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CALIBRATIONS OF ACCELEROMETERS BORS USE cIN 
MOTOR TRUCK IMPACT TESTS 

REPORT ON COOPERATIVE INVESTIGATION BY U. S. BUREAU OF PUBLIC ROADS AND 
U. S. BUREAU OF STANDARDS ! 

Reported by J. A. BUCHANAN, Associate Engineer of Tests, and G. P. ST. CLAIR, Associate Engineer of Tests, U. S. Bureau of Public Roads 

N 1923 the Bureau of 
Public Roads, in co- 
operation with the 

Rubber Association of 
America and the Soci- 
ety of Automotive En- 
gineers, commenced a 
series of tests to deter- 
mine the magnitude of 
the impact reactions be- 
tween a truck wheel and 
the pavement and to 
study the major factors 
influencing the magni- 
tude of such reactions. 
The impact force was 
determined indirectly by 
computation, using the 
acceleration and mass of 
the unsprung weight on 
the truck wheel and the 
truck spring pressure or 
sprung weight at the in- 
stant of impact. To 
measure such accelera- 
tions an instrument 
known as the coil spring 
accelerometer was de- 
veloped and used by the 
bureau. 

This coil spring accel- 
erometer was calibrated 
by comparing readings 
obtained fromit with the 
magnitude of accelera- 
tions determined by the 
analysis of displace- 
ment-time records of the primary motion. 

This report deals with an investigation of three methods of 
measuring accelerations due to motor truck impact. They are, 
(1) by analysis of records from the displacement-time apparatus, 
(2) by means of the cantilever-spring, contact accelerometer, 
and (3) by means of the coil spring accelerometer. These 
instruments are described and the theory involved in the use of 
each is given. The calibrations included static tests, dynamic 
tests on a machine producing simple harmonic motion having pe- 
riods and amplitudes analogous to those of motor truck impact, 
and dynamic tests with a motor truck on a reaction wheel 
closely simulating road-operating conditions. Data are given 
showing the agreement between basic measurements of accelera- 
tion, the relation between theory and practice in the case of the 
coil spring accelerometer, the dispersion to be expected in coil 
spring accelerometer data, and the estimation of impact periods. 
Comparisons are made which show the effect that new calibra- 
tion data would have on impact forces computed by original 
calibrations. - The report closes with a statement of conclusions 
reached as a result of the investigation, which may be briefly 
stated as follows: 

1. The contact type of accelerometer may be used to obtain 
highly accurate measurements of acceleration of the order of 
magnitude and period encountered in motor truck impact work. 

2. The coil spring accelerometer may be used to obtain 
reasonably accurate measurements of acceleration due to motor 
truck impact, when due consideration is given to the relation 
between the period of the impact reaction and the period of the 
accelerometer element. 

3. A recomputation of published data using calibration factors 
obtained in this investigation indicates that the impact reaction 
values which are based on the original calibration factors are 
from 10 to 15 per cent too low, because of systematic errors in 
calibration. The comparisons made and conclusions drawn in 
reports based on such data, being general in nature and depending 
upon many tests rather than upon individual measurements, 
show with sufficient accuracy the relations and factors which 
influence the magnitude of the impact reactions. 

4. The displacement-time apparatus may be used under 
laboratory conditions to determine the magnitude of the accelera- 
tion, the period of impact, and other characteristics of motor- 
truck impact reactions. 

A special 

REASONS FOR ACCELEROM- 
ETER INVESTIGATION 

OUTLINED 

Prior to the publica- 
tion of the first report 
on these impact tests, an 
investigation was made 
to determine the ac- 
curacy with which the 
accelerations of motor- 
truck impact were meas- 
ured by the coil spring 
accelerometer. This in- 
vestigation, which was 
also cooperatively con- 
ducted, resulted n the 
finding that the instru- 
ment was sufficiently ac- 
curate for use in procur- 
ing datafrom which only 
generalized comparisons 
were made. The first im- 
pact report showing the 
influences of various 
factors on the magnitude 
of motor-truck impact 
reactions was then re- 
leased and appeared in 
Pusiic Roaps, June, 
1926. 
Two additional re- 

search projectsin motor- 
truck impact were 
planned to supply defi- 
nite information con- 
cerning immediate prob- 
lems. One was to deter- 
mine the influence of the 

thickness of tread rubber (in solid and cushion types 
impact testing machine was used to drop a truck wheel 
(to which the accelerometer was attached) on a pave- 
ment slab. It was found that, for use in tests involving 
any particular type of tire, a certain range in the char- 
acteristics of the sensitive element, i. e., spring-weight 
combination, of the accelerometer produced satisfactory 
results. A system of calibration factors was set up for 
each sensitive element for use with the tire equipments 
for which it was adapted. 

1 This report is a summary of a detailed report on a cooperative investigation by the 
U. S. Bureau of Standards and the U. S. Bureau of Public Roads. The purpose of 
this investigation was to determine the accuracy and other characteristics of such 
instruments as had been used, or were proposed for use, in the cooperative motor 
truck impact investigation conducted by the Bureau of Public Roads, the Rubber 
Association of America, and the Society of Automotive Engineers. , 
The work was actively guided by a committee composed of members of the technical 

staff of each bureau as follows. ae. 
U. §. Bureau of Standards: Dr. H. C. Dickinson, Dr. L. B. Tuckerman, Mr. 

E. F. Mueller, and Mr. W. A. Jacobs. 
U. 8. Bureau of Public Roads: Messrs. E. F. Kelley, L. W. Teller, J. A. Buchanan, 

and G. P. St. Clair. : Fiore 
Dr. B. Liebowitz was retained as research consultant throughout the investigation. 
The actual conduct of the tests was largely the work of Mr. Jacobs and Mr. St. Clair, 

while the analysis of the data and the preparation of the detailed and summary reports 
were carried out by Mr. Buchanan and Mr. St. Clair. The mathematical work 
involved in the investigation, relative to the coil spring accelerometer, the displace- 
ie time recorder, and the phenomena of motor truck impact, was prepared by 

r. St. Clair. 

oii o0———— 1 

of tire) on the magnitude of impact reactions produced. 
The other was to establish the correlation between 
road roughness, tire equipment, wheel load, and vehicle 
speed in influencing the magnitude of impact reactions 
under actual operating conditions. While working on 
these projects, the Bureau of Public Roads, in the sum- 
mer of 1926, prepared for an extended investigation 
of the coil spring accelerometer under well-controlled 
laboratory conditions which closely simulated the reac- 
tion between the truck wheel and the road. 

The two motor-truck impact projects were completed 
in the fall of 1927, prior to the completion of the exten- 
sive instrument investigation. The reports on the 
impact tests were approved for publication, but before 
this was accomplished certain objections were made 
concerning the accuracy of the data. The bureau then 
decided to withhold all information from publication 
pending a thorough investigation of the instrumentation 
by some agency satisfactory to all parties for the pur- 
pose of developing complete knowledge concerning the 
accuracy of the instruments. 

81 
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FicurE 1.—GENERAL VIEW OF TRUCK AND INSTRUMENT 
ARRANGEMENT FOR REACTION WHEEL TESTS 

An agreement to conduct a cooperative accelerometer 
investigation was made between the United States 
Bureau of Standards and the United States Bureau of 
Public Roads in April, 1928. This agreement provided 
for carrying on a program of calibration of accelerome- 
ters which had been used or proposed for use in the 
motor-truck impact research. This investigation has 
been completed and a detailed report written. The 
calibration data developed by the Bureau of Public 
Roads have been incorporated in the report and consti- 
tute the section dealing with the reaction wheel tests. 
Space is not available for the publication of the entire 
detailed report. The following summary report has 
been prepared to acquaint the reader with the general 
nature of tests and analyses made, which form the basis 
for the conclusions reached. 

THE MACHINE FOR PRODUCING SIMPLE HARMONIC MOTION 
DESCRIBED 

It was decided by the committee that the instruments 
to be investigated should be calibrated on a device 
which could be made to produce accelerations of known 
magnitude. For this purpose the Bureau of Standards 
obtained the loan of a machine for reproducing simple 
harmonic motion which had been designed and built by 
the Firestone Tire & Rubber Co. The rotating parts 
of this machine consist of two flywheels on a 3-inch 
shaft supported by large bearings in a cast-iron frame. 

The combined weight of flywheels and shaft is about 
1,000 pounds. <A driving pulley is attached to one 
wheel and an adjustable mounting for an eccentric pin 
is provided on the other wheel. The eccentric pin 
floats in the yoke of a cross-head frame in such a manner 
that it is capable of transmitting only the vertical com- 
ponent of its motion. Practically all of the reciprocat- 
ing parts are of aluminum alloy, their total weight, 
exclusive of instruments, being about 30 pounds. The 
machine is belt driven by an electric motor and an 
independent high-pressure oil system is provided to 
lubricate all bearings. All bearings are adjustable, so 
that minimum clearances may be maintained. The 
rated capacity of the machine is 1,800 revolutions per 
minute and 4-inch stroke. Tests were run at speeds 
ranging from 300 to 2,100 revolutions per minute and 
with strokes ranging from 0.1 to 3 inches. 

The speed of the machine was measured by means of 
a Veeder liquid tachometer, connected by a chain and 
sprokets directly to the main shaft between the two 
flywheels. It was calibrated by the Bureau of Stand- 
ards prior to these tests, and the speed could be deter- 
mined to the nearest revolution per minute without 
difficulty. For convenience in making minor changes 
in speed the machine was equipped with a small hand- 
brake bearing on the periphery of one of the flywheels. 

The reciprocating yoke is guided in a housing which 
covers the flywheel and cross-head assembly, An 
aluminum platen about 10 inches square is screwed on 
the upper end of a tubular extension of the yoke 
protruding above the housing. Instruments to be 
tested were mounted on this platen. The stroke of 
the machine was measured by means of a micrometer 
depth gage. Figures 4, 8, and 17 show the various. 
instruments mounted for test. 

REACTION WHEEL USED ‘TO PRODUCE IMPACT 

In the summer of 1926 the Bureau of Public Roads. 
purchased a steam engine flywheel having a diameter 
of 6 feet 6% inches and a 19-inch face. This wheel was 
mounted on a 6-inch shaft carried by a massive rein- 
forced concrete emplacement and furnished an ex- 
cellent means for conducting motor-truck impact tests 
under well-controlled laboratory conditions. The pit. 
in which the reaction wheel is situated is covered with 
a heavy timber floor so that a test truck can be driven 
into position with one rear wheel resting on the surface 
of the reaction wheel directly above the center of its 
shaft. The front axle of the truck is restrained from 
any motion whatever and the left rear wheel is pre- 
vented from moving in the fore-and-aft or lateral 
directions by means of chocks. The truck wheel is 
driven in the ordinary manner with a resulting rotation 
of the reaction wheel. Various obstructions were bolted 
to the reaction wheel to create impact conditions. 
To avoid interference between successive impacts, 
only one obstruction was in use during any given test. 
Figure 1 shows a test truck mounted on the reaction 
wheel and Figure 2 shows a closer view of the instru- 
ment set-up. 

The vertical motion of the 
to the instrument mounting in the following manner. 
A hub extension is securely bolted to the wheel and 
revolves in a self-aligning bearing which is encased in 
a rectangular bronze block. This block moves with 
practically no clearance within a steel yoke, which in 
turn moves freely in vertical guides. The bronze block 

truck wheel is transferred 
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Hiagure 2.—INSTALLATION OF INSTRUMENTS FOR REACTION 
WHEEL TESTS 

may move in and out and forward and back, trans- 
mitting only the vertical component of the motion of 
the wheel to the yoke. As may be seen on the cover 
page, the yoke is a part of the rigid mounting which 
carries the three instruments used in the tests—the 
displacement-time recorder, the contact accelerometer, 
and the coil spring accelerometer. 
time instrument is connected to the base of the yoke, 
while the contact instrument is mounted directly above 
it. A rod extending above the truck body carries the 
coil spring accelerometer, which is restrained from 
lateral motion by vertical guides. Various devices 
which are not described here were installed to obtain 
the semiautomatic control of the instruments which 
was necessitated by the rapidly repeated impacts. 

The two trucks used in tests on this reaction wheel 
were those which had been used in conducting the major 
portion of the motor-truck impact tests and the method 
of loading was the same as in the road tests. The tire 
equipments used on the trucks were selected from and 
were representative of those used in the earlier tests. 
Static load-deflection curves for these tires are given in 
Figure 3, and Table 1 contains data concerning prin- 
cipal dimensions of tires and weights. 

