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IMPACT REACTIONS DEVELOPED BY A MODERN 
MOTOR BUS 

Reported by JAMES A. BUCHANAN, Associate Engineer of Tests, U. S. Bureau of Public Roads 

NE of the most important trends in the use of 
highways to-day is that toward higher vehicle 
speeds, particularly with the heavier wheel loads. 

At the present time, this trend is most evident in motor 
bus operations, although fast-freight highway transpor- 
tation is a rapidly developing industry. This condition 
of heavy wheel loads operating at sustained high speeds 
has been made practicable by the comparatively 
recent introduction of high-pressure and balloon tires 
adequate for and economical in such service. A study 
of the impact reactions produced on pavements by 
vehicle wheels under such intensive operating condi- 
tions was the object of a research investigation recently 

Figure 1 gives a general view of the vehicle used. 
It is a modern high-speed bus chassis on which a special 
body was built to meet the needs of the tests. The 
floor of this body was divided into a number of small 
compartments, as shown on the cover page, for retain- 
ing 100-pound cast-iron weights used to vary the load 
conditions. The wheel base js 233 inches. Each rear 
spring is provided with overload booster leaves which 
operate in two stages. In order to provide clearance 
between the rear spring and the large dual tires tested, 
it was necessary to apply a spacer ring on each rear 
hub between the flange and the inner wheel disc. 
These 1'-inch wide spacers remained in place through- 

Figure 1.—GrNERAL View oF Bus USED IN Impact TESTS 

completed by the Bureau of Public Roads with the 
cooperation of the Rubber Manufacturers’ Association 
and the Society of Automotive Engineers. 

In arranging a schedule of tests to be followed several 
factors relating to equipment and scope of conditions 
were considered. The vehicle and tire equipment 
should be representative of modern high-speed traffic. 
The loads and speeds should cover an adequate range in 
operating conditions. The roughness conditions should 
involve both artificial and natural obstructions, the 
artificial obstructions bringing out the influences of 
various factors on impact reactions and the natural 
obstructions indicating the actual forces developed 
under operating conditions. 

48700—31—1 

out the tests so that all tires would be tested under the 
same conditions. This proved to be an unnecessary 
precaution, as accelerations obtained with 7 and 9.00 
inch dual tires before the spacers were applied were the 
same as those obtained afterwards. 

TIRE EQUIPMENT SELECTED TO COVER TYPES IN ACTUAL USE 

The tire equipment tested included both the high- 
pressure pneumatic and the low-pressure pneumatic 
or balloon types. The range in section size was 
from 7-inch high-pressure to 12.00-inch low-pres- 
sure and inflations varied from 107 to 53 pounds 
per square inch. Two rims diameters were used—20 
and 24 inch. 

21 
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FiGuRE 2.—SoME OF THE TIRE EQuipMent USED IN THE Bus Tests 

The tires were mounted directly on appropriate disc 
wheels prior to the tests, and tire changes were quickly 
effected by changing these disc wheels, which were 
bolted on the hub centers of the bus chassis. 

A general view of the range in tire sizes is given in 
Figure 2. The tires were the products of four manu- 
factures, but all had conventional tread designs used 
in modern commercial and bus service. 

A complete list of the tire sizes tested is given in 
Table 1, together with the inflation pressure and load 
conditions selected for each tire. In determining these 
pressures and loads, three factors were considered. 
First, it was desirable to make comparisons on an equal 
load basis. Second, it was desirable to include tests 
conforming as closely as possible with recommended 
standard practice. Third, it was desirable to include 
test conditions varying from recommended practice 
for at least a part of the range found in actual operat- 
ing conditions. The recommended or standard in- 
flation pressures for various loads on balloon and high- 
pressure tires were obtained from the Yearbook of the 
Tire and Rim Association, published April, 1930, and are 
givenin Tables 2 and3. In this connection it is interest- 
ing tonote that the actual practice of eight fleet operators 
using more than 5,000 buses was ascertained through a 
survey recently conducted by the National Association 
of Motor Bus Operators and was found to range from 
recommended inflation pressures and loads to rather 
severe overload and under-jnflation conditions. 

The various tire and rim sizes, loads and inflation 
pressures, as shown in Table 1, provided for the de- 
termination of the influence of such factors as inflation 
pressure, load, tire type, tire section, rim diameter, 
rim width, and single versus dual mounting. The 
wheel loads and other data for the various combina- 
tions are given in Table 4. 

TABLE 1.—Tire, rim, load, and inflation conditions 

Inflation pressure used with— 

5 0 
| o s 8 32 3B of Poy ue 3 
Ce 320i S she as as as as a3 S| & lg| & | Be |-BS | ge | ge | Be | 32 
2 Ss AS eS Sy By By oi By o8 
a Sac eae ey hs O58) BA | OB | FS | Be | Be 
£/#|#\2| 2 | 8s | sy | Sz | fz | Sy | Ss 
Be | Re ROC RG Te nes os ts Commas 

| 

Lbs. pers per| Lbs. per| Lbs. per, Lbs. per| Lbs. per 
Inches \Inches|Inches Inches | sg. in. | sg. in. | sq. in. | sq. in. | sq. in. | sq. in 

{L0G a 
ff 20 t).10 1034 | 100, 100 100 100: |: 2.2 2 |e 

| 93, 86 | 
7 24 7| 10 1014} 93 ||: semen FAIL Fos 0 Ne eee 

65, | 
9.00 | 20 7 | 10 104 | 61, | 65 650.05, 755 |e eet 

57, 53 
9. 00 24 Cae 101% 54 | 63: |. 22s Sa See ee ee 
9. 00 20 8 | 10 12 61) Ee a ee he ee i ee 
9.75 |. 20 ek R442 12h remo wees 71 i es ee 

10. 50 20 | 9-10 | 12 1204 eee Nis sero 63 (hie er ae Se Sse 
1 12.00 20 dae Sin ele) ae see en | Re eka? ae ee 82 95 

| 

1 The single 12.00 by 20 inch balloon tire at an inflation pressure of 82 pounds per 
square inch has the same rated carrying capacity as the dual 9.00 by 20 inch balloon 
tires at 61 pounds per square inch and the 34 by 7 inch high pressure tires at 107 pounds 
per square inch, 

EFFECTS OF ARTIFICIAL OBSTRUCTIONS AND NATURAL ROAD CON- 
DITIONS STUDIED 

Artificial obstructions creating roughness conditions 
on an otherwise smooth pavement surface were used in 
making tests for the determination of the influence of 
the various operating factors, because such roughness 
conditions could be made to a uniform section having 
sufficient width to obviate any uncertainty regarding 
the contact relation between the tires and the obstruc- 
tion. 

Through the courtesy of the Ordnance Department, 
a concrete road at the Aberdeen Proving Ground, Md., 
was made available. This road is level throughout its 
length and traffic on it was controlled so that there 
was no interference during test runs. Steel obstruc- 

) 
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TaBLE 2.—Truck and bus balloon tire load and inflation table.! Minimum inflation pressure in pounds per square inch and corres pond- 
ing load capacity in pounds 

Tire section and rim diameter (inches) 

Mini- fa pe eiisave 
_ mum 5.50 | 6.00 6.50 7.00 7.50 8.25 9.00 9.75 _ mum 
inflation | | inflation 
pressure | — A eae ————— = = = pressure 

20 | 20 20 20 20 22 24 20 22 24 20 | 22 24 20 22 } 24 

35 5 | ose thee tele bee hac seellee Sk lly es ole epee pe Rare oe Fem SR (ee Le 35 
40 paresy || The BNW |e ee a eT a Ye ES ea I ea pe ee Fa [ee | [Ee eee (Cae Cee | Oe hee eS aed: Pe ae 40 
rr A007 eee sees eee ee 2. ee wc ae eb ween enon! ces osce dia eek | 45 
On eee eset GOO im Lore aeozom| = 2.Ovo” 2,220 1 2,400"! 2350 i 2, 500K. 2 ete ee 50 
55 2, 900 55 
60 3, 200 60 
65 | 5 3, 500 ; 65 

a ee eee ete ee eee tobe 2s  esie eee So alee ee |: ee oes |) he ascce|sesee ee eae te Be eee a3, 900 | 4, 200 4, 400 70 

Mini- i ~| Mini- 

_ Taum 10.50 11.25 12.00 | 12.75 13.50 _ mum 
inflation inflation 
pressure |— ais a ae : = i mae r | = Sis —| pressure 

20 a 2 20 22 24} 20 | 22 me | 20 22 24 20 22 24 

nega ak Ag oe oe AL 8 Ea Se by Sy ee |e eee eo eee (aan oe 70 
5,450 | 5,900 Sidi ol eae a | a AE ie ty ae Os ame | 75 
5,850 6, 300 5 ATU 1 il ee ERE, Seine a aa 80 
6,250 6, 700 7,300! 7,600! 7,200) 7,800] 8,100 85 

janes ieeewiories 7,700 | 8,000) 7,700} 8,300) 8,600 90 
speed 3200 | 8,800 | 95100 | 95 

: Tire and Rim Association standard, adopted Feb. 14, 1930. Bold-face type indicates maximum recommended loads. Duals will carry twice the load of corresponding 
singles. 

TaBLE 3.—Truck and bus high-pressure tire load and inflation table. Minimum inflation pressure in pounds per square inch and 
corresponding load capacity in pounds 

| Mini- 
mum 
infla- 

ae Tire section and rim diameter (inches) 
Mini- 
mum 

a 

‘tion : 6 | 7 8 9 10 tion 

pres-| 344 4 41g |——___—__—— - : ee Rah. | ese 
sure 20 24 20 4 20 24 20 oA 20 o4 20 | 24 sure 

: : , 65 106 
| 4, 000 4, 100 4, 600 4, 600 5, 100 110 A | oe Se oon Ge ale eee ee ee aie Se ates, Sie Aer! toe einen : 

coe ems enemas Renee Sl oce se 7h Ue Se SA ee eo Se ee ec kd 4, 500 5, 000 5, 050 5, 550 120 
TEES OSS SNS Sa PSG (ene See ane ieee te SER cet ge BO AL OS eal I", gai Eine eee ieee epee 5, 500 6, 000 130 

1 Tire and Rim Association standard, adopted Jan. 12, 1927. Boid-face type indicates maximum recommended loads. Duals wili carry twice the load of corresponding 
singles. 

2 Maximum load for 6-ply tire only. 
3 Maximum load for 8-ply tire only. 

tions 200 feet apart were located on this road at the ordinarily encountered on a well maintained pavement 
end of an 0.8 mile straightaway and were secured in carrying high-speed traffic, their use in these tests was 
place by means of countersunk screws to nuts set in necessary in order to bring out definitely the differ- 
the pavement, flush with the surface. ences between the various factors being studied. 
Two obstructions were used, each 1% inches in Smaller obstructions, corresponding to those used in 

height. One was an inclined plane 30 inches long and earlier motor truck impact tests! were tried but it 
the other was a rectangular obstruction 12 inches wide. 
These obstructions are shown in Figure 3. While such __! These obstructions are described in an article entitled “Motor Truck Impact as 

: Affected by Tires, Other Truck Factors and Road Roughness,’’ Public Roads, Vol. 7, 
obstructions are somewhat more severe than those No-4, June, 1926. 3 
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was found that the tire equipments used in these 
tests caused such low values of acceleration when small 
obstructions were encountered that differences in test 
conditions involving only minor changes in the factors 
being studied were likely to be obscured because of the 
dispersion due to unavoidable experimental errors. 

The artificial obstructions used caused three types of 
impact reaction which are: (1) The drop of the wheel 

* 

1% BY 30 INCH INCLINED PLANE 

Sees 
ed 

1% BY 12 INCH RECTANGULAR BLOCK 

FicgurE 3.—Roap RovuGuNess CREATED BY ARTIFICIAL OB- 
STRUCTIONS 

on the pavement after being raised by an inclined 
plane, (2) the shock of the wheel at striking a sharp 
elevation in the road, and (3) the drop of the wheel on 
the pavement following the shock condition just de- 
scribed. These obstruction conditions simulate heaved 
and raised joints in actual surface roughness conditions. 
There is probably little real difference in the action 
under either of the drop conditions described above 
other than variations in the height from which the 
wheel falls. In either case, the tire reacts against a 
plane surface. In the case of the shock reaction, there 
is a tendency for the obstruction to penetrate the tire 
or for the tire to envelop the obstruction and an entirely 
different situation exists. 

