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MOTOR TRUCK IMPACT AS AFFECTED BY TIRES, 
OTHER TRUCK FACTORS, AND ROAD ROUGHNESS 

Report of Cooperative Tests by the Bureau of Public Roads, the Society of Automotive Engineers, and the Rubber Association 
of America 

Reported by JAMES A. BUCHANAN, Bureau of Public Roads, and J. W. REID, Rubber Association of America 

INCE 1923 there has been in progress at the experi- 
S mental station of the Bureau of Public Roads at 

Arlington, Va., a series of motor-truck impact 
tests designed especially to develop information with 
respect to the influence of various types of tires, cer- 
tain elements of vehicular pee! and equipment, the 
loading, capacity, and speed. of the vehicles, and the 
roughness of the road surface. After ascertaining the 
magnitude of the impact under the various conditions 
created it is the further object of the tests to determine 
the stresses induced in the road surface. Up to this 
time, however, efforts have been directed principally 
toward the attainment of the first objective, and it is 
to this phase of the investigation that the present 
report is confined. 

The entire investigation is being conducted cooper- 
atively by the Bureau of Public Roads, the Society of 
Automotive Engineers, and the Rubber Association of 
America, under the direction of a joint committee repre- 
senting the three organizations. 

Owing to the necessity of developing an acceler- 
ometer adapted to the conditions of the tests, accumula- 
tion of data bearing upon the specific objects contem- 
plated could not be begun until 1924. Since then the 
tests originally scheduled have been completed and the 
data are available in standardized final form. 

The results of the tests reported below were obtained 
with equipment specified by the cooperative com- 
mittee. The tires used were standard equipment at 
the time of testing, and the results obtained apply 
specifically to these tires. They do not necessarily 
apply to tires that have been redesigned during or sub- 
sequent to the tests. This is particularly the case with 
reference to tires which have been specially designed 
for use in dual mountings, the profile heights being 
appreciably affected. 

n applying the test data it should be remembered 
that an impact force, expressed in pound units, does 

_not necessarily have the same effect upon materials as a 
static force of the same numerical value in pounds. 

The term “cushioning effect”’ as used refers only to 
the vertical reaction between road and wheel, and is 
not to be confused with the popular term “riding 
quality,” although it is somewhat akin toit. It should 
be borne in mind also that this research has been con- 
cerned with only one phase of certain economic 
problems, full consideration of which should give due 
weight to various other highway transportation factors 
relevant to the subject. 

IMPORTANT CONCLUSIONS TO DATE 

From the data at present available—and it should 
be borne in mind that they were obtained from the 
standard equipment used at the time of the tests— 
certain preliminary deductions may be drawn, namely: 

1. Maximum impact forces obtained with motor truck tires 
in service can be measured with an accuracy sufficient for the 
needs of this investigation. 

109707—26——1 

2. As static load increases, road impact reaction increases. 
3. As static load increases, the ratio of road impact reaction 

to static load decreases. 
4. Thickness and narrowness of tread rubber are desirable in 

reducing road impact reaction. 
5. Increasing the thickness or profile height of rubber has a 

very marked effect in reducing road impact reaction in both 
single and dual mountings. 

6. In the tire equipments tested, all of which were standard 
at the time of the tests, dual mounting caused heavier impact 
forces than the corresponding single mounting of the same total 
load-carrying capacity. (This was determined on a pneumatic- 
tired, 2-ton truck and a solid-tired, 5-ton truck.) 

Fic. 1—Method of mounting tire for static test 

7. Appreciable variation of cross-sectional rubber, or breaks 
in its continuity, cause heavy repeated impacts to be delivered 
to the road. 

8. Dual-mounted tires should always be mounted with the 
tread design staggered. 

PROCEDURE OF THE TESTS 

The tests of tire cushioning qualities are divided into 
two general groups, the static tests and measurements, 
and the impact tests. It is expected that, in most 
cases, a general relation will be found between these 
two test methods which will shorten and standardize 

69 
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Fic. 2.—Typical curves showing tire action under static load 

future test procedure. It may be that a relation of 
load versus work will be found which will yield a useful 
criterion in the correlation of the static and the impact 
tests. 

Static tests —In the static tests the tires were placed 
in a testing machine and vertical deflections were 
recorded as the load was slowly applied, from which 
data load vs. deformation curves were drawn. The 
areas of tire contact were taken at three loads on each 
tire, and reproductions were made of the impressions. 
From these the area, width, and length of contact 
were obtained at the three loads. The hardness of the 
tread rubber was measured by a Shore durometer. 
In addition the weights, dimensions, and trade names 
of the tires were recorded. 

The method of mounting tires in the testing machine 
is shown in Figure 1; and typical curves indicating 
tire action under static loads are shown in Figure 2. 
These curves show the effect of load on vertical defor- 
mation, the mean intensity of load per unit of contact 
area, and the mean load intensity per unit of contact 
width. Figure 3 shows typical tire cross sections. 

Impact tests—In the impact tests the total vertical 
road reaction is determined by a specially constructed 
accelerometer mounted on the test trucks. This 
accelerometer was designed to measure the maximum 
vertical accelerations of the truck wheel and simul- 
taneously to record the proportional deflections of the 
corresponding truck spring. The forces are computed 
by formula and may be resolved into sprung and 
unsprung components. The sprung component is 
determined by measuring the change of truck spring 
deflection from its static position at a given load to 
its position at the instant of impact. By referring to 
the proper portion of a previously prepared calibration 
curve for the truck spring, the change in spring pressure 
from that at. static load is obtained. The unsprung 
component is determined by measuring the acceleration 
or deceleration of the truck wheel, adding thereto 
the acceleration of gravity and multiplying the sum 
by the known mass of the Sere parts (i. e., the 
parts below and not supported by the truck springs). 