‘The displacement- 

Un- 
Over- | Capac-, Wheel 

To | Qs all Weight) ity | weight | Spee 
ey Type Size | section} (one (one (dual | “3 ct 

| | height | tire) | tire) tires) | weight 

ak nm" i a ae a = ‘| =F ae a i ‘ le - ie, ‘ae 

| Inches | Inches | | Pounds: Pounds| Pounds| Pounds 
47a | Pneumatic(underinflated)_| 36 by 6 | 1 7% | 1118 | 2, 200 | 435 740 
47 | Pneumatic (standard in- | | 

Wen ation ease eke SG DY Glew Tale eh us [eo 200 | 435 | 740 
(ANG CUSHION= = 5.22 8ns5. 5 | 36 by 7 | 44 | 200 | 3 300 | 792 | 1,380 
STmmNew SOlida:5 =o seen = 36 by 6 | 3% | 168 | 4. 200 636 | 1, 224 

41a | Worn solid (1 inch visible | 
| 3401 0} 0y:) ) ee ae ee 6 by 4 | 1% | (i,|| ar 000 | | 461 766 

39f | Worn solid (0.6 inch visi- | | 
ie Dierubber)-2 eee | 86 by 4 | 1% | 72 | 2, 000 | 446 | 751 

| | | 

1 Includes demountable rim, 

TaBLeE 2.—Schedule of reaction wheel tests completed 

. = ze ary = zed = E 5 

| Wheel | Sh d f ok ak ' | a, Wheel | Shape and size of obstrue- range 
& > *hire |Truck load tion in inches miles 

| per hour 

| Pounds 
Dual pneumatic (underin- | B} 3,500 | 1 by 3, rectangular_____-_-_- 8 to 20 

flated). | | 

Dual pneumatic (standard! B 3, 500 | 14 by 3, rectangular_______ 8 to 31 
inflation). | | . 

34 by 3, rectangular________ 8 to 25 
1 by 3, rectangular________- 8 to 25 
14% by 3, rectangular.______| 8 to 20 
144 by 3, rounded_________ 8 to 19 

5,000 | % by 3, rectangular______- 8 to 25 
iby 3, rectangular_-______- 8 to 20 
1% by 6, LOUNGEd se eee 10 to 16 

Dual cushion_(new) ----------- A |13,300 | 34 by 3, rectangular______- | 8 to 28 

7,500 | 4% by 3, rectangular-___-__- 7 to 25 
34 by 3, rectangular-_____-_- 6 to 25 

| 1 by 3,,rectangular___..__- 7 to 27 
| 14 by 3, rectangular______| 7to15 
| 14% by 3, rounded________- 8 to 22 

| | 

| | 10,000 | 44 by 3, rectangular-_---_-- | 7 to 25 
| 34 by 3, rectangular______- 4 to 25 
| | by 3,,rectangular_-___... 5 to 25 

| | 1% by 8, rectangular--_____ 6 to 15 
| 1% by 3, rounded_________ 5 to 15 

Dualisolidumew seas. eee | A] 7,500 | % by 3, rectangular---__-- 8 to 20 
| | | 34 by 3, rectangular-_____-_- 8 to 20 
| | 1 iby 3, rectangular_______- 7 to 25 

14 by 3, rounded__-_-____-_- 8 to 14 

| 10, 000 | 44 by 3, rectangular-_-___-- 8 to 20 
| 34 by 3, rectangular-__-___- | §8to 20 
fol "by 3, rectangular he AS 8 to 16 
| 1% by $,roundedss 255-22 |} 8&to12 

Dual worn solid (1 inch visible B 3, 500 14 by 3, rectangular___-___. 9 to 17 
rubber). | | 34 by 3, rectangular-_____- 9 to 14 

Dual worn solid (0.6 inch Banos 500 | lo by 3, rectangular---_--- | 8to 14 
visible rubber). | 

1 Empty truck. 

TEST PROGRAM AND SCHEDULE OF COMPUTATIONS DISCUSSED 

Table 2 is a schedule of the reaction wheel test 
program as completed. Tests were made with each of 
the six tire types, ranging from underinflated pneumat- 
ics to badly worn solids. The heavy duty truck, A, 
was used for the tests with cushion and new solid tires; 
the lighter truck, B, was used for the pneumatic and 
worn solid tire tests. Because of the enormous 
amount of computation involved, it was necessary to 
select representative tests for analysis, so as to cover 
as wide a range of conditions as possible. Table 3 is a 
schedule of tests for which the data were analyzed in 
full. This analysis included computations of accelera- 
tion from the records of the contact accelerometer and 
of the displacement-time instrument, computation of 
impact period from the displacement-time record, 
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TABLE 3.—Schedule of reaction wheel tests analyzed in full TaBLeE 4.—Schedule of reaction wheel tests analyzed for period only 

| | 

Wheel | SI d f ob | hy f Alves range, Wheel | Sh d si f ob Ab f Darl range, oF -| Whee hape and size of ob- | Typeo er ae P ee ape and size of ob- ype 0 er : 
Tire Truck) ‘oad struction in inches | impact | of ie Tire Truck) oad struction in inches impact | of ey 

| tests hour tests hour 

Pounds Pounds 
Dual pneumatic B |} 3,500 ; 1 by 8, rectangular_.__| Shock_-- 6 8to19 Dual pneumatic B | 3,500 | 4% by 3, rectangular__-| Shock-.-- 3 | 8 to 22. 

(underinflated). Drop..--| 6 8 to 20 Cae t infla- IDropssss 2 ares 
tion). E 

Dual pneumatic B | 3,500 | 44 by 8, rectangular__.| Shock_-- 1 20 34 by 3, rectangular. ..| Shock-_-_- 3 | 8 to 26. 
(standard infla- Drop-.--- i 19 Drop-.-- 3 | 8 to 26. 
tion). 14% by 3, rectangular__| Shock_-_. 3 | 8 to 21. 

1 by 8, rectangular._._| Shock--_- 7 8 to 25 Drop-_--- 3 | 8 to 20. 
Drop-_--- 7 8 to 25 144 by 3, rounded _--.-_- Shock. __ 3 | 8 to 18, 

| Drops 3 | 8to 19. 
5,000 | 1 by 3, rectangular_._-| Shock--- 6 8 to 21 —— se 

i DTOpsecs 6 8 to 20 5,000 | 14 by 3, rectangular...) Shock__- 3 | 8 to 20. 
a | } iD roOpeess 3 | 8 to 24. 

Dual cushion A | 7,500 | 1 by 3, rectangular..._| Shock__- 5 | 10 to 27 114 by 3, rounded ----_- Shock__- 3 | 10 to 16. 
(new). Dropiess 6 9 to 26 PTOp sas 3 | 10 to 15. 

| 10,000 | 14 by 3, rectangular__-| Shock-.- 5 | 12to27 Dual cushion A | 13,330 | 34 by 3, rectangular__-| Shock__-} 11 | 8 to 27. 
Drops 3 7 to 20 (new). Drop uese 7 | 8 to 27. 

| 34 by 3, rectangular_..| Shock--- Oui mato24: 
Droplee= 5 | 11 to 26 7,500 | 14 by 3, rectangular__-_| Shock_-_- 6 | 8 to 18, 

1 by 3, rectangular_.--| Shock--_- 8 5 to 24 ropes 5 | 7 to 25. 
IDropeese 7 4 to 25 34 by 3, rectangular.__.| Shock__- 7 | 8 to 23. 

| 114 by 3, rectangular-_| Shock._- 3 4 to 14 Drop-__.. 11 | 8 to 22. 
i Prope 4 8 to 14 1 by 3, rectangular._..| Shock.__ 1 9. 

114 by 8, rounded-_---- | Drop..--| 3 4 to 14 1% by 3, rectangular__| Shock--- 4 | 7to 14. 
— Drops. 4 | 8to15. 

Dual solid (new)--| A | 7,500 | 4% by 3, rectangular_--| Shock-_-- 1 20 11% by 8, rounded - --_- Shock__- 5 | 8 to 21. 
| Drops 1 | 19 IDropeees 4 | 8 to 20. 
| 1 by 3, rectangular....| Shock-..| 13) 8 to 28 

Drop ees | eee! Ol menLOrZe 10,000 | 14 by 3, rectangular___| Shock__- 4 | 7 to 20. 
} — Drops 6 | 7 to 27, 

10, 000 | 1 by 3, rectangular..__-| Shock_-_. 4| 7tol4 34 by 3, rectangular___| Shock__- 6 | 5 to 26. 
| Drop eee 4 8 to 13 Drop-.--- 10 | 5 to 24 

—_—— 1 by 3, rectangular__._| Shock__- 2 | 15 and 
Dual worn solid B | 3,500 | 14 by 3, rectangular___| Shock._- 4} 10to 18 20. 

(1.0 inch visible Drop...-| 5] 10t0 18 Drop-_.- 6 | 5 to 24 
rubber). | 34 by 3, rectangular___| Shock__- 4 9 to 15 114 by 3, rectangular-__| Shock_-- 4|8tol4 

Drops 4| 10to14 ropes 4|4tol4 
— 1% by 3, rounded-.__- Shock-___| 5 | 4to15 

Dual worn solid B | 3,500 | % by 8, rectangular_-._| Shock__- 3 8 to 12 Drop-_-_-- 2/11 and 
(0.6 inch visible | Drop..-- 3| 9tol4 15. 
rubber). | a a eR ok ae 

| Dual solid (new)-| A | 7,500 | 4 by 3, rectangular___| Shock__- 2] 8 and 
14. 

Drop...- 2/| 8 and 
- 1 “7 Pi 14. measurement of records from the coil spring acceler Sf by 2. rectasealar <-/ Sie Mee Seto 

ometer, and application of a method of correlation eee oh Drop....| 3] 8 to 21 
: : rounded -.-_- Ocks== 0) 

between the coil spring accelerometer and the other fanca: Drops weests reas 
two instruments. Table 4 is a schedule of tests for 10, 000'| 44 by3.-Fedtaus cian Se | SnGattal meneame 
which computations of impact periods were made by ye na as Drop....| 3 | 8 to 20. 

: ° : : rectangular -_- ockss 0 19. analysis of displacement-time records. The technique Sorat : Drop. 3 | Seero0: 
of the analyses and the data obtained will be described 1/4 by 3, rounded. . -_- oe a eater 
In subsequent paragraphs. 

METHOD OF ANALYSIS DESCRIBED 

The reaction wheel tests were conducted primarily to 
calibrate the coil spring accelerometer under the con- 
ditions of motor-truck impact. The displacement-time 
recorder and the contact accelerometer were used as 
control instruments, and the analysis of the data 
obtained from the coil spring accelerometer is based 
upon the data obtained from the other two instruments. 

This report is concerned chiefly with the question of 
the accuracy of the three instruments used for measur- 
ing accelerations. In considering the error and disper- 
sion of a given instrument or the agreement between 
two instruments, it has been found necessary to employ 
certain terms and methods analogous to those used in 
statistical work without adopting the rigorous procedure 
of that science. An error or a deviation from a mean 
value is generally expressed as a percentage of the cor- 
rect or mean value. Thus if Ay is a mean or assumed 
correct value of acceleration and A, is a corresponding 
value deviating from it, the percentage of error is 

defined by the equation e= 100( 4° = 1): The value of 
M 

eis generally given absolute without regard to sign. 
When data showing the relation between two variables 

exhibit considerable dispersion, a frequency diagram 

1 Empty truck. 

is substituted for the customary plot of coordinates. 
The frequency diagram is divided into squares, the 
length of the sides of each square representing con- 
venient intervals in the two variables involved. With- 
in each square is written a number equal to the number 
of points which would appear within that square if the 
coordinates were plotted. In this manner the distribu- 
tion of the points about a mean position is brought out 
clearly. Figures 12, 18, 20, 22, and 25 are examples of 
such frequency diagrams. 

In a number of cases it was desirable to develop 
functions expressing the probable error of the data. 
This was done by drawing curves in such a manner 
that half the data shown in the given frequency diagram 
hes below and half above the curve. A similar curve 
is drawn bounding a zone which includes 90 per cent of 
the data. These curves are denoted by the symbols 
€s) aNd ég as in Figures 13, 21, and 26. 

THE DISPLACEMENT-TIME RECORDER DESCRIBED 

It is possible, with the reaction wheel set-up, to 
obtain an autographic record of the vertical motion 
of a truck wheel under impact. If such a record is 
taken on a drum rotating at a known constant speed, 
a curve is obtained from which the acceleration-time 



July, 1930 PUBLIC ROADS 

40 

Is~—DUAL WORN SOLID DUAL NEW SOLID 
(0.6 IN. VISIBLE RUBBER) A 

t : . é mes 
| | 

—-DUAL WORN SOLID —}, 
(I.0 IN. VISIBLE RUBBER) r| 

DUAL NEW CUSHION 

| 
| 
| 

CURVES FOR DUAL TIRES OBTAINED BY ADD! 
AT GIVEN DEFLECTIONS 

as 
VIOUAL TIRE 

] | 
| 
+ 
| 

i 

DUAL PNEUMATIC — 

(STANDARD INFLATION) 

LOAD — THOUSAND POUNDS 

DUAL PNEUMATIC 
| (UNDER INFLATED) 

Ys 1.00 125 150 175 2.25 2.50 2.75 3.00 

DEFLECTION —-INCHES 

FigurE 3.—Sratic Loap-DEFLECTION CURVES FOR TIRES USED IN REACTION WHEEL TESTS. CurVES FoR Dua TIRES 
OBTAINED By ADDING Loaps FoR INDIVIDUAL TIRES AT GIVEN DEFLECTIONS 

relation may be derived by differentiation. The 
Bureau of Public Roads has used this method of 
measuring acceleration for a number of years. The 
early calibration of the coil spring accelerometer was 
based on displacement-time tests conducted with a 
stationary drop-impact machine. A new instrument 
was constructed for use in the reaction-wheel tests. 
Figure 4 shows this instrument mounted to record the 
vertical movement of the yoke on the simple harmonic 
motion machine at the Bureau of Standards. The 
cover page shows its installation for the reaction-wheel 
tests. 