TasLE 4.—Wheel loads and other bus characteristics 

oo Bo 
oe ttoes A Load A Load B Load C Load D 

BR | ES | ig 
Mirevsizet | eis ae as a0 op bo bo 

Saye eR Be ee |e Nae enans 
Se ee 2 a | 5 | & | se Bisimeo 
= P =) nD a n a nD i n i 

Lbs. | Lbs. Lbs. | Lbs. | Lbs. | Lbs. | Lbs. | Lbs. | Lbs. | Lbs. 
Sak Cee ee 360} 1,974) 61. 3) 4,060) 6, 034) 5, 080) 7, 054] 6, 075) 8, 049] 7, 525) 9, 499 
SORie ee ae 39412 018). S627 4 OGOW 6: OT Siem lens | ener essere | epee 
9.00-20/7___-- 380} 2,004) 62. 2) 4, 060) 6, 064) 5, 080) 7, 084] 6, 075) 8,079] 7, 525) 9, 529 
9.00-24_____- 422), 2,046) 68/5164, CGO!) Gat OGM; O80 rb 2 6 eee yer arte ee oe eee eee 

_ 9.00-20/8____- 396)'-2; O20)" 62217) 45 OGO| "Gk O80 pes Sep ea | ee eee | ee 
9.75-20_....-. 458) 2,082) 64.7] 4,060} 6, 142)______|______ 6, 075] 8, 157| 7, 525) 9, 607 
10,50-20_ ____ Gob] 2s SO OOO |e seman |e eter eal | esos hea 6, 075] 8, 230} 7, 525] 9, 680 
12.00—20_ __ _- 335} 1,959! 60.8] 4,060) 6, 019)...-_-|____2. 6;,0:75\" 87034) a eee 

Tare weights (including driver, operator, instrument, and hub spacers, with 34 by 
7 inch original tire equipment): 

Pounds Pounds 
Front axle_____ 5, 720 Unsprung weight per rear wheel____________-_-- 1, $62 
Rear axle____-- 7, 649 Weight of 34 by 7 dual tires and wheel (original 

Oqtiipment))- <<. 24. ae ees ee ee eee 
BR) 72) Ee ea 13, 369 

Unsprung Weight without tires and wheels___ 1, 624 

Front axle leads: Pounds Front wheel loads: Pounds 
O90 ING Ee ease eee ee 6, 125 LoaduAy ee ee ee ee 3, 062 
Load) Boze 5 See Lee ee 6, 325 Load Ba eek) aah or ee ee, 3, 162 
WOO Ce eee tae ee ees 6, 700 NODC Ce es eee eee 3, 350 
08d ees eee as eee eee 7, 080 ‘Load¥D 245... Bae 3, 540 

1 These are the customary designations of the tires listed, as used by the Tire and 
Rim Association and by the industry in general. High pressure tires are designated 
by over-all height in inches and section height in inches and fractions thereof. Balloon 
tires are designated by section height in inches and decimals thereof and rim diam- 
eter in inches. In the case of the 9.00 by 20 inch balloons, where two rim widths 
were used, these are given. 

Natural road surface roughness conditions were 
used in making tests to determine the actual magni- 
tudes of impact forces developed under normal operating 
conditions. These tests were made in the vicinity of 
Washington, D. C., at locations where the desired 
speeds could be attained with safety. The natural 
roughness conditions which were found at places which 
were practicable for making tests were of less severity 
than the artificial obstructions described in a preceding 
paragraph. Profiles of the natural obstructions are 
given later in this report in presenting the data ob- 
tained with them. 

Vertical impact reactions occurring between a moving 
wheel and the pavement surface may be resolved into 
two components. One is the dynamic force due to the 
vertical acceleration or deceleration imparted to the 
unsprung weight at the wheel and the other is the 
static weight on that wheel. 

In the impact investigations of the bureau the 
dynamic force has been obtained by multiplying the 
value of the unsprung mass by the acceleration developed 
at the instant of impact. The mass values were ob- 
tained by weighing and the acceleration by measure- 
ment with an accelerometer. By adding to thisdynamic 
force the static load on the wheel, the total vertical 
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impact reaction was obtained and may be expressed 
” pout units or as a percentage of the static wheel 
oad.” 

MULTIPLE ELEMENT CONTACT ACCELEROMETER USED TO 
MEASURE IMPACT FORCES 

The multiple element contact accelerometer used 
in these tests was designed and built by the Bureau 
of Public Roads as a modification of a single element 
instrument of the same type described in the July, 1930, 
issue of Public Roads. It differs from the original 
instrument in that it comprises 10 sensitive elements 
equipped with styli for direct recording on a moving 
ribbon of paraffin-coated colored paper. The hardened 
steel styli have ball points and the elements are arranged 
in offset relation so that the record made by one element 
does not interfere with that made by another. The 
movement of each sensitive element measured at its 
center of gravity was restricted to 0.001 inch between 
the recording and non-recording positions of its stylus. 
The accelerometer was mounted on the rear axle of 
the bus, the frame supporting it being clamped securely 
to the top of the right hand spring bolster by the bolts 
which held the spring to the axle. It was thus in a 
position to respond to any vertical accelerations im- 
parted to the axle by the wheel. A general view of the 
instrument is given in Figure 4. 

The sensitive elements were calibrated statically 
and dynamically according to methods described in 
the earlier publication.2 As the dynamic calibration 
involved the use of a telephone circuit to detect move- 
ment of the sensitive elements, additional tests were 
made to prove that the autographic recording on 
paraffin-coated paper is as accurate and reliable as 
that involving the telephone circuit. <A further check 
on the calibration was obtained by comparing the 
experimental values with the design or theoretical 
values. The characteristics of the 10 elements used 
are given in Table 5. 

TaBLE 5.—Characteristics of accelerometer elements 

. Thickness | Calibra- | Free 
Element No. of spring tion rate period 

Feet per | 
sec.2 per | 

0.001 inch | 
Inches deflection! | Seconds 

ihn athe ee cee ee ee eee ee 0. 0381 2. 79 | 0. 0071 
Re eR Eee Be eg eee ee . 0402 3. 26 . 0067 
ee eee ee ee ec = . 0410 3. 52 . 0066 
fe dpe es A ee ne . 0425 3. 85 . 0063 
Pp et 5 re sm he ee . 0437 4. 26 . 0062 
(j> 2 nw eS ESSE oh SR ee oe Reo ee a 2 2 ee ee . 0451 4. 53 . 0060 
{See re A ee Noes oe es . 0458 4.72 | . 0059 
=e a ae 5 ot a te lp ee ep A ee . 0470 5. 00 | . 0057 
fe ee et ene Paka! ee ae . 0480 5. 48 | . 0056 
if ORE A ae ek ices Se nos eae ee te . 0491 5. 78 | . 0055 

| | | | 

1 Measured at the micrometer. 

Accelerometers of the contact type are so designed 
that the action of any one sensitive element will only 
indicate whether an acceleration greater or less than a 
certain magnitude was attained during impact. That 
critical acceleration magnitude is determined by the 
resistance to be overcome (which, in the accelerometer 

2 To be strictly accurate, some allowance should be made for the variation in pres- 
sure transmitted through the vehicle spring as it flexes during the impact phenom- 
enon. This had been determined in earlier tests (see Public Roads, Vol. 7, No. 4, 
June, 1926) and found to exert comparatively little influence. Since comparative 
tests would all be slightly modified by approximately equal amounts, the determina- 
tion, by measurement, of variations in spring pressure was not considered to be 
justified in this series of tests. 

3 See Public Roads, July, 1930. 

used is caused by the deflection of a cantilever spring) 
and the mass of the sensitive element acted upon by 
the impressed acceleration. By placing a battery of 
such elements in a single instrument unit and setting 
each element to respond to a different magnitude of 
acceleration, an impressed acceleration may be deter- 
mined as lying between certain limits which are in- 
dicated by the critical values of the elements which do 
or do not respond. In the tests herein described, the 
critical accelerations to which the various elements 
were set to respond varied in increments of 10 feet per 
second per second, and the range in acceleration thus 
covered by the instrument unit at any one time was, 
therefore, 90 feet per second per second. 

Fiaurt 4.—Tue AvutroGrapHic MUuLTIrpLE-ELEMENT CoNn- 
Tract ACCELEROMETER 

If the acceleration attained in a given impact test 
did not fall within the range covered, as indicated by 
the fact that all the elements responded or failed to 
respond, that test was repeated with the elements set 
to include a higher or lower group of critical accelera- 
tions as the case might be. If some of the elements re- 
sponded, Nos. 1 to 3 by way of example, and the re- 
mainder, Nos. 4 to 10, did not respond, then the ac- 
celeration for that test was determined as lying between 
the critical values for which elements Nos. 3 and 4 had 
been set. It frequently happened that when the in- 
strument was set to record the acceleration produced 
by one of the two artificial obstructions it would also 
respond to that produced by the other. Thus one ac- 
celeration might be determined by elements 3 and 4 
and the other by elements 8 and 9. In this manner an 
opportunity was afforded to check the result thus ob- 
tained by chance with that obtained when the instru- 
ment was set to record the acceleration produced by 
the other obstruction. The checks thus obtained were 
always very close. 
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DISCUSSION OF THE DATA 

Typical curves showing results obtained with the 
artifical obstructions are given in Figure 5. It is noted 
that where drop conditions exist a maximum reaction 
is reached at a comparatively low speed and that the 
reaction generally decreases as the speed is increased 
above this critical value. The interaction between the 
sprung and unsprung weights of the vehicle while the 
wheel is in the air and falling is probably the reason 
for this condition. 
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Figure 5.—Impact Reactions ror Tyrpicat Tire Equir- 
MENTS PASSING OVER THE ARTIFICIAL OBSTRUCTIONS 

The reactions under shock conditions are found to 
increase in approximate proportion with vehicle speed. 
When the wheel encounters an obstruction under 
shock conditions, there is a tendency for it to be 
raised above the surface of the road. As the vehicle 
speed increases this elevation must necessarily take 
place in a shorter time interval, resulting in greater 
vertical accelerations with corresponding increases in 
impact reaction. The maximum reaction obviously 
occurs when a given obstruction causes a maximum 
deformation in the tire. It is reasonable to suppose 
that this maximum deformation occurs when the tire 
completely envelops the obstruction without appre- 
ciably increasing the elevation of the axle. An ap- 
proach to this maximum condition is noted in the 

tendency for the curves to flatten at higher speeds, 
indicated in the central section of Figure 5.* 

The two lower sections of Figure 5 are for shock at 
and drop after a given obstruction. It is noted that 
the values of the drop reactions obtained at relatively 
low speeds are not equaled or exceeded by the corre- 
sponding shock reactions except at relatively high 
vehicle speeds. For the particular vehicle and other 
test conditions given these speeds are from 20 to 30 
miles per hour for the maximum drop reaction and 50 to 
60 miles per hour for shock reactions of equal mag- 
nitude. 

BALLOON TIRE EQUIPMENT REDUCES IMPACT REACTIONS 

One of the questions most frequently asked is, 
“What is the relative influence of the type of tire 
equipment on impact reaction?” In Figure 5, data 
are given for three types of impact reaction, comparing 
the forces produced on the pavement by the same 
wheel when equipped with dual high pressure pneu- 
matic, dual balloon, and single balloon tires of equal 
capacity and carrying the same load. There is no 
question as to the additional protection to the road 
which results from replacing high pressure pneumatic 
tires with balloon tires. The balloon tire operates at 
a lower inflation pressure and has a greater section 
height than the high pressure tire of equal capacity, 
both of which factors enhance its cushioning properties. 
Since protection to the road is also protection to the 
vehicle this comparison has a major economic signif- 
icance. The road strikes the vehicle wheel just as 
severely as the wheel strikes the road. 

SINGLE BALLOON TIRE PRODUCES LOWER IMPACT FORCES THAN 
CORRESPONDING DUAL MOUNTING, BUT GREATER CONCENTRA- 
TION OF PRESSURE RESULTS 

The relation between dual and single tire equip- 
ments of the same type and of equal load carrying 
capacity is also brought out in Figure 5. Although 
the 12.00-inch balloon requires an inflation pressure of 
82 pounds per square inch as compared with 61 pounds 
per square inch required for dual 9.00-inch tires to 
carry the same load, the greater section height of the 
single tire results in lower impact forces than those 
caused by the smaller-sectioned dual tires. This 
observation supports a similar conclusion reached as 
a result of the earlier impact tests with motor trucks 
and reported in the June, 1926, issue of Public Roads. 

