0.I

= 504 .2 in 3/min

= 2.18 gpm

Total flow required:

Qr=Qr*QHE*Qt

QL = leakage flow, gpm

Substitution yields:

QT=3'97+Qt

Assuming a leakage flow of I gpm yields:

QT = 4.97 gPm

In the line between the pump and the flow divider assembly, maximum flow

occurs.

at l00oF:

u=2.0 x 10-6 lb.-sec/in3 , viscosity of hydraulic oil.
p = 0.78 x l0-a lb.-sec2/in.4, density of hydraulic oil.

The Reynolds number:
-&

NRE = ;,D

D = 0.402 in., inside diameter of hydraulic tubing.

Substitution into the above formula yields:

rr _ 4 x 0.78 x lO-a x 4.97 231
'tRE-"rffi -60'

= 2364 > 2000

The Reynolds number is in the transition range and the flow may possibly

be turbulent.

The drive motor develops 32 ft.-lbs. of torque per 100 psi of pressure drop

across motor.
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Torque - l'89 x 550 = 462.s ft.-lb

Torque=32x ap
T00

Sol vi ng for Ap and subst'i tuti ng val ues yi elds :

462.5 x ]00
T0-o

Track Coverage

Track coverage is required to be random. The frequency of the

circular motion was compared to the frequency of radius variation and

the ratio of the two frequencies was set equal to an integral multiple

of an irrational number to insure that the two motions coincide only

once.

r-
a

a /-T

fT = 2.20/h cycle/sec, frequency of tester rotation.

f. = frequency of radius variation, cycle/sec

a = integer

2.20/2n

aff

cycl e/sec

From initial specifications

f
a

0.248
a

x I rev
fTad

I cvcle
T0-Fev x 2.20 rad/sec

< 0.0350 cycle/sec

Fora=8

fu = 0.0309 cycle/sec < 0.0350 cycle/sec

46
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a

t

t\

a

t

For this frequency the speed of radius variation

,u = 0.0309 cycle/sec x l0jn./cyc'le

= 0.309 i n. /sec

This speed is below the maximum allowable value of 0.35 in./sec.
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APPENDIX B

l,trorking Document. for Subconullttee llse Only.
llot Rel-eased for prrbllcatlon. Tasl< Group 68-2
Subconrnlttee E L7,22

Ftrst Draft l-1-7-70
RevLse<l to Recommended
Practlee - 2-23-7L
Revlsed 5-L-71
Ilevlsed 8-24-7L

)

TENTATIVI1 NICO}O{E}IDIID PRACTICI] OF TIIE
CIRCLTLAR TRACK IfETHOD FOR DNTER}{INING

TIIE II]1A}I RIiSISTANCE OF PAVE}{II}IT
SIIRTACE I'{ATERIALS

I Scope

1.1 ThLs recommendetl practice is a guirle for determining pavement
slipperiness characteristics through the rnedlum of pollshlng or rvearing
specirnens of pavernent surfaee or lahoratory mlxed epecimens ruhicfi slmulate
the pavement surface rrsing a eircular traclc.

t hat
t lre

1

t
(s

,2 fite circrtlar traek, r'r111 he utllized to hold the specimens in order
he specimen srrrfar:e mav recel-ve the pollslring actlon of full size
) as the ttre(s) rotate alrout the axle and around the track.a

i
2, Apparatus

2.L Track Dimensions - Tlre mLnlmum radius distance from Ehe center of
the track to any part of the tire shall not be less than 2 feet (51.0 cn).
The circular track pad ruidth slrould be sufflcLent to contain the pollsh
specimen wlthout causlng excessive edge stresses and tleterloratlon to the
specimen.

2.2 Axle-ltheel Asscmhly - The Axle-l{heel Assembly shall be of rugged
conatruction and should conform to the following requlrements:

2.2.L Suspenslon - Tte wheel suspension should include both springlng
and shock-strut damplng.

2.2.2 I'lheel Load - The axle-wheel assemhly design shall be such as to
provide a loadlng of 1085 I 25 th. (492,2 t LL.3 kg) to each ruheel at all
tirnes durlng polishing.

2.2,3 Rlm Slze - The rlns shal1 he capable of mount{ng a 7.50 -14 track
test tlre.

2.2,4 Adjustment - The axle-wheel assenhLy design shorrld he such as
to provide adJustment to hoth the toe and camber of the wheel to a plane
perpendlcular rslth the centerllne of the axle.A
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2'2.5 I'Ihcel Applicatlona - Tlte axle-wheel assembly shoul-d he rlesignedsttch as to provide a contlnuously varing radius as meaaured fron the centerof thc tracl: to the center of the tire Irea<l. The assemhly r.rltl allorr tler'rlreel to be slovrly forced to changc rn ra<rral posltrons, causlnJi a varlahleradlus of at least -5 inches (12.7 cm). The radiat poslitonlng shoulrl berandomlzed r'rltlr tlme and/or circumferential travel to prevent tire tracklng.The rate of change ln tlre varlahle rarlius should be such that the fullradial change he experLenced ln not less than f{ve revorutlons of the axle(s).The centerline of the axle shall be parall.el to an inraginary horizontaLplane formed through the center of tire pollsh path of itre specimens. Thewheel should be positloned perpendlcular to the axle centerline.