The essential elements of the displacement-time 
recorder are, (1) a vertically moving rod which carries 
a recording stylus, (2) @ drum which revolves at a 
constant speed about a vertical axis, and (3) a direct- 
recording tuning fork. The rod moves in specially 
constructed adjustable bronze bearings which are 
lapped in so as to allow free movement with minimum 
clearance. The rod is connected to the body whose 
motion it is desired to record by a short stud having a 
necked section one-eighth inch in diameter and one- 
half inch in length. This flexible link was designed to 
eliminate binding of the rod in its bearings due to 
slight lateral displacements of the moving body, and, 
in case of accident, to serve as a weak link protecting 
the instrument from violent distortion. The recording 
stylus is mounted within a solenoid and is moved into 
contact with the paper by the operation of a key switch. 

The drum is of aluminum and is approximately 7% 
inches in diameter and 9} inches in height. It mhge 
in conical bearings, and is driven by a small motor 

Figure 4.—DIspLAcEMENT-TIME APPARATUS ON THE SIMPLE 
Harmonic Motion MAcuHIne 

through a 100 to 1 worm-gear reduction. The motor 
speed 1 is about 10,000 revolutions per minute, producing 
a tangential velocity of approximately 38 ‘inches per 
second at the surface of the drum. The record paper 
is attached to the face of the drum with rubber cement 
and is coated with a light film of smoke. Upon removal 
from the drum the record is fixed by being dipped in a 
thin solution of pure white shellac in grain alcohol. 
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The tuning fork is driven by an electromagnet 
operating on a make-and-break circuit. The record is 
made by a small stylus of very thin brass projecting 
from the end of one prong and resting very lightly on 
the record paper. The tuning fork has a frequency of 
approximately 58 cycles per second. 

The accuracy with which accelerations can be deter- 
mined depends largely upon the precision with which 
the coordinates of displacement and of time can be 
measured. It is therefore necessary that the amplitude 
and period of the motion to be analyzed be large with 
respect to the errors in the measurement of these quan- 
tities. The accuracy of the determination depends 
further upon the nature of the motion involved and 
it may be stated as a general rule that the curve 
to be analyzed should be the record of a fundamental 
motion of great regularity or ‘‘smoothness,” disturbed 
only slightly if at all by parasitic vibrations or irregu- 
larities. 

Tire deformations under impact are generally of 
considerable amplitude, varying from a few tenths of 
an inch in the case of worn solid tires to an inch or more 
in the case of pneumatic tires. The periods of impact 
reaction vary from less than 0.01 second for badly worn 
solids to as much as 0.10 second for pneumatics. In 
almost all cases the displacement-time curves are of a 
regular character, exhibiting a gradual change of curva- 
ture with the passage of time. Small parasitic oscila- 
tions, however, are always present. These oscillations 
may be due to engine vibrations, to small local structural 
deformations, or to disturbances within the recording 
mechanism itself. They cause minute irregularities in 
the curve, and are eliminated in the analysis by a 
process of smoothing. It may be stated that, in general, 
displacement-time records of impact reactions may be 
accurately analyzed. 

However, because of the wide range of amplitudes 
and periods and the varying effect of parasitic irregu- 
larities, the accuracy is necessarily variable. The most 
uniform results were obtained from tests with cushion 
and new solid tires. Tests with worn solid tires were 
rather unsatisfactory because of the extremely violent 
reactions occurring with such tires. 

SOURCES OF ERROR IN RECORDING ANALYZED 

In the complete report of these investigations there is 
given a detailed discussion of the errors to which the 
displacement-time recording mechanism is subject. The 
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following sources of error are considered, and estimates 
are made of their probable effect, based on such data as 
are available: 

(1) Sources of error in displacement only. 
a. Elastic deformations of the vertically mov- 

ing rod and its flexible connection to the 
body whose motion is being measured. 

b. Movement of the supports on which the 
instrument is mounted. 

(2) Sources of error in time only. 
a. Error in calibration of the tuning fork. 
b. Irregularities in the functioning of the tun- 

ing fork. 
c. Fluctuation in speed of the drum. 

(3) Sources of error in both displacement and time. 
a. Errors in alignment and verticality of the 

rod and the drum. 
b. Eccentricity of the drum. 
c. End play in the drum. 
d. Irregularities in the record paper and in 

the manner of its mounting on the drum. 
e. Malfunctioning of the recording stylus, 

due to— 
1. Eccentricity of the point. 
2. Play in the barrel. 
3. Bending of the projecting portion of 

stylus. 
f. Shrinkage or expansion of the paper after 

fixing with shellac solution. 
It was found that for moderate test conditions, such 

as those encountered with cushion and solid tires, the 
probable error in acceleration due to imperfections in 
the recording device lies between 1 and 2 per cent. 
For severe conditions, as in the case of tests with worn 
solid tires, the error is undoubtedly much greater. 
For highly favorable conditions it may be much less. 

METHOD OF DIFFERENCES USED IN ANALYZING RECORDS 

For use in analyzing displacement-time curves a 
special comparator was built to order. By means of 
this comparator one may read rectangular coordinates, 
over a 4-inch range for each coordinate axis, directly 
in ten-thousandths of an inch. It was calibrated by 
the Bureau of Standards and found to be highly 
accurate. Errors inherent in the comparator are 
entirely negligible in comparison with the errors of 
the recording device, discussed in the preceding 
paragraph. 
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Figure 5 is a photograph of a displacement-time 
curve obtained in the reaction-wheel tests. The signifi- 
cant portions, or arcs, of the curve are marked ‘‘shock”’ 
and “drop.” The former occurs as the tire encounters 
and mounts an obstruction, the latter as it again 
reacts upon the surface of the reaction wheel. The 
object of the analysis is to obtain for either or both of 
these arcs a curve or tabulation of values expressing 
the variation of acceleration corresponding to the 
displacement-time variation given by the are in 

- question. 
For the desired portion of the curve comparator read- 

ings of displacement are made at regular intervals of 
the time coordinate and tabulated. The method used 
in analysis is numerical rather than graphical and is 
based on the calculus of differences.* This method 
is described in full with examples in the detailed report. 
The first step in the analysis 1 Is the elimination, by the 
process known as ‘‘smoothing,”’ of irregularities caused 
by parasitic occillations of high frequency or by irregu- 
larities in the width of the record line. This is accom- 
plished by replacing the series of displacement coordi- 
nates given by the comparator readings with a smooth 
series differing from it only by very small amounts. It 
has been found in practice that in almost all cases the 
smoothing can be restricted to changes of less than 
0.002 inch in magnitude and that the great majority of 
changes can be held below 0.001 inch. The fact that 
the process of smoothing involves changes in the fourth 
decimal place with occasional changes of 1 or 2 in the 
third place indicates that the probable errors due to the 
use of that process are well within the limits of accuracy 
imposed by the imperfections of the recording apparatus 
and the varying qualities of the displacement-time 
curves themselves. 

The first differences of a tabulated series are obtained 
by subtracting each tabulated value from the value 
next following it. The second differences are obtained 
by applying the same process to the first differences, and 
soon. If the series is tabulated for regular intervals of 
the independent variable or argument (time in this case) 
values of the derivatives of the tabulated function with 
respect to the argument may be obtained by the use of 
formulas involving the tabular differences as defined 
above. Accelerations were computed by the applica- 
tion of such formulas to the smoothed series of dis- 
placement coordinates, tabulated at regular intervals 
of time. 

Given a smooth series, no error is involved in this 
method of analysis except those ‘‘last-place”’ errors 
which are characteristic of all computations where values 
are given in a fixed number of decimal places. These 
inaccuracies may be eliminated by adding one or more 
fictitious decimal places and carrying out the process 
of smoothing until the series is ‘“‘smooth” in the last 
added place. Such a procedure does not, of course, 
affect the true accuracy of the acceleration measure- 
ment, which depends on other factors. 

DISPLACEMENT-TIME RECORDER TESTED ON SIMPLE HARMONIC 
MOTION MACHINE 

A number of tests were conducted with the instru- 
ment mounted as shown in Figure 4 to record the 
reciprocating movement of the simple harmonic motion 
machine. Tests were made at the following strokes and 
speeds: 

2 A discussion of this subject is given in the Encyclopedia Britanica, eleventh edi- 
tion, under the heading ‘‘ Differences, Calculus of.’’ A more complete treatment is 
contained in ‘‘The Theory and Practice of Interpolation,” by H. L. Rice, the Nichols 
Press, 1899. 

l 
| Stroke, | Revolutions | 
inches | per minute | 

| (depth (liquid ta- 
gage) chometer) 

0. 997 299, 599, 899 
| 2000 | 2997599; 899 | 
| 2.998 | 299,599, 899 | 

The corresponding periods of cycle, computed by 

means of the formula, 7,;= » are 0.2007, 0.1002, 
r. p. 0 

and 0.0667 second, respectively. 
In each case the downward half-cycle was chosen 

for analysis, because it is analogous to the ‘‘drop” in 
motor truck impact. Values of acceleration were 
obtained by three different methods, and given the 
symbols A,, As, and A;. They are defined as follows: 

477? 
A, eer a, 

where a is one-half the stroke as measured by the depth 

gage and 7,=- oO as measured by the liquid ta- 

chometer. 
4 2 

Ay= a4, 

where a is one-half the stroke and 7’, is twice the period 
of the lower half-cycle, both quantities being obtained 
by lineal measurements on the displacement-time 
record. 

A;=acceleration obtained from analysis of the dis- 
placement-time record by the method of 
differences. 

The value of A, is independent of the displacement- 
time record and may be regarded as the basic value 
with which A, and A; are to be compared. The accuracy 
of A, depends upon the precision with which displace- 
ment and time are recorded and measured. In the case 
of A; the method of analysis, including the process of 
smoothing, is involved. 

Table 5 gives the values of A,, As, and A; for the 16 
curves which were analyzed. In Figure 6 the following 
combinations are plotted: A, against A,, A; against A,, 
and A; against A;. Lines are drawn having a 1 to 1 
slope to denote complete agreement. 

In order to indicate the extent to which the various 
values of acceleration deviate from complete agreement, 
values of the following quantities are given in Table 6: 

As — Ali, 

é= = 100(4; — 1), (absolute value), 

A; ae pale 

és=100( 4)" =1), (absolute value). 

It is possible, without resort to statistical analysis, to 
obtain a fair idea of the probable errors of A, and A; on 
the assumption that A, is correct. By inspection of 
Table 6 we find that the median valnes of e. and e, are 

as follows: 
Median e,=0.98 per cent. 
Median ¢;=1.07 per cent. 
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TaBLE 5.—Values of Ai, Az, and Az; for the 16 curves analyzed 

Test No. Stroke Speed Aj A: A3 

| Revolu- | Feet per | Feet per | Feet per 
| tions per |second per|second per|second per 

Inches minute second second second 
jE ee ere a es ae 3 A 2. 000 299 81.7 82.5 83.0 
ee a oe tees et 2. 000 599 327.9 329. 3 327.7 
Be ee ee Ree eae 2. 000 599 327.9 329. 5 330. 3 
eet en et 8 a had hd beh Ig ag 9 2. 000 899 738. 5 735. 4 770.6 

[yee ee eee Be a oe Ae wei kas 2. 000 899 738. 5 750. 9 756. 6 
Vesa 2 a dees oe een ee eee ae 2. 998 299 122.4 124.9 125.4 

WQunk oe Redes eee ne Gee ee rere 2. 998 599 491.5 491.6 495.4 
11s ae eal eee Reha ete oe ethan Ae AS, 2. 998 599 491.5 496.8 491.1 
Bs ine ied tae pe ko, ea | 2. 998 899 1, 107.1 Jawai J, 118.9 
16 eee eee ee er eee . 997 299 40. 7 41.1 40.9 
Le ee ee ee ee eee . 997 299 40.7 41.7 42.4 
i Foe ee es Se ew eh | . 997 599 163.4 164.9 167.9 
LOS. 2 Soe See eee . 997 599 163. 4 165. 0 163. 4 
D0 3. Sa ee nee Pee eae . 997 899 368. 2 371.9 369. 2 
D1 See eae ee ee eae . 997 899 368. 2 372.4 375. 1 

TaBLE 6.—Values indicating the extent to which the various values 
of acceleration deviate from complete agreement 

e2=100X e3=100X 

Test No. At Ay—Ay @-1) As Ay “-1) 
Ay Aj 

Feet per | Feet per | Feet per 
second per|second per second per 

second second second 
Age een Se ce a eee 81.7 +0. 8 0. 98 +1.3 1.59 
poe wanton LEV Be. 5 ay ae OMe 2s aise 327.9 +1.4 . 43 —.2 . 06 
Ae.) sae be eR eed Lee 327.9 +1.6 . 49 +2. 4 nie 
eee ee te ene eee 738. 5 —3.1 42) +382.1 4.35 
Gaeta ee See ies See 738. 5 +12. 4 1. 68 +18. 1 2.45 
(ee ATS a hd le AD este 122.4 +2.5 2. 04 | +3.0 2.45 

1 ieee ON Se ee ero 491.5 +.1 02m +3.9 .79 
py Ma ee ees Sk SNS er 491.5 +5.3 1.08 | —.4 . 08 
Lf eS ee ee ee ee Hh MOY 2 +4.0 .36| -+11.8 1.07 
16s5cee ne Sh UE A ep Mee | 40.7 +.4 . 98 +.2 . 49 
Ny Ge es he RPO ee Ue aE es 40.7 +1.0 2. 46 +1.7 4.18 
1 pate aee ee ee A ee Se eee ee 163. 4 +1.5 . 92 +4. 5 2.75 
19 See Va iee eR OE eee eee 163. 4 +1.6 . 98 0 0 
2 Oise ae Sawant eee eee 368. 2 +3. 7 1.00 +1.0 27 
D1? 2 eee ene 368. 2 +4. 2 1.14 +6. 9 1.87 

\ 

The median is, by definition, a value such that the 
number of values exceeding it is equal to the number of 
values which it exceeds. The median values of e, and 
é; may be taken therefore as approximate probable 
errors of A, and As, respectively. 