In connection with this discussion of dual versus 
single tire equipments, it is important to consider the 
intensity of contact pressures developed by the two 
types. As shown by Table 6, which gives results 
obtained from static tests on the three equipments 
involved in Figure 5, the single balloon tire develops 
considerably higher average contact pressures than do 
the dual balloon tires. The data given in Table 6 are 
based on measurements of contact area and contact 
Nene as given by the three tire types under static 
oads. 
The static load-deflection characteristics of the three 

tire equipments discussed above are given in Figure 6, 

4 In the article entitled ‘“‘ Calibrations of Accelerometers for Use in Motor Truck 
Impact Tests,’’ Public Roads, Vol. 11, No. 5, July, 1930, the nature of the shock 
reaction is discussed from a theoretical standpoint. It is believed that the theory 
developed, although the assumptions on which it is based are admittedly approximate, 
indicates, qualitatively, the influence of the several variables involved in the shock 
impact. On the basis of this theory the limiting value of the shock reaction is given 
by the equation, /= +h, where L is the wheel load, K is a factor expressing the 
resistance of the tire to the vertical deformation caused by the obstruction, and h is 
the height of the obstruction. 
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TABLE 6.—Comparison of contact pressures developed by dual high 
pressure, dual balloon, and single balloon tires 

| | 
| Unit pres- 

¥ e Average eed att . |Sure, based 

Tire size Peers Were phgres te Dee 
‘ | contact tact width 

area | 

eae aes = 

Lbs. per Lbs. per 
Inches sq. in. Pounds sq. in. Lbs. per in. 

J 6, 000 86 581 
IDC ES chica (ee yees 5 eee Be 100 | 12, 000 103 1, 012 

| 18,000 118 1, 488 
6, 000 59 485 

OOO Ye 20s ee 61 1 12, 000 75 936 
| 18, 000 85 1, 353 

7 6, 000 76 761 
Shire asa a CO one De Seas <2 ae a 82 { 12, 000 90 As 264 

| 18, 000 101 1, 811 

for purposes of comparison. It is at once apparent 
that, for comparable operating conditions, the relation 
between the static load-deflection characteristics of the 
tires is a fair index of the relative impact reactions 
produced by them. 
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Figure 6.—Static Loap-DEFLECTION CURVES SHOWING 
INFLUENCE OF TIRE TYPE 

VARIATION OF IMPACT FORCE WITH INFLATION PRESSURE 
ANALYZED 

Closely related to the influence of tire type is that of 
inflation pressure. It was noted in the discussion of 
Figure 5 that maximum reactions were obtained at 
relatively low speeds for the drop impact conditions. 
In Figure 7 the magnitudes of these maximum reactions 
have been plotted against corresponding variations in 
inflation pressures and curves have been drawn for the 
two drop impact conditions. The wheel load was 6,000 
pounds in each case and the speed was that at which 
the maximum drop reaction occurred. The curves 
have been broken between points representing the two 
tire equipments represented by these data, the higher 
inflation pressures having been applied to dual 34 by 7 
inch high-pressure tires and the lower pressures to dual 
9.00 by 20 inch balloon tires, the two tire equipments 
being replacement sizes for each other. It is at once 
noted that the variation in maximum impact reaction 
is approximately proportional to the variation in 
inflation pressure. 

For purposes of comparison, the static reactions cor- 
responding to a deflection of 1% inches have also been 
plotted against the corresponding inflation pressures in 
Figure 7. The analogy between relations brought out 
by static and impact tests is again apparent. 

_ The influence of inflation pressure is brought out in a 
different way in Figure 8. In this figure, which involves 
the three types of impact reaction, data are plotted for 
all tire equipments which were tested under the load 
and inflation standards set forth in Tables 2 and 3. 
The curves which have been drawn may be regarded as 
typical for high pressure and balloon tires under the 
respective roughness conditions involved. In_ this 
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e LOAD WHEN TIRES ARE DEFLECTED I+ INCHES 

Figure 7.—INFLUENCE OF INFLATION PRESSURE ON TIRE 
REACTIONS 

figure the mean ratio of the dynamic increments (i. e., 
ordinates above the 100 per cent static load line) for 
balloon tires to the corresponding increments for high 
pressure tires is about 0.62; while the mean ratio of the 
total impact reactions is about 0.72. The mean ratio 
between the inflation pressures recommend in Table 2 
to carry a given load on balloon tires and those recom- 
mended in Table 3 for high-pressure tires of equal base 
(rim) diameter at the same load was found to be about 
0.63. It may, therefore, be concluded that, for a given 
roughness condition and at a given speed, balloon and 
high-pressure tire equipments will develop impact 
reactions, in excess of static load, approximately in the 
proportion of the inflation pressures used, where the 
load carried is the same in each case and recommended 
inflation pressures are used. According to current 
standards this proportion is of the order of two to three. 

EFFECT OF LOAD STUDIED 

In Figures 9 to 13, data are given which show the in- 
fluence of load on impact reaction. The three sections 
in each figure refer to the three types of reaction caused 
by the artificial obstructions. In Figures 9 and 10, 
impact forces have been expressed in pound units and 
in Figures 11 and 12 they have been plotted as a per- 
centage of the particular wheel load carried. In these 
tests, the inflation pressure in a given tire was main- 
tained constant as the load was varied, 100 pounds per 
square inch being applied to the dual 34 by 7 inch high- 
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PRODUCED BY Duat 34 By 7 INcH H1GH-PRESSURE TIRES 
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IncH. Piotrrep Points DENOTE VALUES OF THE IMPACT 
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parisons are made between tire equipments seriously 
overloaded and larger equipment designed to carry 
such loads. 

For the test conditions covered by Figures 9 and 10, 
it is noted that load has comparatively little influence - 
on the magnitude of the impact reaction between the 
wheel and the pavement. The heavier loads have 
some slight tendency toward increased reactions, but 
this increase scarcely exceeds the difference in static 
wheel load. It is indicated that, within the load range 
of these tests, the dynamic increment, i. e., the increase 
in force above that due to static load, is approximately 

pressure pneumatics and 65 pounds per square inch to constant for a given tire and inflation condition and for 
the dual 9.00 by 20 inch balloons. In Figure 13, com- stated speed and roughness conditions. 

ee See ee 
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In Figures 11 and 12, the impact reactions correspond- 
ing to those in Figures 9 and 10 have been plotted on the 
basis of their percentage of the static wheel loads used. 
It is at once noted that on this basis and for the conditions 
covered by these tests there is a marked decrease as the 
wheel load is increased. These indications which are so 
clearly brought out in Figures 9 to 12 are in accordance 
with those previously observed in the report on motor 
truckimpact testsin the June, 1926, issue of Public Roads. 

In Figure 13 the reactions obtained with dual 10.50 
by 20 inch balloons which are designed to carry a wheel 
load of 9,400 pounds at the recommended inflation pres- 
sure of 75 pounds per square inch are compared with 
the reactions obtained with dual 34 by 7 inch high-pres- 
sure tires at 100 pounds per square inch and dual 9.00 
by 20 inch balloon tires at 65 pounds per square inch, 
each of the two latter being overloaded approximately 
50 per cent to carry the 9,400-pound wheel load. In the 
earlier experiments ° the conclusion was reached that, 
for a given type of tire equipment, a smaller size oper at- 
ing overloaded causes lower reactions than a larger size 
operating at that same load. Referring to Figure 13, 
we confirm this conclusion as applying to the balloon 
type, lower reactions being caused by the overloaded 
9.00 by 20 inch tires than are by the properly loaded 
10.50 by 20 inch tires, the same whee! load being car- 
ried in each case. 

5 See Public Roads, June, 1926. 
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Inapreceding paragraphit was brought out thatimpact 
reactions are approximately in proportion to the inflation 
pressure used inapneumatic tire. Itshould therefore be 
expected that balloon tires would cause lower reactions 
than comparable high-pressure tires having the same load- 
carrying capacity, since the balloon tires operate at consid- 
erably lowerinflation pressures. Thisis borne outin Fig- 
ure 13, the 9.00 by 20 inch tires causing lower reactions 
than the 34 by 7inch tires under the same load conditions. 
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THE Impact REACTION IN PERCENTAGE OF STATIC LOAD 

It has just been shown that the 9.00 by 20 inch over- 
loaded balloon tires cause lower reactions than either 
the 10.50 by 20 inch normally loaded balloon tires or 
the 34 by 7 inch overloaded high-pressure tires, the 
same wheel loads being carried by each. It is interest- 
ing to note in Figure 13 that the reactions caused by 
the 34 by 7 inch high-pressure tires and those caused 
by the 10.50 by 20 inch balloon tires were approximately 
the same. It appears, then, that for the tire equip- 
ments and other test conditions involved the over- 
loaded 9.00 by 20 inch balloon tires caused lower 
reactions than the properly loaded 10.50 by 20 inch 
balloon tires in about the same degree that the over- 
loaded balloon type caused lower reactions than the 
overloaded high-pressure type. 

The impression should not be given from the data in 
Figures 9 to 13 that overloading is a practice to be culti- 
vated. While it is true that lower magnitudes of im- 
pact reaction are obtained with overloaded tires than’ 
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when tires of adequate capacity are used, other factors 
should be considered. One factor which is of particu- 
lar importance to highway engineers is the increased 
intensity of road contact pressure which results from 
overloading. Table 7, based on static tests, gives 
average loads per unit of gross area of contact and per 
unit of width of contact for the three tire equipments 
under consideration. The increased concentration due 
to overloading is apparent. 

Another factor to be considered before overloading is 
permitted is the decrease in tire mileage under operat- 
ing conditions involving heavier loads than those for 
which tires are designed. According to statements of 
tire manufacturers, the practice of loading tires to 
150 per cent of their recommended capacities results 

EEE 
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in a decrease of approximately 50 per cent in the mileage 
they would be expected to give in normal service. 
EFFECT OF RIM DIAMETER NEGLIGIBLE IF INFLATION PRESSURES 

ARE EQUAL 

The influence of rim diameter on impact reactions 
produced by tires of a given sectional size is given in 
Figures 14 and 15. Most, of not all, of the high- 

TABLE 7.—Comparison of contact pressures developed by 34 by 7 
inch high pressure, 9.00 by 20 inch balloon, and 10.50 by 20 inch 
balloon tires, under equal loads 

Unit pres- Avera | % f ge 

Tara sive Inflation | Load per oe el load per 
“ pressure tire contact | unit con- 

nen | tact width 

Inches Lbs. per | Pounds Lbs. per | Lbs. perin. 
sq. in. sq. in. 

1 8; 000 86 581 
4, 700 296 2 825 

AYN (hse eb = 100 | 6, 000 103 | 1,012 
9, 000 118 | 1, 488 
9, 400 3 120 | 31, 550 
3 000 62 | 498 
4, 700 272 ) 2 750 

ROO) ve ene 65 6, 000 78. 933 
| 9, 000 89 | 1, 360 

9, 400 3 90 | 31, 420 

| 14,700 78 711 
LAS) RUM gel n= = oe 5 oe SENS 75 9, 400 88 | 1, 124 

‘| 14, 100 100 | 1, 621 
| 

1 Approximate capacity load. 2 Interpolated. 3 Extrapolated 
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pressure and balloon tires in truck and bus service in 
this country to-day are for appliance on rims having 
diameters of 20, 22, or 24-inches. This results in a 
variation in rolling radius of approximately two inches 
for a given sectional size of tire. In Figure 14 are 
given the reactions obtained with 7-inch high-pressure 
and 9.00-inch balloon sections applied to 20 and 24 
inch diameter rims, the inflation pressure being 93 
pounds per square inch for the 7-inch sections and 53 to 
54 pounds per square inch for the 9.00-inch sections. 
It may be stated that, within the scope of these tests, 
there is no important difference i in impact reaction be- 
tween tires of a given cross-section but differing by 4 
inches in diameter, when the inflation pressures are 
equal. 

Referring back to Tables 2 and 3, we note that the 
recommended inflation pressure for tires of a given 
section to carry a given load is less for those mounted 
on larger diameter rims than for those mounted on 
smaller diameters. In Figure 15, another comparison 
is made of the reactions caused by 7-inch high-pressure 
and 9.00-inch balloon tires on 20 and 24-inch rims. The 
data here presented were obtained from tests in which 
each tire carried the recommended pressure for the 
given load. In this case the reactions involving the 
larger rim diameter are noticeably less than those 
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involving the smaller, and taken in conjunction with 
the study of Figure 14, this decrease may be largely 
attributed to the lower inflation pressures used with 
the larger diameter tires. 
The static load-deflection curves given in Figure 16 

support the impact reaction data given in Figures 14 
and 15. Here again it is noted that where the pressure 
is the same there is but little difference between the 
behavior of tires of a given section but of different 
diameters. 
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B- 34 BY 7INCH 93 POUNDS PER SQUARE INCH. 

C- 38 BY 7INCH 93 POUNDS PER SQUARE INCH. 

D-9.00 BY 20 INCH 6! POUNDS PER SQUARE INCH. 

E-9.00 BY 20 INCH 53 POUNDS PER SQUARE INCH. 

F-9.00 BY 24INCH 54 POUNDS PER SQUARE INCH. 