2'2'6 fnstrumentatlon - an lnstrumentation system r.ril1 be utillzedwhereby a continulng record of r'rheel appllcations anrl angular verocitv r.ril1be readLly available.

2'3 Poruer requirements - The source of rotatlonal por.rer to the axle(s)should be srrfficient to maintain a selected angular velocity. The linearr"heel- veloclty of the test tlre should not exceed 1.5 tlmes the mlnlmumradius dlstance wltere tlre rllmenslon of tlre linear wheel veloclty ts ii mlresper hour ancl the dLmenslon of the mlnlmtrm raclius is in fcet. rn no eventshould the linear wheel veloclty exceerl ZO-ipfr-f:2.2 t*ih;, j.

2'4 Test Tire - The pollshing effort shall he applled tlrrough a tire(s)conformin8 to the reqrtlrements of asmt sp""ificatlons'E 249, standard Tirefor PavemenE Tests. The Test, Ttre shalL be inflated in accordance wtth ASTMspeclflcatlon li 249, standard rire for pavement Tests.

3. Test Specimen

3'1 Specimen slrape and Dlmensiorrs - Test specimen(s) may vary in shapeand dimension brrt the specimen(s) shal1 be allgned on the circular tracl-. padln such a lranner as to allorr a contl.nuous clrcie of materlal to he polished.The ninlnum specLmen dimenslon perpencllcular to tl.re directlon of the tiretravel sha1l be such that at no tlme durlng poltshing shall the <Ilstancemeasured radially from the edge of the speclmen, to any part of the tire beles'q tltan the thicl<ness dlnension of the specimen unl.ess the speclmen Lsrestrained along the edges. rf the specimtn is restraLned along the edges,the nlnl'mum specimen dimension perpendicular to the directlon of tlre travelshall be such as to allorr 1 lnch ().5 cm) additional distance on each sideof that portion of the specimen which received the pollsh effort of the t,ire.The arc length of the specl.men measured at the center of the poli.sh path ofthe test tlre shall he not lesn than g inches (20. j crn).

3.2 speeimen Preparatlon - Test specimens may be ohtaine6 from theroadruay or prePared ln the laboratory. Lahoratory specimens shall be pre-pared ln a manner to closely slmulate the surface characteristlcs of the
Pavement type belng studled through out tlre entire testing perlod.

3.3 Hethod of Retalnlng Speclmeng - speclmens shall be retalned on thetrack pad in a manner to ellminate movment of the epecimena on the surface
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of the track pad' speclmen(s)-shall be prepared and placcd ln such a nanneras to mlnlmlze wheer bounce. rf more th;;-;;e epeclmen ts to be placetr onthe track pad, Joint-openlngu t,ettr""i.i""rr""" ahal1 not be greater than1/8 lnch (3'2-nrtr) t"a iti"[iege d1ffe""nti"i" berween epeclmena shall notexceed 1/16 lnch (1,6 nu). -s vELwEtiu nPeclme

4. Envlronnent

4.L The apeclmen slrall be dry durlng poltshftrg. Ttre amblent tenper_
;|HT iililf 

pollehlng ahould nor ie r"aa"tiai;d;}'(d.;"1; or nore rhan

5. Frlctlon Determlnatlons

5'1 Frlctlon lleasurenent rntervals - Frlctlon valrres eha1l he ohtalnedafter the specr'men(s) r,ave heen placed on th; track and prlor to eny polrsheffort; at pcrlodlc lntervals of sufflcreni number to clearly deflne therate of polish; and at the compretrorr..oi-porr"trrrg before tt. sp""t en(a)are removed frorn the track pad.- rtre ,conii;;i"n of the testrf ahal1 hedef ined eB rhe pornr at whlch rhere r"-;;';i;iifl""r,i ;;;;; in frrcrron,elther an lncreaoa ln frlction-value or a a"Ireaee ln frlctlon varue, afterrepeated polish applrcatrons of tt"-tiiui"il----"= 4rr trrsEron

5'2 Number and Posltlon of Frlctlon lteasurement - Reported frlctlonmeasurement thall be ohtalned tn the dlrecti;; o!? tlre travel and at thecenter of the pollsh path. sufflclen;;;il;;renrs ahall be corlected roreflect the frlctlon value ot-itre apecinei ii.t-'unr""s the frlctlon DoaBur€-ment la obtalned along the entlre aic length or tn" apecincn, et reast t?rottoporg" frlctlon valueJ 
"no,riJ-i" reported.

6. Report

6'1 The report should lnclude auch data ae llsted ln 6.1.r through6'L'7 along 
'rltrr other p"itri"it data aa "o*ui nec''sary, eepecr,alry thoeeItens vrrrch do not conforrn to lr," .uil"it--i"-cJo."naud practlcer

6.1.1 pavenent typcr mlx cmrpoaltlon and naterlal typc.
6,L.2 Surface characterlatlca.

f:.1.3 Type of Frictlon Teeter IItilizod.
6'L'4 Ltneal wheel veloclty when poltehing calculatcd whan the wheelta posltioned ar rhe centcr-ii-ii" p"irlt,-p"it."
(r.1.5 lllntmum and llaxlmunr Radluc Dlncnatons

""d f:i:;lrrT:i.:f frtcrton rG!r, nunhcr of eppttcrrton, er rtn. o! raettng,

6,L,7 Ranarka,

t

t

a

I

50