It may be observed that these values are of the same 
order of magnitude as that of the probable error 
obtained from an analysis of the sources of error 
inherent in the recording mechanism. 

DISPLACEMENT-TIME RECORD TAKEN ON ALL REACTION WHEEL 
TESTS 

A displacement-time record was taken in each test 
conducted on the reaction wheel. As is shown in 
Figure 5, each curve so obtained contains both shock 
and drop segments. However, in any given test, the 
contact instrument was set to record either shock or 
drop as desired. In consequence, the analysis of the 
displacement-time record was confined to the segment 
corresponding to that for which the setting of the 
contact instrument was made. Both the acceleration 
Apr, and the period of impact 7; were obtained in the 
analysis. The term 7\,as used in motor-truck impact 
tests, is defined as twice the duration of the upward 
acceleration, in order to obtain a value analogous to the 
period of a complete cycle in simple harmonic motion. 
In addition, the amplitude of the impact displacement 
was measured for use in computing the acceleration 
Az, as determined by the contact accelerometer. 
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THE CONTACT ACCELEROMETER DESCRIBED 

The contact accelerometer * is represented diagram- 
matically in Figure 7. The sensitive element is pivoted 
at O, to the left of which extends a flat cantilever 
spring S of uniform section and to the right of which is 
an inertia element W. The spring is deflected and the 
deflection is measured by means of a micrometer M. 
The motion of the weight W is limited by the opposed 
contact screws BC and MC. A suitable rigid frame 
carries the barrel of the micrometer M, the pivot O, 
and the contact screws BC and MC in fixed relation to 
one another. 

lle cul fp an 

FiGurE 7.—D1AaGRaM OF MiIcROMETER-TYPE CoNnrTaAct 
ACCELEROMETER 

When the spring 8 is deflected downward by the 
micrometer M, the weight W is pressed upward against 
the contact screw BC with a force determined by the 
load-deflection rate of the spring and the deflection 
imposed upon it. Now, if the weight be subjected to 
an acceleration acting downward with respect to it (or 
if the frame be subjected to an acceleration acting 
upward with respect to the weight), the weight will 
move from contact screw BC and bear against contact 
screw MC when the magnitude of the acceleration 
acting upon its mass creates a force sufficient to over- 
come the resistance of the deflected spring. By varying 
the spring deflection the critical acceleration at which 
this takes place is varied, and the spring deflection at 
the micrometer is a measure of such acceleration. 
Whether or not these contacts are broken or made is 
determined electrically by means of a_ telephone 
headset. 
When the circuit is arranged to detect ‘break’ at 

the upper contact screw BC, the instrument is so 
sensitive as to be practically useless in measuring accel- 
erations due to motor-truck impact because of the high- 
frequency, low-amplitude vibrations which are nearly 
always parasitic to such impact reactions. However, 
when conditions are such that the break circuit can be 
used the micrometer deflection beyond the break zero 
setting can be used without resort to correction factors 
to determine the critical acceleration. With the break 
circuit no knowledge is required concerning the ampli- 
tude or period of the impressed acceleration, nor is the 
gap between the break and make contacts of impor- 
tance. 

When parasitic vibrations are present, particularly 
when such vibrations are unimportant with respect 
to the basic accelerations to be measured, their effect 
may be eliminated by arranging the telephone circuit 
to detect contact at the lower or “make” contact 

3 See Jour. S. A. E., March, 1926, pp. 249-250. 
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screw MC, using a suitable “‘gap”’ clearance (as defined 
below). The sensitivity of the instrument, however, 
decreases with the magnitude of the gap opening 
(defined as the movement of the weight between the 
make and break contacts). It has been found that a 
gap of 0.002 inch at the center of gravity of the weight 
G is ordinarily sufficient to avoid interference by such 
parasitic vibrations. Since this movement corresponds 
to nearly 0.006 inch movement at the micrometer to 
cause the weight to move between the upper and lower 
contact screws, the uncorrected use of the ‘‘make”’ 
zero setting of the micrometer could, at times, result 
in noticeable error in the magnitude of the indicated 
critical acceleration.. This -error depends upon the 
relation between the gap clearance and the amplitude 
of the impressed acceleration. <A theoretical discussion 
of this effect may be found in the November, 1925 
issue of the Journal of the Society of Automotive Engi- 
neers (pp. 4383-435). Empirical correction factors 
determined under conditions of simple harmonic motion 
are given in a subsequent paragraph. 

The instrument is calibrated statically by deter- 
mining the load-deflection rate s of the spring and 
determining the mass effective as at the center of 
gravity. It is convenient to express the load-deflec- 
tion rate in pounds (applied at the center of gravity of 
the weight) per inch of deflection (measured at and by 
the micrometer). This is done by suspending known 
weights at the point G and measuring the micrometer 
intervals required to restore contact BC or to break 
contact MC, as the case may be. The mass m of the 
weight and the position of the center of gravity are 
obtained by computation. The calibration rate C in 
feet per second per second per inch may be determined 
from the equation, 

DYNAMIC CALIBRATION TESTS MADE ON SIMPLE HARMONIC 
MOTION MACHINE 

Dynamic calibration tests were made on the machine 
for producing simple harmonic motion which had been 
installed at the Bureau of Standards. The ranges 
in stroke, speed, and acceleration of the machine corre- 
sponded to the amplitude, period, and acceleration of 
motor truck impact encountered through a range in 
tire equipment from pneumatic to partly worn solid 
tires. Tests were made with the telephone detector 
of the instrument arranged in both the break (upper 
contact) and the make (lower contact) circuits. In 
order to determine the influence of gap clearance when 
using the make contacts this condition was varied 
through a fairly wide range. 

A general view of the instrument installed on the 
simple harmonic motion machine is given in Figure 8. 
With the simple harmonic machine in motion the 
instrument moved in accordance with the motion of 
the crosshead and the micrometer could not be read 
in ordinary light. A neon lamp (shown attached to 
the extension cord) was arranged to flash at the cul- 
mination of each down stroke of the platen, within the 
shadow of a hood covering the apparatus. (Fig. 8.) 
The micrometer was illuminated at only one position 
of its path (stroboscopic effect) and the operator was 
enabled to read it quite easily at any speed obtained 
in the tests. 

For each test condition, the acceleration was com- 
puted from the known values of stroke and speed of 
the harmonic motion machine. For any given test, 
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Figure 8—TwHeEe SINGLE ELEMENT Contact ACCELERO- 
METER AND NrEon Lamp ARRANGED FOR TESTS ON THE 
SimpLe Harmonic Motion MAcHINE 

the reading of the micrometer was subtracted from 
its zero reading to obtain the spring deflection AM. 
The upper or ‘‘break” contact can not ordinarily 
be used in motor-truck impact tests, and it is sufficient 
to state that in the case of all strokes of from 0.40 to 
3.00 inches the points fall very closely about a straight 
line for each of the two instruments tested. Some 
apparent discrepancies occurred at strokes of 0.10 and 
0.20 inch. The “break” calibration of one of the 
instruments (No. 1), is given, as an example, in Figure 
9, the rate being 5.28 feet per second per second per 
0.001 inch. 

As stated previously, it has been found that the 
instrument can be satisfactorily used in motor-truck 
impact tests when the influence of parasitic vibrations 
is cut out by a gap of 0.002 inch used in conjunction 
with the make contact telephone circuit. Calibration 
tests involving this gap resulted in a series of curves 
which yield, when the amplitude of a simple harmonic 
cycle is known, the acceleration corresponding to a 
given deflection of the accelerometer spring. It is 
probable but by no means certain that in motor-truck 
impact the accelerometer is influenced by the amplh- 
tude and period in much the same way as it is in simple 
harmonic motion. On this assumption the curves 
afford a means of reading acceleration (due to motor- 
truck impact) directly, if the spring deflection and 
amplitude of motion are known; and, if the assumption 
is correct, the accuracy is high (within the limits of 
the test conditions). The ‘‘make” calibration for 

instrument No. 1, using 0.002-inch gap, is given in 
Figure 10, which shows curves of constant spring deflec- 
tion plotted against acceleration and stroke. The 
circles are points interpolated from work sheets of the 
test data, the crosses are extrapolated or interpolated 
points and the dotted lines indicate that the curvature 
was estimated. It may also be noted that, in general, 
the ‘‘break”’ calibration rate could also be used under 
these ‘‘make”’ conditions without introducing serious 
errors so far as the measurement of acceleration due to 
motor-truck impact is concerned. 
Make calibration tests were also made using gaps of 

0.001, 0.004, and 0.007 inch. The curve for the shorter 
gap adheres somewhat more closely to that for the 
break calibration, while those for the wider gaps showed 
ereater divergence than the curve for 0.002-inch gap. 
Since these gaps were not used in subsequent tests by 
the committee, they have been omitted from this report. 

MEASUREMENT OF ACCELERATION BY ANALYSIS OF DISPLACE. 
MENT-TIME CURVES COMPARED WITH MEASUREMENT BY 
CONTACT ACCELEROMETER 

In the reaction wheel tests the accelerations produced 
were measured by means of both the displacement-time 
apparatus and the contact accelerometer. In analyzing 
the results obtained by these two instruments it is not 
sound to assume that either gives the correct accelera- 
tion, and the arithmetical mean between the two values 
was taken as the most probable acceleration for each 
test. Some conception of the agreement between the 
two methods may be had by referring to Figure 11, 
which contains 154 plotted points. 

The difference between the two measurements may 
be studied by use of a quantity analogous to the per- 
centage of error used in other discussions in this report. 

Let Apr=acceleration as given by the displacement- 
time analysis, 

Ac=acceleration as given by the contact ac- 
celerometer, 

Then cee Eanee a arithmetical mean, 

Let e=100 (Se-4 ==) (absolute value). 

The quantity e may be defined as the deviation of one 
value of acceleration from the other expressed as a 
percentage of the mean between them. In Figure 12 
these data are given in the form of a frequency pattern, 
the number within each rectangle being the number of 
points falling between the respective coordinate limits. 
The size of rectangle varies because of the sparsity of 
points at high accelerations. 

In Figure 13 curves are drawn to represent zones in eé, 
including 50 per cent and 90 per cent of the data. For 
each column of rectangles in Figure 12 an ordinate was 
determined such that the frequency of points having a 
ereater value of e is equal to the frequency of points 
having a less value of e. Similarly, an ordinate was 
determined such that the ratio of frequencies is nine 
to one. These two sets of points are plotted in Figure 
13, the abscissa of each point being equal to that of the 
midpoint of the corresponding column of rectangles in 
Figure 12. The curves és) and é 9 are drawn through 
the points so plotted with due regard to the frequencies 
represented. It will be observed that, except in the 
case of low accelerations, the e;) curve lies in the neigh- 
borhood of a value of e equal to 4 per cent, while the 
€y-curve varies between 8 and 12 per cent. 
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The e5) curve may be regarded as a curve of probable 
variation between the accelerations given by the two 
instruments. If e had been computed on the basis of 
variation from the mean acceleration A,,, the ordinates 
of the points and the curve determined by them would 
have been only half as great. If, therefore, it is as- 
sumed that Ay, is the most probable value of accelera- 
tion, it follows that the probable error of either instru- 
ment lies between 2 and 3 per cent for a wide range of 
acceleration values. These facts lead to the conclusion 
that both the displacement-time recorder and the single 
element contact accelerometer are satisfactory for the 
measurement of impact accelerations under laboratory 
conditions. 

THE COIL SPRING ACCELEROMETER DESCRIBED AND THEORY 
OF OPERATION DISCUSSED 

Figure 14 shows a single-element coil spring acceler- 
ometer mounted on a test truck for use in road tests. 
Figure 15 is a diagrammatic representation of such an 
instrument. The sensitive element consists of a weight 
mounted on a helical spring. Under the impulse of an 
upward acceleration the weight moves downward 
relative to the frame of the instrument, compressing 
the spring. The relative motion is recorded on sen- 
sitized paper which moves horizontally in the frame. 
In its rest position the spring is under no compression 
save that due to the weight, and the weight is in con- 
tact with a backstop which prevents it from moving 
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upward beyond that position. Because of this backstop 
the instrument will not respond to a downward accelera- 
tion. 