Fiaure 16.—Static Loap-DEFLECTION CURVES SHOWING 
THE INFLUENCE OF Rim DIAMETER ON HIGH-PRESSURE 
AND BALLOON TIRES 

VARIATION IN RIM WIDTH HAS NO APPRECIABLE INFLUENCE 

It frequently happens that a given tire may properly 
be applied to rims of different widths. For instance, 
if the original tire equipment on a vehicle were 34 by 7, 
7.50 by 20, or 8.25 by 20 inch, the original rim equi- 
ment would be 20 by 7 inch. Should it be desirable to 
use 9.00 by 20 inch tires on that vehicle, accepted 
practice would permit the application of such tires to the 
20 by 7 inch rims provided other factors such as clear- 
ance and gear ratio did not interfere. However, if the 
vehicle had been originally equipped with 36 by 8 or 
9.00 by 20 inch tires the rim equipment would have 
been 20 by 8inch. The inflation pressure recommended 
for the 9.00 by 20 inch tires would be the same whether 
mounted on either rim. 

The impact reactions obtained with dual 9.00 by 20 
inch tires mounted on 7 and 8 inch rims are given in 
Figure 17 and the corresponding static load-deflection 
curves are in Figure 18. It is at once apparent that 
this variation of one inch in rim width causes no 
appreciable change in the action of the tires. 

COMPARISONS MADE WITH DATA FROM EARLIER TRUCK IMPACT 
TESTS 

At this point it would be well to compare the impact 
reactions obtained in these tests with the bus chassis 
at relatively high speeds with those obtained in the 
earlier tests with trucks at relatively low speeds. In 
both series of tests an inclined plane artificial obstruc- 
tion 115 inches in height and 30 inches in length was 

involved. For this roughness condition and for com- 
parable tires and loads, results from the bus and truck 
tests have been plotted in Figures 19, 20, and 21. 
The data concerning trucks in Figures 19 and 20 were 
obtained from tests made with a 3-ton chassis with 
6,000 and 7,000 pound wheel loads, respectively; while 
in Figure 21 they concern 8,400-pound wheel loads on 
a 5-ton chassis. In the bus tests the same chassis was 
used for all loads. 

The impact reactions for the truck tests were com- 
puted by the method allowing for variations in truck 
spring pressure (see Public Roads, June, 1926), while 
in the bus tests a constant pressure equal to the pressure 
at static load was used in computation. Although 
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Figure 17.—INFLUENCE oF RIM WIDTH ON THE IMPACT 
ReEaAcTIONS PRODUCED By Duat 9.00 By 20 INcH BaAL- 
LOON TrrES. WHEEL Loap 6,000 Pounps; INFLATION 
Pressure, 61 Pounps PER Square INCH 

relations between variable factors are adequately 
brought out by either computation method, the truck 
data were recomputed according to that used in the 
bus tests in order that the comparisons herein presented 
might be as nearly as possible on the same basis. It 
might also be mentioned here that the truck data were 
taken by an accelerometer which acted on a different 
principle than that which was used in the bus tests, it 
being the coil spring instrument, the calibration of 
which was described in the July, 1930, issue of Public 
Roads. 

In Figure 19 the wheel load involved in each case 
was 6,000 pounds and the tire equipments were all 
loaded to capacity. The data for balloon tires at an 
inflation pressure of 61 pounds per square inch were 
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LOAD — THOUSANDS OF POUNDS 

10) 2 3 

DEE LECTION —NNCHES 

A- 20 BY 7 INCH RIM 

B-20 BY 8 INCH RIM 

Ficure 18.—Sratic Loap-DEFLECTION CURVES SHOWING THE 
INFLUENCE OF Rim WiprTsH on A 9.00 By 20 IncH BaLLoon 
Tire. INFLATION PRESSURE, 61 PouUNDS PER SQUARE INCH 

taken with dual 9.00 by 20 inch tires on the bus chassis. 
The data for high-pressure pneumatic tires at an 
inflation pressure of 100 pounds per square inch were 
taken with dual 34 by 7 inch tires on the bus chassis 
and with dual 38 by 7 inch tires on a 3-ton truck chassis 
as indicated in the figure. It is worthy of note that 
these data from independently conducted tests involy- 
ing different vehicles and different instruments are in 
such close agreement. The data for new and worn 
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Figure 19.—ComparIson OF DATA FROM SEPARATELY Con- 
-DUCTED TrucK AND Bus Impact TEsts, SHOWING REAc- 
TIONS PRODUCED BY VARIOUS TYPES OF TIRE EQUIPMENT. 
PiLorrep Points Denote Impact REACTIONS CAUSED BY 
Drop Arter 1% By 30 INcH INCLINED PLANE 

INCH.) 

solid tires were taken with dual 36 by 5 inch tires on 
the 3-ton truck chassis, the thickness of rubber visible 
above the tire flange being a little over 2 inches for the 
new tires and averaging a little less than 1 inch for the 
worn tires. 
The wheel load used in the comparison shown in 

Figure 20 was 7,000 pounds, the tires being loaded to 
capacity in each case. The balloon tires at an inflation 
pressure of 63 pounds per square inch were the dual 
9.00 by 24 inch tires on the bus chassis and the new 
cushion tires were dual 36 by 7 inch on the 3-ton truck 
chassis. The cushion tires included three brands and 
the average thickness of visible rubber beyond the tire 
flange was 3%. inches. 

The tire equipments compared in Figure 21 were also 
tested at capacity loads. The data for balloon equip- 
ment were obtained with the bus chassis using dual 
10.50 by 20 inch tires inflated to 75 pounds per square 
inch at which pressure the wheel load capacity was 
9,400 pounds. The new and worn solid tires were 
tested at a wheel load of 8,400 pounds, using a 5-ton 
truck chassis. They involved dual 40 by 6 inch and 
single 40 by 12 inch tires of each type, the average 
thickness of rubber on the new solid tires being about 
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FiGgurRE 20.—CoMPARISON OF DATA FROM SEPARATELY CoON- 
DUCTED TrucK AND Bus Impact Tests, SHOWING REAC- 
TIONS PRODUCED BY VARIOUS TyPES OF TIRE EQUIPMENT. 
Puiorrep Points DENoTE Impact REACTIONS CAUSED BY 
Dror AFTER 1% By 30 Incu INCLINED PLANE 

two and one-half inches visible above the flange of the 
rim and about three-fourths inch in the case of the badly 
worn solid tires. 

Two important facts may be drawn from the data in 
Figures 19, 20, and 21. First, it is evident that the 
data taken in the separately conducted truck and bus 
impact tests are compatible at least so far as drop tests 
are concerned. The instruments used in the two series 
of tests differed radically in theory of operation, yet 
the results obtained are directly comparable and yield 
reasonable relations where test conditions are selected 
which are subject to direct comparison. 

The second important fact which may be drawn from 
Figures 19, 20, and 21 is that the drop impact reactions 
developed at the pavement surface by the wheels of 
busses equipped with high pressure pneumatic tires 
and operated at relatively high speeds are no more 
severe than those developed by trucks equipped with 
solid tires at equal or even lower wheel loads and oper- 
ated at low or very moderate speeds. Further impact 
tests should be made, however, to determine the reac- 
tions produced under a wider range of conditions 
involving various types and characteristics of vehicle, 
tire equipment, roughness conditions and particularly 
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IMPACT REACTION — THOUSANDS OF POUNDS 

0 10 20 30 40 50 60 
SPEED—-MILES PER HOUR 

4 — WORN SOLID TIRES ON TRUCK. 
e - NEW SOLID TIRES ON TRUCK. 
© - BALLOON TIRE ON BUS 

(75 POUNDS PER SQUARE INCH) 

Ficgure 21.—ComparRIsoN OF DaTA FROM SEPARATELY 
ConpuctED Truck AND Bus Impact TrEsts, SHOWING 
REACTIONS PRODUCED By VARIOUS TYPES OF TIRE EQUIP- 
MENT. PLorrepD Points DENOTE Impact REACTIONS PRo- 
DUCED BY Drop AFTER 15 By 30 INcH INCLINED PLANE 

speed ranges even greater than those covered by the 
truck and bus tests. 

TESTS MADE WITH NATURAL ROAD OBSTRUCTIONS 

The artificial obstructions were intentionally made 
extraordinarily severe in order to expose positively 
the influences of the factors discussed in the preceding 
paragraphs. ‘To determine what magnitudes of impact 
force are developed at and by actual roughness condi- 
tions occurring on the highway surface, a number of 
tests were made at the most severe of such “‘natural”’ 
obstructions as could be readily isolated and existed at 
locations favorable to the safe conduct of high-speed 
tests. Only roughness conditions which would retain 
their shapes and dimensions during tests were used. 

In Figure 22, data are given concerning impact 
forces developed with the bus chassis at three natural 
surface roughness conditions, for three tire conditions 
at recommended inflation pressures. The wheel load 
was 6,000 pounds in each case and the maximum 
reactions developed under these conditions were 
approximately two and one-half to three times the 
static wheel load in the case of the dual high-pressure 
pneumatics, about two times static for the dual balloon 
and slightly less for the single balloon equipment. The 
conclusion which was reached in the discussion con- 
cerning artificial obstructions, that drop reactions at 
moderate speeds are more severe than shock reactions 
at a given obstruction except at high speeds, is also 
substantiated by these results. 
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x-9.00 BY 20 INCH DUAL BALLOON TIRES.6! POUNDS PER 

SQUARE INCH. 

9-12.00 BY 20 INCH SINGLE BALLOON TIRES.82 POUNDS 

PER SQUARE INCH. 

Figure 22.—Impact ReEacTIONS PrRopucED BY REAR 
WHEEL oF Bus CuHassis ON ENCOUNTERING NATURAL 
Roap RovuGuHNess Conpitions ExisTiInc aT TRANS- 
VERSE JOINTS ON A CONCRETE Roap. WHEEL Loan, 
6,000 Pounps; DirEecTIoN oF TRAVEL, Lerr To RIGHT: 
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In Figures 23 and 24, additional data concerning 
actual surface roughness conditions are given for dual 
34 by 7 inch high-pressure tires and a wheel load of 
6,000 pounds. Although high speeds were not devel- 
oped for all test conditions because of safety considera- 
tions, speeds corresponding to those at which the drop 
reactions reached maximum values were attained. 
While in a few instances the reactions measured were 
from three to four times the static wheel load, it is 
significant that the surface conditions causing such 
reactions were all removed by maintenance within 
one or two weeks after the tests had been made. 

It is not believed that actual roughness conditions 
such as were used in these tests are permitted to remain 
long in existence on highways even reasonably well 
maintained. Where they do occur they will probably 
be found at points where failure has already taken place 
and repairs are necessary. So far as these tests have 
indicated, the impact forces developed by balloon 
and high pressure tires do not reach dangerous propor- 

tions as long as the surface is reasonably smooth and 
designed for the wheel loads involved. 

CONCLUSIONS SUMMARIZED 

The data on hand were obtained under experimental 
conditions strictly limited as to tire sizes, tire loads, 
inflation pressures, rim diameters, rim widths, types of 
obstruction and vehicle speeds. Subject to these lim- 
itations, the following conclusions have been established : 

1. Within the economic range of tire 1oflation pres- 
sures (roughly 10 per cent below and above standard), 
impact reactions vary in almost direct proportion to 
inflation pressures. 

2. For the speeds attained during these tests (up to 
approximately 55 miles per hour), shock reactions 
increase approximately in direct proportion to speed. 

3. Drop reactions reach maximum values at rela- 
tively low speeds and reactions equal to these maximum 
drop values are not reached under shock conditions 
except at relatively high operating speeds. 
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= IGURE 

ING CONCRETE witH Bituminous MixturE. WHEEL 
Loap, 6,000 Pounps; TirE EQuIPMENT, 34 By 7 INCH 
HiGu-PRESSURE; INFLATION PRESSURE, 107 POUNDS PER 
Scuare# IncH; Direction or TRAVEL, Lerr to RicutT 

4. For a given natural road roughness condition, the 
maximum drop reaction which is obtained at a relatively 
low speed is not exceeded by the shock reactions, except 
those obtained at relatively high speeds. 

5. Severe roughness conditions, such as may be occa- 
sionally found existing on actual pavements, may cause 

reactions as great as three or four times the static wheel 
load, with high-pressure tire equipment. However, it 
should be stated that roughness conditions which cause 
such excessive reactions are extreme and unusual and, 
in general, the artificial obstructions used in these tests 
are more severe than natural obstructions commonly 
occurring on the highway. 