The detailed report includes a discussion of the 
theory underlying the operation of the coil-spring 
accelerometer. The theory is based on the assumption 
that the force exerted by the spring is proportional to 
its deflection. This assumption, which is very nearly 
correct for springs tested statically, leads to the 
development of the following approximate formula for 
the free period of vibration, 75, of the spring-weight 
element: 

Ts = 27 as 
gs 

where w=the effective weight, taken as the weight 
resting on the spring plus one-half the 
weight of the spring, 

s=the loading rate of the spring. 

_ The differential equation for the motion of the sensi- 
tive element takes the form, 

Ot ete a oe Ui pe ay eA iy gs 
Ue ime dt w 

where r=the displacement of the element relative to 
the frame at time ¢, 

d*4 
oe = the acceleration acting on the frame at time t. 

In order to obtain a simple expression for the term 
dy 
dt?’ 
frame is that of simple harmonic motion and may be 
expressed by the equation 

the assumption was made that the motion of the 

pac 
y=asin wt 

where 
y=the displacement of the frame at time 1, 
a=amplitude of the motion, 
T,=period of the motion. 

On this assumption equation (1) takes the form, 

dr An? . Qe 4? 
df [2% Sil gb pat------- 22-8 (2) 

The initial conditions of the motion are as follows: 

t=0 y=0  r=0 

dy 27 an 

at aT eee 

ay dt 
yi nite 

The following integral of equation (2) was found to 
satisfy the conditions governing the operation of the 
coil spring accelerometer. 

= (si 2a 1 
n*—1 “a Le nN 

_f, 
ie ik 

sin a t), Case T3(3) 

where 

_ In the special case where n=1, i. e. T;=7,=T, the 
integral takes the form, 

r= (sin ap tpt cos mt), Case IT____(4) 
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The coil spring accelerometer differs from other 
instruments involving spring-weight elements in the 
fact that values of n are generally low, lying in most 
cases between 1 and 3.5. Values less than 1 are found 
occasionally, but values greater than 5 seldom if ever 
occur in motor truck impact tests. The peculiar prop- 
erties of the instrument depend upon this range in the 
values of n, which gives rise to a variation of the 

calibration factor with the period of the impressed 
motion. 

For values of n lying between 0 and 5, with the ex- 
ception of the value n=1, the maximum deflection of 
the element is given by the equation, 

a i ee 
R= Get sin -7? (7ase, | eee) 
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TE The quantity c= = is defined as the relative calibra- 
Tv 

R=>5 a; Casovl ls Saath ee eee (6) se 

The calibration factor, C, is defined by the formula, tion factor. Substituting this formula in equations (7) 
and (8) we have 

A C=—= Relist 2 
R c=—— coset ~ 4? Case | ae (9) 

where A=the maximum acceleration acting upon the 92 
frame (negative when RF is positive). c=—=0.6366, Case II-2.____- (10) 

In the case of simple harmonic motion, i 
ae THE n vs.c RELATION USED AS BASIS OF ANALYSIS 

A= [mes It is evident that the relative calibration factor, c, is a 
function of n alone. The relation between n and ¢ is 

and the equations for C take the forms, shown in Figure 16 for values of n from 0.4 to 5.0. 
The special case, n=1, c=0.6366, lies on this curve. 

ee n—1 47’ Rees ems In subsequent pages this function is referred to as the 
yon ate Teterk theoretical n vs. ¢ relation, or n vs. ¢ curve. A notable 
; ; characteristic of this function is that within a wide 

_n—1gs 2a range in values of n the value of ¢ varies but little. 
Tt oe ends Case J----—- (7) For example, a value of 0.62 could be used for ¢ 

: with errors no greater than 10 per cent for all values 
He 4m’ 2 _ gs 2 Gatett (8) of n between 0.87 and 3.20. This characteristic of the 

LD” or A ale ee coil spring accelerometer is very important, as it makes 
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possible the use of a constant calibration factor without 
great error, even though the periods of the accelerations 
to be measured vary between fairly wide limits. 

The development of the n vs. ¢ relation opened two 
avenues of approach to the problem of the coil spring 
accelerometer. Since it is based upon simple harmonic 
motion, it made possible a direct check between the 
theory and the actual performance of the instrument 
in tests made on the simple harmonic machine at the Figure 14.—A Test Truck EquippEp ror Roap TEstTs : 

With THE Coit Spring ACCELEROMETER Bureau of Standards. It also served as the basis for a 
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Figure 17.—Four-ELEMENT Coit SpRING ACCELEROMETER 
INSTALLED ON THE SIMPLE Harmonic Motion MAcHINE 

systematic analysis of the data obtained in the reaction 
wheel tests. 

SPECIAL FOUR-ELEMENT COIL SPRING ACCELEROMETER 
CONSTRUCTHD 

For use in tests described in this report a special ac- 
celerometer carrying four spring-weight elements was 
constructed. By means of this instrument simulta- 
neous records of four elements having different physical 
characteristics were obtained in each test. The quan- 

: s Sid Totcr loa § : : 
tity = was used as a criterion in the selection of springs. 

Values of s were determined by static calibration and 
values of w by weighing on a beam balance. A _ dif- 
ferent group of elements was selected for each type of 
tire tested on the reaction wheel. The selection was 
made so as to include two springs which would normally 
be used with the given type of tire, one spring having a 

s : 
value of _ lower than normal and one spring having a 

value higher than normal. 
For convenience in operation on the reaction wheel 

and the simple harmonic motion machine, the recording 
styli were arranged so as to bear upon the record paper 
by the application of pneumatic pressure. Figure 17 
shows the instrument mounted on the simple harmonic 
motion machine. Figure 2 shows its installation for 
use in the reaction wheel tests. 

FOUR GROUPS OF TESTS MADE ON THE SIMPLE HARMONIC 
MOTION MACHINE 

The tests conducted on the simple harmonic motion 
machine were designed to simulate, with respect to 
amplitude and period, the impacts obtained in tests 
with four different types of tire. For this reason the 
tests were divided into four groups and for each group 
the four spring-weight elements were selected which 

were used in the reaction wheel tests, the type of tire 
being simulated by the given group of simple harmonic 

tests. Table 7 gives the test conditions for each group, 

together with the spring-weight elements used and their 

characteristics. It will be observed that tests were run 

at speeds ranging from 299 to 2,020 revolutions per 

minute. These speeds correspond to periods of cycle 

ranging from 0.2007 to 0.0297 second and include all 
drop periods encountered in motor-truck impact tests 
except those obtained on tests with badly worn solid 
tires. 

For each test condition a series of autographic records 
was obtained from each of the four accelerometer ele- 
ments. The lengths of these records were measured, 
and the mean of the series of records for each element 
at a given test condition; designated as R,,, was taken 
as the basis for the computations. 

TaBLE 7.—Tests with the coil spring accelerometer on the simple 
harmonic motion machine 

Test conditions Accelerometer elements 

Tire type simulated cathe : | 
ts evolutions g 

Stroke per minute No. aD Ts 

Feet per 
second per 
second per 

Inches inch Seconds 
51A 1, 653 0. 0446: 

Pye dbl Ceeees = eee 1. 006 299 to 599 102B 2, 784 . 0344 
1. 499 299 to 599 52C 908 . 0602 
1. 992 299 to 599 53D 588 . 0748. 

51A 1, 653 0446 - 
Cushions set eee eee 1. 006 299 to 932 102B 2, 784 . 0344 

1. 499 599 to 882 52C 908 | . 0602 
1. 992 299 to 799 401D 4, 497 . 0270 

51A 1, 653 . 0446 
Solidt2s poses eo sen eee 0. 500 745 to 1, 570 102B 2, 784 . 0344 

| 1. 000 745 to 1, 420 401C 6, 718 . 0221 
402D 4, 526 . 0270 

401A 11, 606 . 0168 
Wiormsolid 322 22as esses ae 0.500 | 1,345 to 2,020 601B 15, 841 . 0144 

| 402C 6, 760 . 0221 
| 201D 2, 401 | . 0370 

EMPIRICAL n ys. c RELATION FOR SIMPLE HARMONIC MOTION 
DEVELOPED 

In order to obtain an empirical function analogous 
to the n vs. ¢ relation derived theoretically, values of 

nm and c were computed from the formulas n=7 and 
2 

For each test there are, in general, four 
1 Se ; 

values of R,,, and therefore four sets of n vs. c points, 
or coordinates. These points, 214 in number, were 
plotted and the plotting was used as the basis of the 
frequency distribution diagram of Figure 18. The 
figure within a given square indicates the number of 
points lying within the same coordinate limits on the 
original plot of n vs. c coordinates. <A point lying on a 
boundary line was divided equally between the adja- 
cent squares. It will be observed that there are a 
number of points for which the value of 7 is greater 
than 5. Such values do not occur in motor-truck 
impact and for that reason these points are neglected in 
the subsequent portion of the discussion. 

Figure 19 shows the method followed in obtaining 
an average curve to represent the empirical n vs. ¢ 
relation for simple harmonic motion. In this figure 
are plotted the median value and the arithmetical 
mean value of c for each column of squares in Figure 18. 
Little distinction is shown between the median and the 
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mean, although the former tends to reduce the effect 
of the more widely scattered points. The average curve 
(fig. 19) was drawn through these points, weight being 
given according to the frequency represented by each 
point. 

From an inspection of Figures 18, 19, and 16, the 
following conclusions may be drawn: 

(1) There is a noticeable dispersion in the values of ¢. 
(2) The empirical relation is similar to the theoretical 

relation, with respect to both magnitude and manner of 
_ variation, even for high values of n, where the dispersion 
is greatest. 

(3) Within the proper working range of the instru- 
ment (from n=1.0 to n=3.5) the points tend to he 
above the theoretical curve. For high values of n 
they tend to lie below it. 

DISPERSION OF DATA STUDIED 

To serve as the basis for a study of the dispersion of 
the data presented in Figure 18, the quantity, e, is 

defined by the formula e= 100 ({ == 1), where 

3.0 3.2 34 3.6 3.6 40 

c=the experimental value of ¢ obtained from a 
given test. 

c’=the value of ¢ obtained from the average curve 
for the given value of n. 

The quantity e, therefore, may be defined as the 
percentage deviation of any given experimental value 
of c from the average value given by the curve. 

Values of e were computed for all the experimental 
points except those lying beyond the limits of the aver- 
age curve (fig. 19). In all, there are 204 such values. 
The results of this computation are shown in Figure 20 
in the form of a frequency pattern, showing the distri- 
bution of values of e, without distinction of sign, against 
variation in length of record. There is a clear indica- 
tion that the dispersion decreases as the length of record 
increases. 

For each column of squares in Figure 20, ordinates 
were chosen to include 50 per cent and 90 per cent of 
the points, respectively. The resulting data are shown 
plotted in Figure 21, and the curves és and ég) are 
drawn through them. The significance of the curve é;o 
may be stated as follows: If the value of m is known the 
corresponding value of c’ may be used in computing 
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accelerations by means of the formula, — A= c’ END. with 

an even chance, or 0.5 probability, that the true acceler- 
ation les within a percentage of the acceleration so 
computed, equal to the ordinate on the és curve 
corresponding to the value of R obtained in the test for 
which the computation is made. There is, similarly, a 
9 to 1 chance, or 0.9 probability, that the true accelera- 
tion les within a percentage of the computed value 
equal to the corresponding ordinate on the curve ég9. 
These statements, naturally, apply only to the case of 
simple harmonic motion. 

THE REACTION WHEEL TESTS DISCUSSED 

The method used in analyzing the data obtained from 
the reaction wheel tests is closely patterned after that 
used in the case of simple harmonic motion. This pro- 
cedure was adopted because it was believed that, in 
motor truck impact as in simple harmonic motion, ‘the 
duration and the intensity of the impressed acceleration 
are the chief factors determining the length of the coil 

(Sgn Fia. 20.) 

spring acceleromotor record. If this were not so it 
would be practically impossible to achieve a systematic 
calibration of the instrument. The addition of other 
variables to the system would complicate the problem 
beyond all hope of a satisfactory solution. It is recog- 
nized, however, that other factors must necessarily 
influence the deflection of the spring to some degree. 
The displacement-time curves, although sinusoid in 
character, are not simple sine curves nor can they, as a 
eroup, be represented by any other simple function. If 
we should assume that they may be represented by a 
large number of functions varying in different degrees 
from the sine we would expect to obtain an equal num- 
ber of n vs. ¢ relations. These taken together would 
form a band, the width of the band and the distribution 
of the curve within it indicating the extent to which the 
functions differed among themselves. From this con- 
sideration alone we should anticipate a dispersion band 
of some width in the n vs. ¢ relation exhibited by the 
reaction wheel data. In addition, we have the natural 
dispersion of the instrument as shown by the tests on 
the simple harmonic motion machine. 

/ 
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ee 
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Figure 22.—FREQUENCY DISTRIBUTION CHART FOR THE 7 VS. C RELATION. INDICATED BY THE REACTION WHEEL TESTS. 
HE NUMBER WITHIN EACH SQUARE INDICATES THE NUMBER OF POINTS FALLING WITHIN ITS CooRDINATE LIMITS 

EMPIRICAL n ys. c RELATION DEVELOPED FOR REACTION WHEEL 
DATA 

In this analysis the same quantities are involved as 
in the case of simple harmonic motion with certain 
changes in definition. We have: 

T,=twice the period of duration of the impact as 
measured on the displacement-time curve. 

T,=free period of vibration of the accelerometer 
element. 

nah a 

A=The maximum acceleration of the impact. The 
value used is the mean of the values given by 
the contact accelerometer and the displace- 
ment-time recorder. 

R=\length of the accelerometer record. 
—A C= 

c= 0+8. 
Ww 

For each test there are four values of R, and therefore 
four sets of n vs. ¢ coordinates except in a few cases 
where one or more elements failed to record properly. 
Five hundred and eighty-seven such coordinates were 
obtained from the computations, and their distribu- 
tion is shown in the frequency pattern of Figure 22. 
An examination of this frequency distribution reveals 
the following facts. 

1. There is a rather wide dispersion of the points. 
2. Despite this dispersion, a systematic variation of 

ec as a function of n is strongly indicated. The mean 
position of the points is displaced so as to lie in general 
somewhat above the theoretical curve, but is of similar 
shape. 

3. The dispersion tends to be normal, 1. e., as the 
center of the dispersion band is approached the fre- 
quency of the points increases rapidly. 
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O=ARITHMETICAL MEAN OF ORDINATES IN CORRESPONDING COLUMN IN FIG.22. 

X= MEDIAN ORDINATE OF CORRESPONDING COLUMN IN FIG.2e. 
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Figure 23.—DEVELOPMENT OF AVERAGE 7 VS. c CURVE FOR REACTION WHEEL DaTA 

4. There is some scattering of points at a great dis- 
tance from the mean position. It is evident that such 
points represent conditions highly unfavorable to the 
use of the coil spring accelerometer. 

In Figure 23 the median value and the arithmetical 
mean value of ¢ are plotted for each column of squares 
in Figure 22. As in the case of the tests on the simple 
harmonic motion machine, a mean curve has been 
drawn. Greater weight was given to the median than 
to the mean in drawing this curve in order to discount 
the effect of widely scattered points. In subsequent 
pages of this report this curve is used as the basic 7 vs. 
e relation for motor-truck impact. In Figure 24 the 
three n vs. ¢ relations derived in this investigation are 
given together for the purposes of intercomparison. 

RELATION FOUND BETWEEN DISPERSION OF REACTION WHEEL 
D ATA AND LENGTH OF ACCELEROMETER RECORD 

Upon examination of the reaction wheel data it was 
found that nearly all the widely dispersed points in the 
frequency pattern of Figure 22 correspond to accelero- 
meter records of small length, a great many of them 
measuring less than 0.05 inch. The same procedure 
was adopted as in the case of tests on the simple 
harmonic motion machine. Values of ¢ taken from the 
average curve of Figure 23 are given the symbol c’. 

The quantity e= 100 (< — 1) is defined as the percentage 

deviation of any given experimental value of c from the 
average value c’ for the corresponding value of n. 
Values of e were computed for all experimental points 
except those for which the values of 7 lie outside the 
limits of the average n vs. ccurve. The distribution of 
the values of e, 568 in all, is shown in the frequency 
pattern of Figure 25. As in Figure 20, absolute values 
of e are given. This diagram indicates very clearly 
that the dispersion increases rapidly as the length of 
record approaches zero. The tendency toward con- 
centration near the zero line persists, even for very low 
values of R. It is plain, however, that results obtained 
from records less than 0.1 inch in length are unreliable. 
This fact does not seriously affect the value of the coil 
spring accelerometer. If the spring-weight element is 
properly chosen such extremely short records will be 
obtained only when the accelerations are very low and 
therefore unimportant. 

As in the case of the tests on the simple harmonic 
motion machine, ordinates were determined including 
50 per cent and 90 per cent of the values of e in each 
column of squares in Figure 25. These ordinates and 
the corresponding curves, é€;) and é). are shown in 
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© REPRESENTS AN ORDINATE INCLUDING 90% OF THE | 
POINTS IN THE CORRESPONDING COLUMN IN FIG.25. 

X REPRESENTS AN ORDINATE INCLUDING S0% OF THE 
POINTS IN THE CORRESPONDING COLUMN IN FIG.25. 

CURVES @€99 AND @509 ARE DRAWN THROUGH THESE 
SETS OF POINTS TO INDICATE THE PROBABLE 

90 PER CENT AND 50 PER CENT DISPERSION ZONES. 
NOTE :—— 
READING VALUES WHICH FALL TO THE LEFT OF THE 
HEAVY LINE (100 INCH) REPRESENT RELATIVELY LOW 
ACCELERATION VALUES, AND THE CORRESPONDING 
ERRORS ARE, RELATIVELY, OF UITTLE SIGNIFICANCE. 

VALVE OF e@ 

VALUE OF R —INCHES 

FicgurRE 26.—RELATION BETWEEN ACCELEROMETER ERROR, €, 
AND ACCELEROMETER READING, R, INDICATED BY THE RBAC- 
TION WHEEL TEstTs. (SEE Fia. 25.) 

Figure 26. We may again define the significance of 
these curves, as applied to motor-truck impact tests, by 
the following statements. If, in any impact test, the 
value of n is known with sufficient accuracy for use 
with the n vs. c’ curve of Figure 23, the corresponding 
value of ¢’ may be used in the formula, 

—A=c'ER, 
W 

with an even chance, or 0.5 probability, that the true 
acceleration lies within a percentage of the acceleration 
so computed equal to the ordinate on the curve é55 
corresponding to the value of R obtained in the test. 
In the case of the curve é ) there is a 9 to 1 chance, or 
0.9 probability, that the true acceleration lies within a 
percentage of the computed value equal to the cor- 
responding ordinate on that curve. Although the pro- 
cedure adopted in obtaining these functions is not 
rigorous, it is believed that the curves e;, and é) are 
fair indices of the type of dispersion to be expected 
when the n vs. c’ relation of Figure 23 is used as a 
basis for computing motor truck impact accelerations 
from records of the coil spring accelerometer. 

It will be noted that the curves es) and ég) are drawn 
through the bulk of the points on Figure 26. These 
curves were drawn to express the general relation 
between dispersion and the length of accelerometer 
record and are used in subsequent computations. It 
will be observed that, for each of these curves, several 
points representing frequencies which should not be 
neglected le definitely above the curve as drawn. 
For the purpose of making general deductions, two 
additional curves have been drawn in broken line, at 
values of e equal to 8 and 15 per cent, which, within 
the significant range of record lengths, definitely include 
more than 50 per cent and more than 90 per cent of 
the data, respectively. 

X=ARITHMETICAL MEAN OF PERIODS, O= MEDIAN VALUE OF PERIODS VA 
VAs 

THE FULL LINE 1S A CURVE BRAWN THROUGH THE POINTS. 

THE DOTTED LINE INDICATES PERFECT AGREEMENT BETWEEN 

THE COMPUTED PERIOO Tgi AND THE MEAN DROP PERIOD. 

= w i fe 

o (Yaa te 
s a] 

< = ° Lh P} 

w . KL z 
10 _—— ” . = 

« a ai? 
w a 4 |@ 9 a 

« 3 > s ° ze 3 
ro) os ° |° 5<aeaz 
z « on o | re > 
° om z Sle G<z at Vv ala .5= a 
PA ie var VAG hae 
% 08 a” BS «|< 5 Sees 
! > =i 208 ° 
é = 8 22 Ce = 0 = z 4 3 3 5 oor ” 

¥ ° . a 0 s a<e ” 
6 © = |E 4 @ ane « 

53 de PYG Se 2 06 “4 = x of 
o o ¥ x on zamo V 

4 = O/Ao $ n Quc fe 

z 8 a on FSn $ w o 2 an as 3 O60 2 oa 2 cal 2 on « Vow - 
” 8 woe iva = 

one FS ee 
04 Foe ae Ze, 

a 2 3 fe 
a e xz > u< 
° 4 ¥ rea 3 
oy > <> 

o ® su 
z w z 
= zz Pa 

w 02 = z z 

°o 02 04 06 -06 Ao Ja 14 

Tsgi —SECONDS 

Figure 27.—GrarH oF Miran Dror PERIoD As A FUNCTION 
OF Tee 

THE USE OF THE n vs. c RELATION IN IMPACT: COMPUTATIONS 
DISCUSSED 

The empirical n vs. c’ relation developed in the pre- 
ceding discussion and illustrated in Figure 23 may be 
regarded as the basis of the ‘‘most probable” calibra- 
tion system for the coil spring accelerometer. In order 
to make use of this relation it is necessary to determine 
the period of impact 7; for use in computing the ratio 

T, 
T; 

with great accuracy, since the relative calibration factor 
c’ varies very slowly within a wide range in values of n. 
Except for very low or very high values of 7, an error 
of 10 or even 20 per cent in 7; would not produce a 
large error in the value of c’.. The probable error due 
to the dispersion of the instrument under impact con- 
ditions is the chief limitation upon the accuracy which 
may be expected from the use of the n vs. c’ relation. 

In order to find a method for estimating the period 
of impact from known test conditions it 1s necessary 
to determine the relations existing between that period 
and those variables (such as load, speed, unsprung 
weight, type of obstruction and type of tire) which may 
be supposed to influence its magnitude. In the reac- 
tion wheel tests shock and drop periods were measured 
for a wide variety of test conditions. These data were 
analyzed with respect to the variables listed above and 
methods of estimating the value of 7, were devised 
which give values in good agreement with the shock 
and drop periods obtained in the reaction wheel tests. 

n It is not required that the period be known 

DROP PERIOD COMPUTED BY SIMPLE PROCEDURE 

The analysis of drop periods presented a relatively 
simple problem. It was found that the period of drop 
is virtually independent of truck speed and height of 
obstruction, with a slight variation due to load. The 
chief sources of variation proved to be tire type and 
unsprung weight. <A relation was found to exist be- 
tween the drop period 7; and a quantity 7’,;, defined as 
the instantaneous period at static load. 7; is given by 

the formula Tym 2ry/ We, where W-=the unsprung 
d 

See eee 

— 

EE 
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weight and S;,=the loading rate of the tire or the tan- 
gent to the load-deflection curve at static load. This 
relation is shown in Figure 27, where mean drop periods 
are plotted against the corresponding values of T7;,, 
computed from the known unsprung weight and the 
value of Sz obtained from the load-deflection curve of 
the tire. Each condition of tire and load used in the 
reaction wheel tests is represented by a circle and a 
cross, as indicated in the figure. The ordinate of each 
circle is equal to the median value of the drop periods 
for the given tire-load combination; the ordinate of each 
cross is equal to the arithmetical mean of the periods. A 
curve has been drawn to express the relation between mean 
drop period and 7’,; indicated by the points. It will be 
observed that the value of 7’,; could be used for 7, with- 
out great error for all tires except the worn solids. It is 
believed, however, that the curve drawn in Figure 27 
offers a more reliable method of estimating the period 
of drop impact when the wheel load, the unsprung 
weight, and the load-deflection characteristics of the 
tire are known. 

FUNCTION DEVELOPED FOR DETERMINING SHOCK PERIOD 

The data regarding the period of shock proved more 
difficult of analysis. It was found necessary to go more 
deeply into the mechanics of the problem than in the 
case of drop to obtain a function expressing logically 
the manner in which the controlling test conditions 
influence the duration of the shock reaction. From an 
examination of the data the following facts were learned 
regarding the variation of shock period: 

(1) It decreases as the truck speed increases. 
(2) It decreases with the stiffness of the tire used. 
(3) It increases with the height of obstruction. 
(4) The effect of load is practically negligible, 

- although there is some indication that the period varies 
inversely with the load. 

In order to account for these sources of variation an 
equation of motion for the shock reaction was devel- 
oped. This equation is identical in form with that 
derived for the motion of the accelerometer (equation 
3). With altered coefficients the equation takes the 
form 

eps &/ yin 
Uvppses (sin pt A sin at) eres (11) 

Two types of shock reaction are to be considered: 
Case I, that occurring in reaction wheel tests; and Case 
II, that occurring in tests on a road surface. These 
two conditions are illustrated in Figures 28 and 29, 
respectively. The significance of the variables and 
coefficients in equation 11 is made plain by these figures 
and by the following list of definitions: 

y =vertical displacement of the truck wheel at time f, 
measured from the point when upward motion 
begins. 

In Figures 28 and 29— 
R,= effective radius of the truck wheel, taken as equal 

to the overall radius of the tire, less its static 
deflection. 

/=width of obstruction. 
only are considered. 

h=height of obstruction. 
~=angle between a vertical line through the center 

of the truck wheel and a radius drawn to the 
edge of the obstruction at the instant of con- 
tact. 

Rectangular obstructions 

In Figure 28— 
R,=radius of the reaction wheel. 
a=the angle about the center of the reaction wheel 

subtended by the obstruction, 

ee 
R,+h 

8=the angle 0,0,P. The value of 8 is obtained by 
solution of the triangle O,PO., of which the 
three sides are known. 

Figure 28.—D1IAGRAM OF TIRE ENCOUNTERING OBSTRUC- 
TION ON REACTION WHEEL 

FicgurE 29.—D1AGRAM OF TIRE ENCOUNTERING OBSTRUCTION 
ON Roap SURFACE 
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VALUE OF Tpq 

VALUE OF p 

FicurRE 30.—GRAPH OF 7'p, AS A FUNCTION OF 7p AND Q. 