6. For a given cross-section of tire, either in the bal- 
loon or high-pressure type, variation in rim diameter 
from 20 to 24 inches has but slight influence on the 
magnitude of the impact reaction provided the same 
inflation pressure is used in each case. If standard, 
recommended inflation pressures are used, then the 
larger diameter tire causes a lower impact reaction 
because of the lower inflation pressure which it carries. 

7. A change in rim width from 7 to 8 inches causes 
no appreciable change in the impact reactions of a 9.00 
by 20 inch tire, the same inflation pressure being used 
in each case. 

8. At a given inflation pressure, the variation in load 
from capacity to 50 per cent overload has compara- 
tively little influence on the magnitude of the impact 
reactions obtained, expressed in force units. Expressed, 
however, as a percentage of the static load, the values 
obtained decrease as the load is increased. __ 

9. For a given type, single tires cause lower reactions 
than dual tires whose combined capacity is equal to 
that of the single. 



THE EFFECT OF THE DIMENSIONS OF TEST SPECIMENS 
ON THE FLEXURAL STRENGTH OF CONCRETE! 

Reported by F. V. REAGEL and T. F. WILLIS, Bureau of Materials, Missouri State Highway Department 

HE committee on materials of the American 
Association of State Highway Officials, working 
through a sectional committee, has been studying 

the flexure test of concrete in an attempt to standardize 
the method and apparatus for making this test. After 
a study of the various devices used, the sectional com- 
mittee decided that in order to establish a foundation 
for its work, it would be necessary to design apparatus 
which would comply as closely as possible with the 
requirements of the assumptions on which the flexure 
formula is based. Such a design was adopted at the 
November, 1929, meeting of the sectional committee. 
The next step was to choose a standard size of speci- 
men. To do this, it was necessary first to know what 
effect a variation in the dimensions of the test specimen 
had on the modulus of rupture, as determined with the 
new apparatus. The purpose of theexperimentreported 
here was to determine this effect. 

As a check on the results and in order to determine 
what may be expected in the way of uniformity of test 
results when the specially designed apparatus is used 
in different laboratories, this complete experiment was 
performed by each of four State highway laboratories, 
Illinois, Iowa, Missouri, and Tennessee. 

EXPERIMENT COVERED WIDE VARIATION IN TEST SPECIMENS 

The experiment consisted of making and testing 768 
plain concrete beams. Eachlaboratory made three series 
of 64 beams, each series consisting of one beam for every 
possible combination of the following dimensions: 

Width (in ches) meee es See 4, 6, 8, and 10 
Depthmdnchés) aes = = 4, 6, 8, and 10 
enothadne¢hes)e= 2 2-0 225. 2 20, 26, 32, and 38 

Throughout the experiment every effort was made to 
minimize any effects on the modulus of rupture caused 
by variables other than those being studied, viz., width 
and depth of test specimen, and length of span. To 
this end, every step was carefully outlined prior to per- 
formance of the experiment. Materials used by all 
laboratories were obtained from the same sources; and 
a man was sent to each laboratory, at the time the first 
series of beams was made, to assist in promoting uni- 
formity in any way possible. From this viewpoint, it 
is believed that this is one of the most comprehensive 
cooperative concrete experiments ever undertaken. 

EXPERIMENTAL PROCEDURE OUTLINED 

Materials —A sufficient quantity of each material— 
cement, sand and coarse aggregate—to supply all four 
laboratories was obtained from a single source. The 
cement was a standard brand of Portland cement, the 
entire amount of which was selected from one bin at the 
producer’s plant, and was thoroughly mixed to insure 

1 This article is a report of an experiment conducted by the sectional committee on 
flexure tests of concrete, of the American Association of State Highway Officials. 
The Sectional Committee is.compcsed of the following members: F. V. Reagel, 
engineer of materials, Missouri State Highway Department, chairman; A. V. Bratt, 
engineer of materials, Massachusetts State Highway Department; E. W. Bauman, 
engineer of materials, Tennessee State Highway Department; V. L. Glover, engineer 
of materials, Illinois State Highway Department; F. G. Lang, engineer of materials, 
Minnesota State Highway Department; H. S. Mattimore, engineer of materials, 
Pennsylvania State Highway Department; Bert Myers, engineer of materials, lowa 
State Highway Department; The U.S. Bureau of Public Roads. The report was 
submitted to and approved by the committee on materials of the American Associa- 
tion of State Highway Officials. 

uniformity before being divided and shipped to the 
different laboratories. The fine aggregate consisted 
of a good quality of quartz sand taken from the Mis- 
sourl River at Boonville, Mo. This material was 
sacked from stockpile while in a damp condition and 
one sack out of every four, taken in the order of sack- 
ing, was shipped to a different laboratory. The coarse 
aggregate consisted of crushed Burlington limestone. 
This material was separated by screening into three 
sizes, 1 to 3/4 inch, 3/4 to 1/2 inch and 1/2 to 1/4 inch, 
and a sufficient quantity of each size was shipped to 
each laboratory. In this way it was assured that all 
batches of concrete contained an aggregate of pre- 
scribed gradation. 

Exch laboratory remixed its portion of each material 
and allowed both the fine and the coarse aggregate to 
become thoroughly air dry prior to the proportioning 
of batches for concrete. 

Proportioning.—All materials were proportioned by 
weight into batches of the same size. Three labora- 
tories used a batch of 2.5 cubic feet and the other (No. 
2) used a 5-cubic-foot batch. All laboratories used the 
same water-cement ratio, 0.703. 

Miring concrete and molding specimens.—Labora- 
tories Nos. 1, 3, and 4 used 3-cubic-foot capacity 
mixers and No. 2 used a 7-cubic-foot mixer. The first 
three washed and drained the mixer after each batch 
was mixed. Laboratory No. 2, using a 7-cubic-foot 
mixer, was unable to do this because the concrete dis- 
charge chute was so arranged that the mixer drum 
would not drain readily. The procedure followed in 
this laboratory in mixing the batches for each series of 
specimens, was to mix one batch, discard it, and use 
the next batch as the first in the series. This meant that 
each batch mixed in Laboratory No. 2 presumably 
had more mortar in it than any batch mixed in 
any of the other laboratories. 

All specimens were molded according to a prescribed 
method. For the specimens 4 and 6 inches in depth 
the forms were filled to overflowing and the sides and 
ends spaded with a flat spade, by cutting the concrete 
away from the forms, without tamping or rodding. 
For the specimens 8 and 10 inches in depth the concrete 
was placed in the forms in two layers each of which was 
spaded as described above. As soon as the spading 
operation was finished, the tops of the specimens were 
struck off level with the forms by screeding with a wood 
straight edge, and then floated lightly with a metal 
trowel. 

The average air temperature in the mixing room of 
all laboratories, and the average temperature of the 
freshly mixed concrete varied from 67° F. to 76° F. 

Curing specimens.—All laboratories cured the beams 

for the first 24 hours with wet burlap and the following 

27 days in moist room. The temperature and humid- 

ity records of the moist rooms during the curing period, 

submitted by all laboratories, showed that curing con- 

ditions were very uniform. The average curing tem- 

peratures for all laboratories fell in the range, 70° F. 
+4° F.: the maximum range for any one laboratory 

was from 62° F. to 77° F. and these extremes occurred 

only for parts of a few days. The average humidities 

for all laboratories fell in the range, 98.5 per cent + 1.5 
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per cent; the maximum range for any one laboratory 
was from 97 per cent to 100 per cent. 

Testing specimens.—All specimens were tested in a 
saturated condition at the age of 28 days. They were 
tested in the A. A. S. H. O. specially designed 
thirdpoint apparatus mounted on a universal testing 
machine. The speed of cross head varied from 0.05 
to 0.1 inch per minute. Beams were placed in the 
machine so that the top faces as molded were in tension 
during test. 

The cross-section of the beam was measured at the 
plane of fracture, the width to an accuracy of 0.1 inch, 
and the depth to an accuracy of 0.05 inch. The 
modulus of rupture was calculated from the formula, 

;_S(L+3/4 W) 
sparen 

Where 

/=Modulus of rupture in pounds per square inch. 
L= Total applied load in pounds. 
S=Span of beam in inches. 
W= Weight of beam in pounds. 
b= Width of beam in inches. 
d= Depth of beam in inches. 

Description of apparatus.2—Figures 1 and 2 show 
different views of the apparatus used in making these 
tests. The test specimen is supported by the lower 
cross members of two free-swinging stirrups. These 
stirrups in turn are swung from knife-edge supports on 
a heavy steel member fastened across the top of the 
cage of the testing machine. This method of support- 
ing the specimen eliminates any possibility of restraint 
of the elongation of the fibers on the teasion side of the 
test specimen during a test. 

The cross member on the lower end of one stirrup is 
fitted with a cylindrical segment which can rotate in 
a socket in a plane perpendicular to the axis of the 
beam and above this a knife-edge support permitting 
rotation in a plane parallel with the axis of the beam. 
The other cross member has only the knife-edge bearing. 
These accessories insure uniform support to a specimen 
during test even though the specimen is not a perfect 
rectangular prism. 

The load-applying mechanism consists essentially of 
a secondary beam parallel to the axis of the specimen 
with a transverse plate at each end of the beam. The 
load is applied by the moving cross head of the machine 
through a cylindrical segment and socket to the center 
of the secondary beam and then transferred through 
cylindrical segments (at right angles to the first) at 
each end of the secondary beam and transverse plates 
and 2-inch rollers to the test specimen. The rollers 
and plates are set so that the load is applied at the 
one-third points of the span of the test specimen. The 
use 4 these various accessories eliminate the possibil- 
ity of inducing torsional stress in the specimen, a condi- 
tion often found where a rigid load-applying apparatus 
is used. The various parts of the load- applying mech- 
anism are joined by flexible springs which permit the 
entire mechanism to be handled as a unit when placing 
a specimen in position. 

It is believed that this apparatus successfully per- 
forms its intended function, viz., to insure that the 
spec imen is subjec ted only to coplanar forces perpen- 

2? This apparatus was douigtiel for the committee by F. N. Wray, research assist- 
ant, Missouri State Highway Department, and embodies several suggestions made 
by Messrs. Bert Myers and A. E. Stoddard of the Iowa State Highway Department 
and T. F. Willis of the Missouri State Highway Department. 

dicular to the axis of the beam and that there is no 
restraint to the deformation of the fibers of the speci- 
men. 

In the tests under discussion the apparatus appeared 
to work perfectly. All the devices which were installed 
to insure proper stressing of the specimen functioned 
as intended. While the apparatus was a little cum- 
bersome and each test required considerable time, this 
was largely because the machine had to be built to 
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Figure 1.—GENERAL VIEW OF APPARATUS FOR FLEXURE 
Tests OF CONCRETE BEAMS, SHOWING SPECIMEN IN 
PuacE, READY TO BE TESTED 

accommodate the various sizes of beams used in this 
experiment. An apparatus similarly constructed but 
intended for use on a siagle size of specimen would be 
much simpler to operate. 

UNIFORMITY OF MATERIALS AND CONCRETE TESTED 

The tests performed by the four laboratories on the 
materials used in this experiment are shown in Tables 
1, 2, and 3. In general the data are very consistent 
and show that the attempt to provide similar materials 
for all the laboratories was successful. 