For Case I, on the reaction wheel, 

Le Ee 
nO De 

where 
V,=“truck speed,” i. e., tangential speed of truck 

wheel and reaction wheel. 
£=6+ ka 

For Case II, on the road surface, 

(eae SA A 
Po 1+2-/2R bh 

where V,=truck speed. 
For both Case I and Case II, 

__ /EES 
q ™m 

Kh 
OFS mp” 

where 
S=loading rate of truck spring, 
m=unsprung mass, 
K=a coefficient characteristic of the tire. 

It will be observed that all the terms defined above 
with the exception of the coefficient K are definitely fixed 
by the test conditions. The problem of analysis con- 
sisted in finding an approximate or average value of K 
for each of the tires used in the reaction wheel tests and 
determining the relation between the values of K so 

Pp SIN PT pqg=Q SIN QT pq 

obtained and the known static characteristics of the 
tires. 

The shock impact ends at the first point of inflection 
of the displacement-time curve (see fig. 5, arc AB), 
1. e., at the instant upward acceleration ceases. The 
relation between p, q, and ¢ at this instant is expressed 
by the following equation, derived from equation 11, 

p sin pt=q sin Gia. = ee (12) 

This equation can not be solved for ¢ by rational 
methods. A graphical solution was obtained, however, 
by means of a system of curves giving the half-period 4 

of shock, ait as a function of p and qg. This system of 

solutions is shown in Figure 30. Since the coefficient 
kK appears in the formula for g but not in the formula 
for p, all values of the shock period for a given tire-truck 
combination should be satisfied by an equation of the 
form of equation 12, the value of q being constant. On 

this basis values of si were plotted against values of p 

computed from the known test conditions, and super- 
imposed upon the sustem of curves in Figure 30. By 
this means an average value of g was obtained for each 
tire-truck combination used in the reaction wheel tests, 
and the corresponding values of K were computed from 
the equation ; 

a ee +8 
d m 

4 The actual duration of shock impact, as described above. 
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Figure 31.—RELATION BETWEEN K aAnpD Sz 

In Figure 31 the values of K so obtained are plotted 
against S,, the loading rate of the tire at capacity load. 
It is plain that a relation exists between these two 
quantities. The curve drawn in this figure is taken 
as a basis for estimating shock periods when the test 
conditions are known. 

Estimation of the period of impact by the methods 
described above makes possible the use of the n vs. 

-¢’ relation of Figure 23 in computing inpact accelera- 
tions from the records of the coil spring accelerometer. 
It is desirable also to take account of the probable dis- 
persion of results obtained from this instrument as 
shown in Figure 26. For this purpose the curves és) 
and é) are used. From the 7 vs. c’ relation 1s obtained 
the most probable value of acceleration, the probable 
error of which is given by the ordinate on the curve e;, 
corresponding to the value of #& obtained in the given 
test. The curve éy, indicates the approximate extreme 
range of error to be expected. 

CONSTANT VALUE OF c CAN BE USED UNDER CERTAIN CONDITIONS 

The fact has been noted that for values of between 
1.0 and 3.5 the value of ¢ varies but little. This fact 
has led to the adoption of a constant value, c= 0.65, for 
use under conditions where there is reasonable assurance 
that values of n to be encountered lie within those limits. 
Effective use of this constant requires a knowledge of 
the range of periods to be expected and a careful choice 
of the accelerometer element to be used. The disper- 
sion of the values will be similar to that encountered 
when the n vs. ¢ relation is used, but somewhat greater, 
because of the small error in c. 

STUDY MADE OF ACCURACY OF THE DATA OBTAINED IN THE 
PREVIOUSLY CONDUCTED MOTOR TRUCK IMPACT TESTS 

One of the primary objectives of this instrument 
investigation was to determine the accuracy of the 
motor-truck impact data upon which the published 
report and the two reports withheld from publication, 
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are based. It has been found that the magnitude of 
the reaction depends upon four major variables (tire 
equipment, wheel load, vehicle speed, and road rough- 
ness conditions) and a consideration of the accuracy 
of the data should comprehend suitable ranges of these 
variables. Such a consideration should also include a 
fair range in accelerometer elements which were used 
in gathering the data. The best available material 
which fulfills these requirements is found in the tests 
which formed the basis for Figures 12 to 16 in the report 
entitled ‘‘Motor Truck Impact as Affected by Tires, 
other Truck Factors, and Road Roughness,”’ published 
in the June, 1926, issue of PuBLic Roaps. A comparison 
of the original curves with curves plotted from recom- 
putations made in the full light of this accelerometer 
investigation will, it is believed, be a fair measure of 
the general accuracy of the motor truck impact data. 
Table 8 gives the variation in the test conditions for 
the data selected for recomputation. 

TABLE 8.—Schedule of the test conditions for which the data 
were recomputed 

Accelerometer | Tests over artificial obstruc- eS 
characteristics tions Road tests 

Tire oF 
gs Ty - Seed ee Obstruc- | Road, speed, 
w | aye rice tions ! and load ? 

Feet per 
second | 
per sec-| 
ond per Miles per | Pounds 
inch | Seconds| hour 1d,7d,2d |} Rand T, 

Dual pneumatic \ i ” 365- 4s, 8s, 3s | 12 miles per 
(No. 47). 832 | 0.0629 | — 5-22751)"6 600 hour, 

| 4d, 8d, 3d | 4,400 pounds. 

, 1d,7d,2d | Rand T, 
Dual new cushion < ia 2, 445- 4s, 8s, 3s | 12 miles per 

(Nos. 13 and 16). } Stati iensse 5 2246} 5, 100 é hour, 
4d, 8d, 3d | 3,400 pounds. 

2,382,| . 0372 1d,7d,2d | Rand T, 
Dual new solid (Nos. |} 3,594 | .0303 5-20 f2, 349- 4s, 8s, 8s | 12 miles per 

40 and 41). pis oal|xG;-000 hour, 
4, 892 . 0259 | 4d, 8d, 3d | 4,000 pounds. 

|( 2, 382 . 0372 | 1d, 7d, 2d | Rand T, 
Dual worn solid |j 4,892 | .0259 5-17 Cea 4s, 8s, 3s | 12 miles per 

(Nos. 40a and 41a). | “72 6, 000 hour, 
7, 824 . 0205 | 4d, 8d, 3d | 4,000 pounds. 

} 

11d, 7d, 2d: Drop from 30-inch inclined planes, 0.81, 1.50, 1.94 inches high, respec- 
tively. 4s, 8s, 3s;and 4d, 8d, 3d: Respectively shock at and drop after 3-inch rectangu- 
lar obstructions, 0.56, 0.88, 1.12 inches high, respectively. 
2R and T: Rough stone and smooth concrete road sections, respectively. 

TIRE EQUIPMENT 

W =DUAL WORN SOLID 

S =DUAL NEW SOLID 

C = DUAL NEW CUSHION 

P = DUAL PNEUMATIC 

COMPUTATION BASED ON 

ORIGINAL CALIBRATION FACTORS 
4100 

DROP FROM 30" INCLINED PLANE 

RECOMPUTATION BASED ON c = 0.65 

The period 7, for each of the test conditions involy- 
ing artificial obstructions was computed by the methods 
outlined in preceding paragraphs. It has been found 
that, within the operating conditions of the impact 
tests, the drop impact is more severe than the shock. 
Since the road tests were analyzed so as to show the 
magnitude with respect to the frequency of occurrence, 
the greater significance was given to the more severe 
impacts. For the reason given above these were as- 
sumed to be drop impacts and the period 7; used in 
recomputing the data for road tests was therefore com- 
puted on the drop basis. 

DATA RECOMPUTED, WITH DISPERSION ZONES INDICATED 

The values of 7; having been estimated, the values 
1 of the ratio n= were computed for each test con- 
2 

dition. For each value of n, the calibration coefficient 

os was obtained from the curve given in Figure 23 

W 

and the calibration factor C for each test condition was 
computed. Using these individual calibration factors, 
the recomputations were made by substituting the new 
values for Cin the equation for total impact reaction, 

h=mCR Png) =e (13) 

wherein m= unsprung mass, 

R=accelerometer reading,’ 
g=acceleration due to gravity, 
S= truck spring component. 

The impact reaction is expressed as a percentage of 
the static wheel load by dividing by the corresponding 
static loads and multiplying by 100. 

5 The field data were originally plotted on work sheets so that the accelerometer 
readings could be interpolated at the speeds selected for computation. The interval 
in speed between the plotted points was about 3 miles per hour. It is these inter- 
polated values of accelerometer reading which were used in the original computa- 
tions and in these recomputations. 

2-TON TRUCK 
12 MILES PER HOUR 

CAPACITY LOAD 

RECOMPUTATION BASED 

ON INDIVIDUAL VALUES OF c 
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300 
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IMPACT REACTION-PER CENT OF STATIC LOAD 100 

0.5 

HEIGHT OF 

FiGurRE 32.—CoMPARISON OF ORIGINAL AND RECOMPUTED IMPACT 
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INCLINED PLANE -INCHES 

Data 
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TIRE EQUIPMENT 

DUAL WORN SOLID 

DUAL NEW SOLID 7" 

DUAL NEW CUSHION a SHOCK AT =< 

DUAL PNEUMATIC 

COMPUTATION BASED ON 

ORIGINAL CALIBRATION FACTORS 

vows 

ZX 3" RECTANGULAR OBSTRUCTION 

RECOMPUTATION BASED ON c =0 65 

2-TON TRUCK 
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FIGURE 34.—CoOMPARISON OF ORIGINAL AND RECOMPUTED Impact DaTaA 

In a preceding paragraph it was shown that there is 
an instrumental error due to dispersion and that the 
error bears a distinct relation (fig. 26) to the magnitude 
of the accelerometer reading. The indicated dispersion 
-zones applicable to the recomputed impact data were 
computed for each test condition using actual values of 
the reading, Ff, to obtain values of the error és) and ég9. 
It will be noted that these errors affect only the term 
mCOR in equation 13. 

The study of the n vs. ¢ relation also showed that a 
constant value of ¢ equal to 0.65 would reasonably apply 
throughout the range in n ordinarily encountered in 
motor-truck impact tests. The use of such a constant 
calibration factor greatly simplifies the computation. 
The values of impact reaction were also recomputed on 
this basis (c=0.65) and the results are shown in con- 

junction with the results by the original computation 
method and the results of the computation method 
involving an individual calibration factor for each test 
condition, in order to compare the impact relations 
obtained when the same field data are computed accord- 
ing to the three methods. 

Figures 32 to 35 have been selected to show the order 
of variation caused by the three computations. In 
each figure the left-hand panel represents the data as 
originally computed. The center panels represent 
recomputed values obtained with calibration factors 
based on a constant value of ¢ equal to 0.65. The 
right-hand panels represent the recomputed values 
obtained with individual values of ¢ according to the 
n vs. ¢ relation shown in Figure 23. The 50 per cent 
and 90 per cent dispersion zones are shown in vertical 
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Figure 35.—CoMPaARISON OF ORIGINAL AND RECOMPUTED Impact Data 

and horizontal shading, respectively, superimposed on 
the curves in the last named panels. It is quite evident 
that general conclusions as to the influence of various 
factors on motor truck impact reactions could be 
determined equally well by the curves according to any 
of the three methods of computation. 

There is a tendency, however, for the recomputed 
impact reactions to be higher than the originally com- 
puted values. This is better shown in Figures 36 
and 37, in which the original data have been plotted 
against corresponding recomputed values according to 
the two methods of recomputation (c=0.65 and c 
having individual values, respectively). In these 
figures all the data available have been plotted, 56 shock 
conditions and 112 drop conditions being represented. 
Figure 36 shows that the recomputed values obtained 
on the basis of c=0.65 are about 12% per cent higher 
than the original values while the aeroenaysavtiael values 
obtained by the use of individual calibration factors 
(see fig. 37) averaged about 11% per cent higher than 
the original. 

An inspection of the right-hand panels in Figures 32 
to 35 shows that the dispersion apparently varies 
directly with the magnitude of the impact reaction. 
This is better illustrated in Figure 38 which was con- 
structed from work sheets similar to Figure 37 but on 
which the recomputed values were represented by lines 
defining the respective dispersion bands. The areas 
enveloping these bands have been shown in Figure 38, 

- the vertical shading representing the 50 per cent dis- 
persion zones and the horizontal shading representing 
the 90 per cent dispersion zones for the shock and 
drop conditions. The magnitudes of the dispersion 
ranges indicated in Figure "38 are expressed below as 
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1400 

percentages of the most probable recomputed value, 
1. e., the value of the center of the dispersion zones: 

Shock, Drop, 
percent per cent 

OOPPELt CSI Us LEN LC meee ere pee ee 6 5 
90. per; centirange ssa ae eee ee eee 13 14 

In the discussion of Figure 37 1t was shown that 
the recomputed or most probable values of impact 
reaction differ from the original values by an average 
percentage equal to 11.5. We may, therefore, conclude 
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the discussion of the reaction wheel tests with the 
observation that impact forces based upon the previous 
calibration are systematically in error by about 12 per 
cent. The coil spring accelerometer is subject to dis- 
persion errors which decrease in magnitude with an 
increase in deflection. For the significant accelerations 
measured with a given spring-weight combination, 
50 per cent of the values of measured acceleration lie 
within 8 per cent of the mean and 90 per cent within 
15 per cent of the mean. These values were obtained 

HEHEHE DISPERSION ZONES 

=——_ DISPERSION ZONES 

SHOCK IMPACT CONDITIONS 

109 ROADS 

by tests on the reaction wheel involving artificial 
obstructions and the committee interprets them as 
applying also to motor-truck impact tests on a smooth 
road with artificial obstructions. For motor-truck tests 
on naturally rough roads greater uncertainties exist. 

CONCLUSIONS OF ACCELEROMETER COMMITTEE SUMMARIZED 

In summarizing its detailed report the committee 
called attention to the fact that its conclusions are 
based on a careful analysis of results obtained within 
limited ranges of speed and other operating conditions 
and that these conclusions should not be assumed to 
apply beyond these ranges. The conclusions reached 
by the committee are as follows: 

1. The contact type of accelerometer may be used to 
obtain highly accurate measurements of acceleration of 
the order of magnitude and period encountered in 
motor-truck impact. 

(a) Single-element instruments of this type are suit- 
able for use under conditions where a given phenomenon 
is periodically reproduced such as by a drop machine 
or a reaction wheel. The cantilever-spring contact 
accelerometer was investigated and is considered to be 
satisfactory by this committee. 

(6) While this committee has not investigated a 
multiple-element cantilever-spring contact accelerome- 
ter, it is of the opinion that such an instrument may 
be developed for use in road tests. 

2. The coil spring accelerometer may be used to 
obtain reasonably accurate measurements of accelera- 
tion due to motor truck impact when due consideration 
is given to the relation between the period of the impact 
reaction and the period of the accelerometer element. 

(a) With these restrictions instruments of this type 
are suitable for road tests. Their operation is not 
difficult and results are quickly obtained with them. 

(Continued on page 111) 
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PROGRAM FOR INTERNATIONAL ROAD CONGRESS 
ANNOUNCED | 

. 

2 

. 

Official delegates from 50 countries in all parts of the 
world have announced that they will attend the Sixth 
Congress of the Permanent International Association 
of Road Congresses which will open in Washington on 
Monday, October 6, and close on Saturday, October 11. 
Large delegations are expected from England, France, 
Germany, and Italy, and it is possible that some of 
these delegations may include as many as 100 engineers. 
Smaller delegations from other countries, including 
those as far distant as China, India, and Australia, 
will make the total attendance large. 

This is the first such congress ever to be held outside 
of Europe, and it is believed that it will be the largest 
and most important gathering of highway engineers 
ever held. Contributing to this end, there is now a 
world-wide interest in highway transportation and a 
desire by foreign engineers to inspect the methods 
of construction and the results which have been at- 
tained in the United States. The delegations will 
inclide the most influental and representative of 
foreign highway engineers. 

In preparation for the congress, 69 papers from 
engineers in 20 different countries are being published 
and will be received by the members of the congress 
before they start for Washington. These papers deal 
with the following subjects, which have been included 
in the agenda of the congress: 

FIRST SECTION 

CONSTRUCTION AND MAINTENANCE 

First question: Results obtained by the use of— 
(a) Cement. 
(b) Bricks or other artificial paving. 

(Methods employed for road construction and 
maintenance in these materials.) 

Second question: The most recent methods adopted for the 
use of tar, bitumen, and asphalt in road construction. 

Third question: The construction of roads in new countries, 
such as colonies and undeveloped regions. 

SECOND SECTION 

TRAFFIC AND ADMINISTRATION 

Fourth question: Ways and means of financing highways: 
(a) Road construction. 
(b) Maintenance. 

Fifth question: Highway transport: Correlation and coordi- 
nation with other methods of transport; adaptation to collective 
(organizations) and individual uses. 

Sixth question: 
1. Traffic regulation in large cities and their suburbs; 

traffic signals; design and layout of roads and 
adaptation to traffic requirements in built-up areas. 

2. Parking and garaging of vehicles. 

The reports on each question have been reviewed by 
a general reporter (two general reporters for first 
question), and these general reports will be read at the 
meeting of the congress, followed by open discussion 
and adoption of conclusions. It is the custom to 
appoint general reporters from the country in which 
the congress is held, and the following authorities of 
recognized standing are acting in this capacity: Ques- 
tion 1, part (a), Frank T. Sheets, chief highway engi- 
neer, Ilinois Department of Public Works; question 1, 
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part (b), P. J. Freeman, chief engineer, bureau of tests. 
and specifications, department of public works, Alle- 
gheny County, Pittsburgh, Pa.; question 2, Roy W. 
Crum, director, highway research board, National — 
Research Council, Washington, D. C.; question 3, © 
Edwin W. James, chief, Division of Highway Trans- 
port, Bureau of Public Roads, United States Depart- 
ment of Agriculture, Washington, D. C.; question 4, 
A. B. Barber, manager, transportation and com- 
munications department, Chamber of Commerce of 
the United States of America, Washington, D. C.; 
question 5, Henry R. Trumbower, professor of eco- 
nomics, University of Wisconsin, Madison, Wis., and 
question 6, Miller McClintock, director, Albert Russel 
Erskine Bureau for Street Traffic Research, Harvard 
University, Cambridge, Mass. 

PROGRAM OF THE CONGRESS 

The American Organizing Commission has announced 
the following program of the congress: 

Monday, October 6 

Morning: Meeting of Permanent International Commission. 
Registration of delegates. 

Afternoon: First plenary session—opening of congress—Con- 
stitution Hall. 

Evening: No formal engagement. 

Tuesday, October 7 

Morning: Section meetings. 
Luncheon: American Road Builders’ Association. 
Afternoon: Official opening of International Exposition of 

American Road Builders’ Association. 
Evening: Visits to International Exposition. 

Wednesday, October 8 

Morning: Section meetings. 
Afternoon: Section meetings. 
Evening: Official reception. 

Thursday, October 9 

Morning: Section meetings. 
Afternoon: Second plenary session for discussion of con- 

clusions. 
Evening: American Organizing Commission dinner. 

Friday, October 10 

Morning: Inspection trip to experiment station of the United 
States Bureau of Public Roads at Arlington, Va. 

Luncheon: Picnic luncheon, auspices of American Organizing 
Commission, at Mount Vernon, Va. 

Afternoon: Inspection of construction of Mount Vernon 
Memorial Highway and visit to Mount Vernon (the home of 
George Washington). 

Evening: Official closing of the congress and reception. 

Saturday, October 11 

Morning: Inspection of United States Naval Academy at 
Annapolis, Md., under auspices of American Organizing Com- 
mission. 

Luncheon: Reception and luncheon tendered by the Hon. 
Albert C. Ritchie, Governor of Maryland. 

Afternoon: Recreation. 
Evening: No formal engagement. 
Norr.—The necessity may arise for certain modfications in 

the program as here given. 
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Participation in all official excursions and _ social 
functions will be by ticket, which will be issued without 
charge to all delegates from other countries and to 
official delegates from the United States. 

The congress is being held in this country at the 
invitation of the United States Government and 

* arrangements are being made by the American Organiz- 

ai 

ing Commission with headquarters at 1723 N Street 
NW., Washington. The commission consists of: Pres- 
ident, Roy D. Chapin, National Automobile Chamber 
of Commerce; Secretary-General, Thomas H. Mac- 
Donald, United States Bureau of Public Roads; and 
the following members, Wilbur J. Carr, Department 
of State; A. J. Brosseau, Chamber of Commerce of 
the United States; H. H. Rice, Highway Education 
Board; Robert Hooper, American Automobile Associ- 
ation; H. G. Shirley, American Association of State 
Highway Officials; Thomas R. Taylor, Department of 
Commerce ; and Charles M. Upham, American Road 
Builders’ Association. The commission is assisted by 
Pyke Johnson, National Automobile Chamber of Com- 
merce, and H. S. Fairbank. United States Bureau of 
Public Roads, as administrative aides, and J. Truman 
Thompson, highway research specialist, United States 
Bureau of Public Roads, as manager. 

Participation in the proceedings of the congress and 
receipt of the reports to the congress and the printed 
proceedings of the congress are possible only through 
membership in the congress. A temporary member- 
ship carrying these privileges may be had upon applica- 
tion to the American Organizing Commission at the 
above address. The fee for such membership is $5. 

Simultaneously with the congress, an international 
road machinery and materials exhibition and demon- 
stration will be held by the American Road Builders 
Association. The exhibition will be held in the Wash- 
ington Auditorium, while the demonstration grounds 
where machinery may be seen in operation will be 
provided at a near-by point. 

AMERICAN ENGINEERS URGED TO ATTEND CONGRESS 

It is hoped that a large number of American high- 
way engineers and representatives of related industries 
will attend the congress and participate in the pro- 
ceedings. The attractive program of meetings and 
trips which has been arranged and the opportunity of 
meeting the leaders in highw ay construction and trans- 
portation should attract a large attendance. October 
is one of the most desirable months of the year for a 
visit to ees 

(Continued from p. 109) 

(6) The coil spring accelerometer is subject to dis- 
persion errors the magnitude of which decreases as the 
length of record increases. However, the indicated 
probable errors in total force resulting from this disper- 
sion are not excessive for the type of tests involved. 

3. A recomputation of published data using calibra- 
tion factors obtained in this investigation indicates that 
the impact reaction values which are based on the 
original calibration factors are from 10 to 15 per cent 
too low because of systematic errors in calibration. 

The comparisons made and conclusions drawn in 
reports based on such data, being general in nature and 
depending upon many tests rather than upon individual 
measurements, show with sufficient accuracy the rela- 
tions and factors which influence the magnitude of the 
impact reactions. 

4. The displacement-time apparatus may be used to 
determine the magnitude of the acceleration, the period 
of impact, and other characteristics of motor-truck 
impact reactions. 

(a) Its use is limited to laboratory set-ups. 
(6) Good agreement has been secured between 

acceleration values determined by the analysis of 
displacement-time curves, those measured with an 
accelerometer of the contact type, and those computed 
from a simple harmonic motion machine. 

O 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 
Applicants are urgently requested to ask only for those publications in 

which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department’s free supply is 
exhausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 

ANNUAL REPORTS 

1924. 
1925. 
1927. 
1928. 

Report of the Chief of the Bureau of Public Roads, 
Report of the Chief of the Bureau of Public Roads, 
Report of the Chief of the Bureau of Public Roads, 
Report of the Chief of the Bureau of Public Roads, 

DEPARTMENT BULLETINS 

No. *1386D. Highway Bonds. 20ce. 
220D. Road Models. 
257D. Progress Report of Experiments in Dust Prevention 

and Road Preservation, 1914. 
*314D. Methods for the Examination of Bituminous Road 

Materials. 10ce. 
*347D. Methods for the Determination of the Physical 

Properties of Road-Building Rock. 10e. 
*370D. The Results of Physical Tests of Road-Building 

Rock. 15c. 
386D. Public Road Mileage and Revenues in the Middle 

Atlantic States, 1914. 
387D. Public Road Mileage and Revenues in the Southern 

States, 1914. 
388D. Public Road Mileage and Revenues in the New 

England States, 1914. 
390D. Public Road Mileage and Revenues in the United 

States, 1914. A Summary. 
407D. Progress Reports of Experiments in Dust Prevention 

and Road Preservation, 1915. 
*463D. Earth, Sand-Clay, and Gravel Roads. 15c. 
*532D. The Expansion and Contraction of Concrete and 

Concrete Roads. 10c. 
*583D. Reports on Experimental Convict Road Camp, 

Fulton County, Ga. 25c. 
*660D. Highway Cost Keeping. 10c. 
*670D. The Results of Physical Tests of Road-Building 

Rock in 1916 and 1917. 
*691D. Typical Specifications for Bituminous Road Mate- 

rials. 10ce. 
*724D. Drainage Methods and Foundations for County 

Roads. 20c. 
1216D. Tentative Standard Methods of Sampling and Test- 

ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use in 
connection with Federal-aid road construction. 

1259D. Standard Specifications for Steel Highway Bridges, 
adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 

1279D. Rural Highway Mileage, Income, and Expenditures 
1921 and 1922. 

1486D. Highway Bridge Location. 

* Department supply exhausted: 

DEPARTMENT CIRCULARS 

No. 94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 

Culverts. 

TECHNICAL BULLETIN 

No. 55. Highway Bridge Surveys. 

MISCELLANEOUS CIRCULARS 

No. 62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal-Aid 
Highway Projects. 

*93M. Direct Production Costs of Broken Stone. 25c. 
*109M. Federal Legislation and Regulations Relating to the 

Improvement of Federal-Aid Roads and National- 
Forest Roads and Trails. 10ce. 

SEPARATE REPRINTS FROM THE YEARBOOK 

No. 914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 
1036Y. Road Work on Farm Outlets Needs Skill and 

Right Equipment. 

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 

REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 

Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon the 
Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 19, D- 8. Relation Between Properties of Hardness 
and Toughness of Road-Building Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No 6, D- 8. Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 
crete Slab Subjected to Eccentric 
Concentrated Loads. 
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