The tabulation given below shows the consistency 
of the concrete used by the different laboratories. 
Laboratory, No- le eeee e 1 2 3 4 

Average slump, Gnehes)ijg20 24. ee Tei Anlee2zea ss Oas 
Maximum slump. (inches). 219-22. eue 22th 3. eles 
Minimum: slump (Gnehes)_ 222-22 Ves KO ah CaP ae 
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TaBLE 1.—Characteristics of cement used in flexure tests of concrete Tapie 3.—Characteristics of coarse aggregate used in flexure tests 
beams of concrete beams 

Tensile Per | | 
Nai Peraaieceee Per Per 

eee on Time of set | Fineness: went Per |Appar-| cent cent cent cent 

Sam- : lar t (minutes) | Per cent Laboratory |Sample Peotoot cent ent |absorp- passing | passing | passing f S per square | a retained No. No. d void |specific] tion in 114-inch) 34-inch | 36-inch 
Laboratory No. we inch) ar on No. Soundness Reeds space |gravity|30 min- square | square square 

fF aT COR as mee 200 ‘ utes | screen | screen | screen 

7 | 28 | sist- | Ini- | pin) TO" | | | 
ervey cage jeneyy tal Vee weecdtly Ls OS) ao 9 68 Ts Oe 100| 76.2] 13.4 

f 1| 395] 461 | 23.6) 190] 370 6.8| Satisfactory. 9 eae. 4 lakes ome ro eee yes Ome nee 
1----.-------------- | 2{ 307 | 478 | 23.6 | 160) 355 6.1 Do. 1 3] 956! 431| 269! O83 100| 76.5 13.5 3| 361] 423 | 23.6] 180| 370 6.3 | Do. | ick 

Average_____.|.-_--- 384 | 454 | 23.6| 177| 365 | Qua | Dol MV eTACe Seb aa— eel) = 90.6 43.1 © 2. 69 Be 100 73.9 14.3 

macs moa = P Te Ophea ea Octet Oe 100| 76.0} 15.0 5 [3/38] Bae] IB] el RP Be | >| o4| 4x7| 2er| oa | iol fo, teo De ees Se aro ' : : . ey 3| 378 | 4981 24.51 205 | 335 a De, 3! 90.0 46.1 | 2.67 | 0.4 100 | 77.0 14.0 

Average_____.|_-___- 381 | 452 | 24.2] 192] 288 | 5.9 Do. Average. -|--.----- hE | OE ML a 
1 % 71| 0.2 70.0| 9. : { 3] 3B) 3) Ro) we) EL Be | 2] 22] des] 2m) of | im} me £0 

Pes ae oye Sc a 3| 403! 447 | 2401 2101 405 ie ae 3] 91.0 46.3 SAGA gal 100 | 63.6 | 815 

Average_._.__|_.__-- 396 | 486 | 23.8! 198 | 383 | 6.8 Dor dAS LAG Cle | yee em 91.7 | 45.8 2.71 | 0.1 100 68. 2 Z 8.6 
— 

= Average of all labora- 1| 417] 485 | 23.0] 227) 410 5.4 Do. F : P 3 , te NS ak Bara ee tae ol. Sante aan - botlegst eeke wi ae 92.5] 44.9] 269] 0.25] 100] 738 | 12.8 
3} 405 | 465 | 23.0] 234] 403 6.0 Do. = zs 

pe oe 
Averagel ios... 4ie | 474 | 23.0! 2301 404 5.8 Do: Average of test results on 4 samples. 

Average of all laboratories_| 394 | 466 | 23.6 | 204 | 360 6.2 Do. It will be observed that, in general, the larger sizes 
of beams showed a lower mean variation. This may 

TaBLE 2.—Characteristics of fine aggregate used in flexure tests of be due to the effect of coarse aggregate, which ij in this 
concrete beams experiment was of l-inch maximum size. The differ- 

ence in mean variation of results for the large and small 
o 

=S | $ | Mechanical analysis, per cent pass- | Strength beams is not entirely consistent, nor is its magnitude 
S Be = ing square mesh screens ratio ! : a 3 Z of eer eet sufficient to warrant the conclusion that the smaller 

° “ O = . . . 

4 eee lee (a sizes of beams should not be used with 1-inch coarse 
z 2les/;e/././+/ae/e2/81|e2)|8 aggregate. There is, however, an indication that the 

“4 oO. hae oO — SS 

2 ee eee eee cniectioc. joc (S| 2 larger sizes given more consistent results. 
& me) 

= on te pase et enehs| eS a ate: 8 The averages of the mean deviations for each labora- 
: ( per eG oro see oy (3221116) 29 | 222) 1.03 tory range from 3.16 per cent to 4.40 per cent with a 
The we \ 2). 114] 31 | 97.0 | 85.1 | 64.5 | 30.3} 108) 1.0) 1.23] 1.07 grand average of 3.86 per cent. This is considered 
Average..|------ 14} 31 | 97.2 | 88.0] 68.8 | 33.4] 11.5| 24) 1.22] 103 better than ordinary for concrete testing. 

Beem Sa alacisssiiool slic) ii lable ’5. shows the percentage variation of the aver- 
Bian eon anaes 4 2) 115} 30 | 96.0 | 87.0 | 70.0 | 37.0} 120) 20 130) 118 age of each laboratory’s results from the average of the 3) 15] 30/960] 88.0 | 700] 39.0] 120) 20) 114 [rie oe cP es Ciao Maa Se | 

a | our laboratories for several sizes of specimen; anc 
me ee ee ee et appended to the table are average moduli of rupture 

if 1) 114; 31/96 |84 |62 |29 | 9 | 1 {131} .95 for all tests performed by each laboratory. Ce oa Meee adis | es?,| 98 Neg |) 6630 9 fa | 1.15 [1.07 Porth Sane on Au inca 
He Gah 31/95 | 83 | 60 | 26 8 Py Sol0 tt 17 In either the values for any one laboratory or the 

fe rr 4| a1 | 90810431 627!223| 871 10/119! 1.0 ®Verages for the four laboratories there is no consis- 
: - tent relation between percentage variation and size 1/3102] 238 | 97.3 | 99.4 | 70.2 | 31.9/11.5] 1.8/ 1.23] 1.16 

« 3 3 5 Q 7 . . . . . 

oer ‘ ae a ae a et ve ine ‘7 ; a : a TABLE 4.—Mean percentage variations of individual test results of 
three series from the average values of modulus of rupture for all 

Average..|_.-_--| 2102 | 239 | 96.8 | 87.4 | 67.3 | 30.9]107| 1.5/1.29] 118 series 

Average of all i | 
laboratories_-_--- | 114 31 | 96.5 | 86.5 | 66.8 | 32.3] 10.7] 1.7) 1.22] 1.12 | WMean-variationofindividual 

| test result ons. 

1 In terms of values given by standard Ottawa sand. : = , | ofall 
2 Average of test results on 5 samples. Dimensions of beam re ee alt enue Tabouss 
’ Values determined for damp loose volumes—excluded from average. | pp eeiig ace crite tats tories 

oe gravity varied from 2.63 to 2.65 but average from each laboratory | Sean No. 2 No. 3 No. 4 
gave 2.64. bed B mt 2 S 

MEASUREMENTS OF MODULUS OF RUPTURE SHOW SIMILAR Inches | Per cent| Per cent| Per cent| Per cent| Per cent 
UNIFORMITY 4 by 4 by 18 | 4.07} 7%31| 3921 6.24 5, 38 

° : . . 4by 4 1, 75 7. 64 5. 58 3. 62 4.65 
In table 4 are given the means of the variations of 4by4 310) 542] 790] 3.36 4.04 

ss ead &) g 3. 5: . 4S 5. 5! 5, 49 6.2 
the individual tests of the three series from the aver- 565% 6 BT ROB Lk chon a6 3.97 
age of the three series of tests conducted in each of the 6by6 pre baer eee ae ee ee 

| four laboratories. The values in the table are expressed 6 by 6 443) 3.49) 5.32] S07] 4.58 
ia’ . oO. ae « Ue oO. 04 0.0 

as percentages of the average moduli of rupture for the 37% 5 404| 464| 3.58] 0.76 3. 26 
'% ae i i j 3 4, 56 4. 00 1. 97 2. 86 3. 35 t four series. The table is not complete in that it does Py 8 py cg Reg erga cp Mar | eee te Bo by Se be Bhs oe ee 3. 96 « 7.14 4. 20 
___ hot give values for all the different sizes of beams, but 10 by 10 by is 231) 371) Lad} 257) 248 

| a Mi 260 Ss a eee se 2. 2. f 2 OL 2.9L ‘ 
: the values given are representative of the entire group. joby10by 30. A Rel Lon t seh ta, 14 3. 32 

: 2,92 : ; For each size of beam the average of the mean varia- 10 by 10 by 36.----.----------------- yaad Pree EA 9) ated) Nouv hoe 
tions for the four laboratories is tabulated; and for Average of all sizes._--_-..---. 3.16} 440| 375| 412] 3.86 

. ra i 

each laboratory the peraze of the mean variations for 1 Dimensions are given in depth, width and length of span. For total length of 
all sizes is also given. beam, add 2 inches. 
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of beam. This indicates that the beam size did not 
affect the uniformity of results obtained by the different 
laboratories; in other words the different laboratories 
check each other as well with one size of beam as 
with another. 

FiGgurREe 2.—APpparaTus FOR Turtrp-Point APPLICATION OF 
Loab To CoNcRETE BEAMS 

TasLE 5.—Percentage variation of average values of modulus of 
rupture for each laboratory from average of four laboratories 

| Variation of average modulus 
of rupture 

No.2 | No.3 | 

| Average 

Dimensions of beam | (WSL AC oF iit oie. Ao ae 
| Labora-| Labora-| Labora-| Labora- oe 

tory | tory tory | tory oe 
Nool | No. 4 

i 

Inches Per cent | Per cent; Per cent| Per cent| Per cent 
4 by 4 by 18__- Ree de. 46 12. 24 11. 44 1.49 6. 41 
6 by 4 by 18___- ao SH HE 7. 09 7D 3.68 
8 by 4 by 18 ; 1. 26 5.51 1. 49 2.41 2. 67 
10 by 4 by 18. A005] Seed sia 7 1. 84 2.99 
4 by 6 by 24___- 3,09) 544 see 4n90 1) 1.73 3. 62 
6 by 6 by 24__- 5. 65 Ri PRM) DO 3. 94 
8 by 6 by 24- 1.91 9, 42 | 1, 105 eeao2 4.71 
10 by 6 by 24___- 5. 80 8. 88 | edi 3. 20 4. 50 
4 by 8 by 30 ; 2. 60 5. 20 | (Bay || 2. 67 
6 by 8 by 30____ : 49 | 3. 62 | 4.00 | 1. 00 2. 28 
8 by 8 by 30___. : =n shee eerie tc AGyel | ampnt . 26 4. 80 10 by 8 by 30_. 441 | 7.30, © 3) 97 5.16| 5.04 
4 by 10 by 36____ 2 68 | 4.65 | 1.37 4.10 | 2.70 
6 by 10 by 36____ , 2 Leshl| eg | atsit 2.90 4,12 
8 by 10 by 36___- eh) 66:06 70 diem e4: S40 mb s66 5. 89 
10 by 10 by 36 5. 82 6.34] 6.34) 6.72 6. 30 

Average of all sizes____ S 3.58] 634| 3.56] 3.09 | 4.14 
Average modulus of rupture for all | | | | 

tests i= 787 | 857 | 800 | 804 | To 

The average percentage variations are shown in 
the next to the last horizontal line. The average 
variations for the results from three of the laboratories 
are approximately the same, but that of laboratory 
No. 2 is nearly twice as great. The average of all 
results for laboratory No. 2 is considerably above the 

averages for the other laboratories, and this is consist- 
ently true of their individual results. In other words 
the results were consistent within themselves, but for 
some reason were higher than the corresponding results 
of the other laboratories. The record of molding, cur- 
ing, and testing specimens reveals only one radical 
difference between the procedure used by this labora- 
tory and that used by the others, viz., that they mixed 
a double batch, did not wash or drain the mixer after 
mixing each batch, and therefore probably had a higher 
mortar content in each batch than did the other labora- 
tories. Only experiment can tell whether this was the 
cause of the higher test results. 

In spite of this the grand average for all laboratories 
is only 4.14 per cent, which is approximately the same 
as the four laboratories’ average mean percentage varia- 
tion of individual tests from the average of three series. 
In other words, it appears that the degree of uniformity 
between the average results obtained in four different 
laboratories was as good as the uniformity between the 
three series of tests run in any one laboratory. This 
indicates that by maintaining properly standardized 

880 

860 

840 

820 

soo 

780 

760 ——— ; ae 
4 6 8 10 

1-DEPTH OF BEAM - INCHES 

MODULUS OF RUPTURE - POUNDS PER SQUARE INCH 
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Figure 3.—Errect or Depts or BeaM, WipTH oF Bram, 
AND LENGTH OF SPAN ON Mopvuuus or RuprurE oF 
ConcrETE TEST SPECIMENS, aS SHOWN BY AVERAGES 
oF RESULTS FROM Four LABORATORIES 
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procedures and using the same materials, different 
laboratories can check each other within reasonable 
limits. The results are particularly gratifying in view 
of the time and expense gone to in preparing for this 
experiment. 

=_ | 

DATA ANALYZED AND DISCUSSED 
The results of the tests of modulus of rupture are 

given in Table 6 and Figures 3 to 9. Table 6 contains 
values of modulus of rupture for all the tests. The 
tabulated values which are not marked as averages are 
themselves averages of three tests made on different 
days. It will be observed that a complete system of 
averaging has been carried out. The different types of 
average which are given may be described as follows: 

860 Ne IE ee ! — ‘ 

For a given laboratory, a given span, and a given width: 
The average value given by all four depths. 

For a given laboratory, a given span, and a given depth: 
The average value given by all four widths. 

For a given laboratory and a given span: 
The average value given by all combinations of width and 

depth. 
For all four laboratories and a given span: 

The average value given by each combination of width 
and depth. 

For all four laboratories, a given span, and a given width: 
The average value given by all four depths. 

For all four laboratories, a given span, and a given depth: 
The average value given by all four widths. 

For all four laboratories and a given span: 
The average value given by all combinations of width and 

depth. 760 | 
For a given laboratory, all four spans, and a given width: 

The average value given by all four depths. 
For a given laboratory, all four spans, and a given depth: 

800 

MODULUS OF RUPTURE- POUNDS PER SQUARE INCH 780 

The average value given by all four widths. : 740 
For a given laboratory and all four spans: 4 6 8 0 

if value given by all combination ridt ets rage value given by all combinations of width and DEPTH OF BEAM -INCHES 

For all four laboratories, all four spans, and a given width: Fiaure 4.—Errecr or DeptH or BEAM ON THE Mopu.Lus 
The average value given by all four depths. oF RupruRE OF CONCRETE TEST SPECIMENS. AVERAGE 

. : — VaLuES FoR Ati WipTtHs OF BEAM AND ALL LENGTHS OF 
3 This average value appears twice in Table 6. SPAN ARE PLOTTED SEPARATELY FOR Hacu LABORATORY 

TaBLE 6.—Results of tests to determine the effect of the dimensions of test specimen on the flexural strength of concrete. Values of the 
modulus of rupture, in pounds per square inch, are tabulated according to width and depth of beam and length of span 

{ 

18-inch span 24-inch span 30-inch span 36-inch span | 

re — = = Sa ie ee = = aa Beverage Average 
Tidt : : ? : ws} of al Depth | ofall 

Laboratory No. of Depth BE eer in | Depth Oe omar in Depth of bear in | Depth bf besus in. | spans of@'| spans 

beam ae OS | Av- ame ne: Liye we Ble | Av- ames | Av- | and all || beam | and all 
| ee —=4| er: Sa ——_| &- | depths | widths 

age age | | age | | age | | 
4 6 8 10 4 6 8 10 Ae Ones 10 | 4 |) -6 8 10 | 

at : pe eeas (a (ae SS e He Salle ee METI 

‘ | | | | | Inches | | Inches 
4 | 878 | 777 | 754 | 701 | 778 | 876 | 784 | 752 | 752 | 791 | 828 | 806 | 749 | 772 | 789 | 831 | 799 | 797 | 736 | 791 787 4 | 841 

1 6 | 859 | 842 | 817 | 734 | 813 | 850 | 785 | 755 | 729 | 780 | 811 | 769 | 797 | 771 | 787 | 825 | 790 | 760 | 718 | 773 | 788 6 | 802 

"> tag Oe ae 8 | 860 | 825 | 731 | 743 | 790 | 813 | 823 | 768 |.721 | 781 | 831 | 828 | 709 | 766 | 782 | 844 | 803 | 766 | 713 782 784 8 765 
10 | 833 | 824 | 791 | 793 | 810 | 858 | 796 | 751 | 731 | 784 | 850 | 792 | 759 | 748 | 787 | 799 | 786 | 775 | 728 | 772 788 || 10 | 74l 

a iz 2 : = age pao ae 
PAOLA POS Se ae Seales Ss 858 | 817 | 773 | 743 | 798 ) 850 | 797 | 757 | 733 | 784 | 830 | 798 | 754 | 764 | 786 | 825 | 795 775 | 724 780 Vou Wee ae 787 

~4 | 981 | 845 | 843 | 786 | 864 | 899 | 853 | 799 | 777 | 832 | 941 | 848 | 809 | 719 | 829 | 856 | 857 | 814 | 765 | 824 837 4 | 912 
2 6 | 906 | 849 | 909 | 787 | 863 | 918 | 880 | 844 | 800 | 860 | 918 | 817 | 830 | 785 | 838 | 963 | 867 | 860 | 777 867 857 6 | 876 
hacia es a, | 8 | 919 | 902 | 857 | 775 | 863 | 890 | 918 | 890 | 834 | 884 | 927 | 900 | 842 | 803 | 868 | 913 | 888 | 860 | 816 869 871 |] 8 | 849 

| 10 | 906 | 890 | 865 | 774 | 859 | 904 | 920 | 867 | 798 | 872 | 868 | 883 | 852 | 807 | 852 | 888 | 895 | 862 | 822 | 867 864 | 10 789 

PA VOY AGOsee soe ee ed 928 | 871 | 868 | 780 | 862 | 903 | 893 | 850 | 802 | 862 | 913 | 862 | 833 | 778 | 847 | 905 | 877 | 849 795 857 857 | pee eh 857 

4 | 774 | 750 | 771 | 761 | 764 | 819 | 775 758 | 791 | 786 | 810 | 816 | 764 | 742 | 783 | 777 | 781 | 766 | 721 761 : 773 || 4 820° 
3 6 | 800 | 799 | 769 | 750 | 779 | 801 | 815 | 764 | 778 | 789 | 812 | 817 | 869 | 786 | 795 | 795 | 833 | 810 | 802 811 793 6 815 

Se Sgt ahaa | 8 | 858 | 829 | 802 | 813 | 825 | 861 | 829 | 746 | 810 | 812 | 837 | 850 | 797 | 795 | 820 | 842 | 850 | 792 | 792 819 817 || 8 | 786. 
10 | 855 | 804 | 867 | 770 | 824 | 849 | 844 | 783 | 770 | 812 | 822 | 825 | 820 | 765 | 808 | 811 | 838 | 794 | 822 | 816 815 10 779 

Y NauG) 20d 2 ee a ae 822 | 794 | 802 | 773 | 798 | 832 | 816 | 762 | 787 | 799 } 820 826 | 787 | 772 | 801 | 806 | 825 | 791 | 784 802 800 | ieee we | 800 

; 4 | 861 | 872 | 784 | 713 | 807 | 893 | 823 | 797 | 751 | 816 | 892 | 880 | 752 | 767 | 823 | 879 | 779 | 725 | 701 771 804 | t 872 
4 6 | 880 | 928 | 794 | 759 | 840 | 892 | 850 | 774 | 784 | 825 | 863 | 792 | 809 | 761 | 806 | 895 | 808 | 727 | 736 792 816 6 835 
gece sige at ai Sag 8 | 850 | 829 | 701 | 745 | 781 | 855 | 786 | 747 | 735 | 781 | 855 | 864 | 780 | 762 | 815 | 870 | 813 | 780 | 716} 795 793 | 8 764 

10 | 886 | 854 | 755 | 737 | 808 | 887 ! 818 | 774 ! 763 | 810 | 852 852 | 753 | 766 | 805 | 837 | 808 | 766 ' 721 783 802 | 10 745 

PAV OLOGO 2 eee enae =| taupe s 869 | 871 | 759 | 738 | 809 | 882 | 819 | 773 | 758 | 808 | 866 | 847 | 773 | 764 | 812 | 870 | 802 | 749 | 719 785 ROdN Bee 804 

4 | 874 | 811 | 788 | 741 | 803 | 872 | 809 | 777 | 768 | 807 | 868 7 | 769 | 750 | 806 836 | g04 | 776 | 731 787 801 | 4 | 862 
Average of four labora- 6 | 861 | 854 | 822 | 757 | 823 | 865 | 832 | 784 | 773 | 814 | 851 | 798 | 801 | 776 | 806 | 870 | 824 | 790 | 758 | 810 813 | 6 | 832 

BOR iCG@ eo 28 bes oe 8 | 871 | 846 | 773 | 769 | 815 | 855 | 839 | 788 | 775 | 814 | 863 | 859 | 782 | 781 | 821 | 868 | 838 | 799 759 816 816 | 8} 791 
10 | 870 | 843 | 819 | 769 | 825 | 875 | 845 | 794 | 765 | 820 | 848 | 838 | 794 | 771 | 813 | 834 | 832 | 799 | 773 810 817 | 10 | 763 

=~ O77 Tee Rene! Ee eect heal a or cua | o % ‘ ‘* | ; 

SRT Oi eres een nee 869 | 838 | 801 | 759 | 817 | 867 } 831 | 786 | 771 | 814 | 857 | 833 | 787 | 769 | 812 | 852 | 824 | 791 | 755 806 ro | (a ee | 812 
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WIDTH OF BEAM-INCHES 

Figure 5.—ErFrrect oF WipTH OF BEAM ON THE MopuULusS 
oF RuPrTuRE OF CONCRETE TEST SPECIMENS. AVERAGE 
VALUES FoR ALL Deprus oF BEAM AND ALL LENGTHS OF 
SPAN ARE PLOTTED SEPARATELY FOR EACH LABORATORY 

For all four laboratories, all four spans, and a given depth: 
The average value given by all four widths. 

The grand average value of all test results, i. e., all four lab- 
oratories, and all combinations of span length, width of 
beam and depth of beam. 

In Figure 3 are given the final average curves showing 
the variation of modulus of rupture with depth of beam, 
width of beam and length of span. In the case of 
depth each plotted point represents the average of all 
test results from the four laboratories and all combina- 
tions of width of beam and length of span. Similar 
averages are represented by the plotted points on the 
other two graphs. In Figures 4, 5, and 6, the average 
results are ‘plotted separ ately for each laboratory. For 
example, in Figure 4 each curve represents an average 
of all the data from a given laboratory, and each plotted 
point represents the average modulus of rupture given 
by all tests, in a given laboratory, of beams of a given 
depth, regardless ‘of width of beam and length of span. 
The curves of Figures 4, 5, and 6 bring out clearly the 
fact, previously noted, that the test results obtained in 
Laboratory No. 2 were consistently higher than those- 
obtained in the other three laboratories. 

In Figures 7, 8, and 9 data from the four laboratories 
are averaged, different values of the three dimensions, 
width, depth, and length of span, being represented by 
separate curves and panels. Thus, in Figure 7 each 
panel contains data relative to a given length of span, 
averaged for the four laboratories; and each curve 
shows average results of tests of beams of a given width. 
Each plotted point, therefore, represents ‘the average 

4 This arrangement value appears twice in Table 6. 

24 30 

LENGTH OF SPAN ~ INCHES 

Figure 6.—Errect or LENGTH OF SPAN ON THE MopuULts 
or Rupture oF CONCRETE TEST SPECIMENS. AVERAGE 
VaLuEs FoR ALL Deptus AND WIDTHS OF BEAM ARE 
PLoTreD SEPARATELY FOR Hacu LABORATORY 

modulus of rupture for the tests, in all four laboratories, 
of all beams having a given depth, a given width, and 
a given length of span. Average curves are drawn to 
illustrate the trend of the variation for all widths. Fig- 
ures 8 and 9 are constructed in a similar manner to 
show the effect of width of beam and length of span. 

MODULUS VARIES INVERSELY WITH DEPTH OF SPECIMEN 

Curve No. 1 in Figure 3, which is based on the aver- 
ages of all the results from all the laboratories, shows 
that there is practically a straight line relationship 
between depth of specimen and modulus of rupture, the 
modulus of rupture decreasing 1.9 per cent for each inch 
increase in the depth of specimen.’ Increasing the depth 
of specimen from 4 to 10 inches resulted in decreasing 
the average modulus of rupture from 862 to 763 pounds 
per square inch, a net reduction of 100 pounds per 
square inch for a 6-inch increase in depth of specimen. 

The curves of Figure 4 show that the results of each 
of the four laboratories, considered individually, have 
the same qualitative relationship; while the curves of 
Figure 7 indicate that the relationship is approximately 
the same regardless of width of specimen or length of 

Tey EFFECT OF WIDTH NEGLIGIBLE 

Figures 3, 5, and 8 show the effect of width of test 
specimen on the modulus of rupture. Curve No. 2 is 
Figure 3, based on the averages of results of all tests, 
shows that the modulus of rupture increased very slightly 

5 This confirms qualitatively the results of tests by the Portland Cement Asso- 
tion. See Report of Director of Research, November, 1928. p. 174. 
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as the width of specimen increased. The average mod- 
ulus of rupture increased approximately 16 pounds per 
square inch when the width of beam was increased from 
4 to 10 inches. The greatest increase is between the 4 
and 6 inch widths. Itis possible that the results for the 
4-inch width are slightly low on account of the difficulty 
of molding specimens of this width properly. 

It may be noted that this increase of 16 pounds per 
square inch is but 2 per cent of the average value of 
modulus of rupture, 801, for beams of 4-inch width. 
An examination of Table 4 will show that the mean 
percentage variation of individual test results from the 
average of the three series is generally much greater than 
2 per cent. There are individual cases where it is less 
than 1 per cent, but the average for each laboratory is 
greater than 3 per cent, and the average for all tests is 
3.86 percent. Similarly, in Table 5, it is shown that the 
variation of the average for one laboratory varies from 
the average of four laboratories by values running up to 
9.42 per cent, with an average for all tests of 4.14. 
These facts make it apparent that the indicated varia- 
tion in modulus of rupture due to changes in the width 
of beam is less than the probable variation due to 
influences not in the control of the experimenter. 

Reference to Figure 5 shows that the trend of the 
curve in Figure 3 is due to the results of laboratories 
Nos. 2 and 3, and that average curves for the other two 
laboratories would approximate horizontal lines. _ It is, 
therefore, doubtful that increasing the width of speci- 
men causes an increase in the modulus of rupture. 
For all practical purposes the average results of all 
four laboratories indicate that varying the width of the 
specimen had no effect on the modulus of rupture. 

NO MARKED EFFECT DUE TO VARIATION IN SPAN LENGTH 

Figures 3, 6, and 9 show the effect of the length of 
span. Curve No. 3 in Figure 3, based on the averages 

of results of all tests, shows that the modulus of rupture 
decreased very slightly as the span length was increased. 
The average modulus of rupture decreased approxi- 
mately 9 pounds per square inch when the length of 
span was increased from 18 inches to 36 inches. Figure 
6 shows the average results for each laboratory. It 
will be noted that two of the laboratories (Nos. 2 and 3) 
show practically no effect from varying span, one of 
them (No. 1) showed a decrease of 18 pounds per square 
inch, and one of them (No. 4) showed a decrease of 25 
pounds per square inch. These decreases are very 
small, are well within the limit of error of the averages, 
and are not corroborated by all the laboratories. This 
would indicate that the length of span had no appre- 
ciable effect on the modulus of rupture.® 

CONCLUSIONS SUMMARIZED 

The following conclusions, derived from the results. 
of this experiment, are naturally restricted in their 
application to apparatus in which the specimen is 
loaded at the third points. 

1. Variation in depth of specimen causes sufficient 
variation in the modulus of rupture that it is necessary 
to standardize this dimension. 

2. Variation in width of specimen has a negligible 
effect on the modulus of rupture. This dimension 
might have more influence if other sizes of coarse 
ageregate were used. 

3. Variation in the length of span has a negligible 
effect on the modulus of rupture. 

4. Different laboratories using similar materials and 
methods of test can check each other with a variation 
not exceeding 5 per cent. | 

6 This confirms, qualitatively, the results of tests by the Portland Cement 
Association. See Report of Director of Research, November, 1928, p. 174. 
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MEETING OF THE JOINT COMMITTEE ON CONCRETE 
AND REINFORCED CONCRETE 

for Concrete and Reinforced Concrete met in the 
rooms of the Western Society of Engineers, Chicago, 

Ill., on February 27 and 28,1931. This committee, which 
is made up of five representatives each of the Ameri- 
can Society of Civil Engineers, the American Society for 
Testing Materials, the American Railway Engineering 
Association, the Portland Cement Association, and the 
American Concrete Institute, is a reorganization of the 
committee that made reports on concrete specifica- 
tions in 1921 and 1924. 

A number of developments since the 1924 report make 
certain changes in the specification desirable. Among 
the advances which have been made relating to con- 
crete as a material in recent years, the most significant 
are the developments in cement, use of ready-mixed 
concrete, and a more widespread understanding of the 
design of mixtures with increasing attention to field 
control. 

In the field of design, an outstanding development 
which should be covered in future reports of the com- 
mittee, is the tendency toward the greater use of rigid 
frame construction. 

All these developments are to be given consideration 
by the reorganized committee in addition to a general 
study of the 1924 report with a view to improving its 
presentation and widening its scope. 

The committee proposes in its report to separate 
portions which are in the nature of specifications from 
those which are in the nature of recommended practice. 
It is planned also to add as an appendix the technical 
data upon which the recommendations of the report are 
based. The committee is considering the necessity 
of distinguishing between the requirements for so-called 
outdoor concrete and concrete in locations such as 
heated buildings not exposed to the effect of weather. 
Water-tightness as an element of durability will be 
recognized as one of the essentials of concrete for outdoor 
exposure. The necessity for this has been brought 
about by the recent development of generally higher 
strengths in Portland cements. Following the practice 
which has become quite general of designing concrete 
for a given strength requirement, it is possible with 
these newer cements that mixtures will result which are 
too lean for proper durability. Some limitation will, 
therefore, be placed upon the cement content to avoid 
this difficulty. 

In the field of design of reinforced concrete, the com- 
mittee proposes to present the recommendations in 
regard to moment coefficients by putting primary 
emphasis on the general case of unequal spans, thus 
reversing the arrangement in the 1924 report in which 
the emphasis is placed on a series of equal spans. 
Moment coefficients will be given only for the case of 

F ‘HE Joint Committee on Standard Specifications equal spans and these will be presented with separate 
coefficients for live and dead load. 

The next meeting of the committee has been set for 
June 22 and 23, 1931, in Chicago. 

ADDRESS LIST OF MEMBERS AS OF OCTOBER 2, 1930 

REPRESENTING THE AMERICAN CONCRETE INSTITUTE 

S. C. Hollister, Chairman, Professor of Structural Engineer- 
ing, Purdue University, Lafayette, Ind. 

J. G. Ahlers, Barney-Ahlers Construction Co., 
Fortieth Street, New York, N. Y. 

F. H. Jackson, United States Bureau of Public Roads, Wash- 
ington, D. C. 

Lieut. Commander B. Moreell, Bureau of Yards and Docks, 
Puget Sound Navy Yard, Bremerton, Wash. 

N. M. Stineman, editor, Concrretn, 400 West Madison Street, 
Chicago, Ill. 

REPRESENTING THE AMERICAN RAILWAY ENGINEERING 
ASSOCIATION 

C. P. Richardson, Chairman, Engineer, Chicago, Rock Island, 
and Pacific Ry., 803 LaSalle Street Station, Chicago, Il. 

M. Hirschthal, Conerete Engineer, Delaware, Lackawanna & 
Western Rd., Hoboken, N. J. 

J. B. Hunley, Engineer of Bridges and Structures, Cleveland, 
Cincinnati, Chicago & St. Louis Ry., Cincinnati, Ohio. 

A. R. Ketterson, Assistant Engineer of Bridges, Canadian 
Pacific Ry., Montreal, Que., Canada. 

J. F. Leonard, Engineer of Bridges and Buildings, Pennsy!- 
vania Railroad, 729 Pennsylvania Station, Pittsburgh, Pa. 

110 West 

REPRESENTING THE AMERICAN SOCIETY OF CIVIL ENGINEERS 

W. A. Slater, Chairman, director, Fritz Engineering Labora- 
tory, Lehigh University, Bethlehem, Pa. 

M. N. Clair, Vice President, Thompson «& Lichtner Co., Statler 
Building, Boston, Mass. 

A. E. Lindau, President, American System of Reinforcing, 7 
South Dearborn Street, Chicago, I. 

F. E. Richart, Professor of Theoretical and Applied Mechanics, 
University of Illinois, Urbana, III. 

W.S. Thomson, Chief Engineer, Kalman Steel Co., Wrigley 
Building, Chicago, Ill. 

REPRESENTING THE AMERICAN SOCIETY FOR TESTING MATERIALS 

C. M. Chapman, Chairman, Consulting Engineer, 105 West 
Fortieth Street, New York, N. Y. 

P. H. Bates, United States Bureau of Standards, Washington, 
C 

A. T. Goldbeck, Director, Bureau of Engineering, National 
Crushed Stone Association, 1735 Fourteenth Street NW., 
Washington, D. C. 

E. E. Hughes, Vice President, Franklin Steel Works, Franklin, Pa. 
L. S. Moisseiff, Consulting Engineer, 68 William Street, New 

Worle, IN ME 

REPRESENTING THE PORTLAND CEMENT ASSOCIATION 

F. R. McMillan, Chairman, Director of Research, Portland 
Cement Association, 33 West Grand Avenue, Chicago, IIl. 

D. A. Abrams, Director of Research, International Cement 
Corporation, 342 Madison Avenue, New York, N. Y. 

Ernest Ashton, Vice President, Lehigh Portland Cement Co., 
Allentown, Pa. 

J. H. Chubb, Manager Service Department, Pennsylvania- 
Dixie Cement Corporation, 521 Fifth avenue, New York, N. Y. 

H. G. Farmer, Manager Service Bureau, Universal Atlas 
Cement Co., 208 South LaSalle Street, Chicago, Il. 
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ANALYSIS OF MOTOR VEHICLE ACCIDENTS IN 
CALIFORNIA 

Reported by the Bureau of Research, Statistics, and Traffic Safety, Division of Motor Vehicles, California Department of Public Works 

The motoring public of California started the year 
1931 with a 16.08 per cent increase in motor-vehicle 
accidents and a resulting increase of 16.25 per cent in 
persons injured and a 9.44 per cent increase in deaths. 
These increases are computed with the January, 1930, 
report as a base. 
New Year’s day traffic was an important factor in 

January accidents. This is indicated by the large 
volume of accidents occurring on Thursdays. The 
same was true in January, 1930, when more accidents 
occurred on Wednesdays, as January 1, 1930, fell on a 
Wednesday. 

Light conditions under which accidents occured in 
January, 1931, varied slightly from the average, since 
considerably more accidents were reported as occurring 
in darkness than in daylight. 

The road location of accidents followed the average in 
January, with the most accidents at city intersections. 
‘Between intersections’? was second greatest in the 
number of accidents by location. It is of interest to 
note that 23 accidents occurred.on bridges and piers, 
6 of which were fatal accidents. This is an increase of 
over 100 per cent over January, 1930. 

A total of 2,325 motorists were reported definitely at 
fault in January accidents. Of these 608 violated right 
of way, while 502 drivers came to grief because of too 
much speed. Nineteen of those reported as driving at 
excessives speed were involved in fatal accidents. 

Although the total of deaths due to traffic accidents 
in January, 1931, showed an increase of 17 over those 
occurring in January, 1930, the number of pedestrians 

48 

killed was 7 less. The largest numerical increases in 
deaths were in noncollision accidents and collisions of 
two motor vehicles. The number of persons killed 
on bicycles increased from 1 in January, 1930, to 4 in 
January of this year. The 1 person killed on the bicycle 
in 1930 was a male over 50 years of age, while all of those 
killed in January of this year were male children less 
than 20 years of age. 

The number of collisions with railroad trains dr opped 
from 61 in January, 1930, to 51 in January, 1931. 
The injured in this type of accident decreased by 7, but 

- the deaths increased by 2 
Fewer accidents were reported as occurring under 

inclement weather conditions than in January, 1930, 
although the total number of accidents in January, 
1931, mcreased more than 16 per cent over the pre- 
vious year. The following table summarizes the acci- 
dent statistics for the months of January, 1930, and 
January, 1931. 

Comparative monthly summary of motor vehicle 
accidents in California, January, 1930, and January, 1931 

Number Number 
Then reported reported 

during Jan-| during Jan- 
uary, 1931 ; uary, 1930 

Accidents:3 --e . aee eee a2 Aes 2, 880 2, 481 
‘Persons Killed a te ee ee ee 197 180 
Personsinjured=. 2 = eee Le ee ae eee ee 3, 740 SRA) 
Driversiinvolved's 9 eee ee 4, 280 3, 644 
Pédestrians involved 2-22 Se eee ee 984 $00 
Vehicles: iiy.0liv. 6c a ee ee 4,323 3, 677 
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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 ex- 
hausted 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 

Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 
Report of the Chief of the Bureau of Public Roads, 1929. 
Report of the Chief of the Bureau of Publie Roads, 1930. 

DEPARTMENT BULLETINS 

No. *136D. Highway Bonds. 20c. 

*314D. Methods for the Examination of Bituminous Road 
Materials. 10c. 

*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10c. 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10e. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

*660D. Highway Cost Keeping. 10c. 

*§91D. Typical Specifications for Bituminous Road Mate- 
eM, TOY, 

1216D. Tentative Standard Methods of Sampling and 
Testing Highway Materials, adopted by the 
American Association of State Highway Offi- 
cials and approved by the Secretary of Agri- 
culture for use in connection with Federal-aid 
road construction. 

1279D. Rural Highway Mileage, Income, and Expendi- 
tures 1921 and 1922. 

1486D. Highway Bridge Location. 

DEPARTMENT CIRCULARS 

No. 331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 

TECHNICAL BULLETIN 

No. 55T. 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, Flood Relief, and Mis- 
cellaneous Matters. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP. The Results of Physical Tests of Road-Build- 
: ing Rock. 

SEPARATE REPRINTS FROM THE YEARBOOK 

No. *914Y. Highways and Highway Transportation. 25c. 

937Y. Miscellaneous Agricultural Statisties. 

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 Ohio. (1927) 

Report of a Survey of Transportation on the State Highways of 
Vermont. (1927) 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. (1927) 

Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio. (1928) 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. (1928) 

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- 38. Relation Between Properties of Hard- 
ness and Toughness of Road-Building 
Rock. 

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

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

*Department supply exhausted, 
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