The corresponding total force or road reaction is 
computed according to the formula: 

F=m (a+g)+P, 
wherein /’= vertical road reaction in pounds, 

m=miass of unsprung truck parts in poundals, 
a=acceleration of unsprung truck parts in 

feet per second per second, 
g=acceleration of gravity (32.2 feet per 

second per second), 
P=truck spring pressure in pounds at instant 

— of impact. 

THE ACCELEROMETER 

The accelerometer is mounted to follow faithfully 
‘the vertical movement of the right rear wheel of the 
truck by means of a tight, self-aligning bearing, and 
the instrument slides on guides on the truck body. 
The sensitive element is composed of a calibrated coil 
spring supporting a weight of known mass. <A rod 
fastened to this weight acts as a guide and stylus 
holder. The stylus records the relative movement of 
the weight on sensitized paper which is rolled on a drum 
driven by the truck wheel, the paper moving approxi- 
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38x 7° PNEUMATIC 
CAPACITY 3000 LBS. 

36x5° HIGH-PROFILE SOLID 
CAPACITY 3000 LBS. 

Fic. 4.—General view of instrument mounted on test truck 

36°x 7° HOLLOW-CENTER CUSHION 36x7 EXTERNALCAVITY CUSHION 
CAPACITY 3500 LBS. CAPACITY 3500 LBS. 

36'x5° REGULAR SOLID 36x 5° WORNOUT SOLID 

CAPACITY 3000 LBS. CAPACITY 3000 LBS. 

tt) Deeahne. Gs ; 

SCALE 

Fic. 3.—Typical tire cross sections 

Fia. 5.—Detail view of instrument 

mately 1 inch for each 45 feet of truck travel. A 
backstop is arranged above the accelerometer weight to 
prevent the upward movement of the weight beyond 
the position it assumes when the instrument is at rest 
and there is no initial compression on the spring other 
than that due to the weight itself. Figure 4 shows the 
complete apparatus installed on a truck. Figure 5 is 
a close-up view of the instrument proper, and the 
essential elements of the instrument are shown dia- 
erammatically in Figure 6. Typical accelerometer 
records and the process of converting them into terms of 
force are shown for artificial obstructions in Figure 7 
and for an actual road surface in Figure 8. 

In Figure 7 the spring reading is recorded at zero 
for the condition of shock at each of the narrow 
obstructions because, as indicated by the instrument 
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record, the truck spring is in substantial equilibrium 
immediately preceding the approach to each of these 
narrow obstructions. This is due to the fact that the 
obstructions have been placed on a smooth road. At 
the instant of impact with the obstruction there is an 
added reaction between the truck wheel and the pave- 
ment which may amount to many times the static load- 

ADJUSTABLE CALIBRATED 
aA BACK-STOP 

rt B00005@ WEIGHT 

FERRULE TO 
ALIGN SPRING 

RESERVOIR FOR 
SENSITIZED PAPER 

RECORD RECORDING 
RECEIVING STYLUS 
DRUM 
DRIVEN FROM 
TRUCK WHEEL 

LIDING 
ACCELEROMETER 
FRAME 

ACCELEROMETER 
ROD GUIDE ROD 

SUPPORTED BY 
TRUCK BODY 

SPRING RECORDING ROD 
ACTUATED BY RACK AND 
PINION AT TRUCK SPRING 

RIGID CONNECTION 
TO TRUCK AXLE - 

Fic. 6.—Diagram of the coil spring accelerometer 

ing. This is due to the acceleration of the unsprung 
weight although the sprung weight is still at its zero 
position. Strictly speaking, however, at the instant 
of maximum upward acceleration of the truck wheel, 
the truck spring has been compressed an amount equal 
to a small percentage of the height of the obstruction. 
For pneumatic tires this compression is about 10 per 
cent, for cushion tires 15 per cent, and for solid tires 
20 per cent of the height of the obstruction. The sprin 
record curve has sharper peaks downward than upwar 
because the downward peaks represent the stopping of 
the wheel by the pavement, whereas the upward 
peaks represent the upward motion of the wheel against 
the resistance of the truck spring. 

The characteristics of the accelerometer are such 
that the displacement of its weight as recorded on the 
sensitized paper is proportional to the acceleration of 
the truck. wheel. The calibration factor depends on 
the characteristics of the accelerometer spring-weight 
combination and varies with the characteristics of the 
acceleration impressed on the accelerometer by the 
truck wheel. The accelerometer spring-weight charac- 
teristics are accurately determined and that combina- 
tion is selected which is best suited to the accelerations 
to be measured. The characteristics of the impressed 
acceleration are influenced by the natural characteris- 
tics of the tire equipment and the unsprung truck 
weight in the case of the wheel dropping on a plane 
surface. In the case where the wheel passes over a 
relatively narrow obstruction at comparatively high 
speed, there may be an added correction dependent on 
the duration of this condition of shock. 

ath *. ag soo) 3% 4 DED RECTANGULAR 
BLOCK PLANE BLOCK 48 _ The deviation of the accelerometer record from a straight 
mo) cee % ES Bh moh Yaa BO ORs line is a measure of the acceleration of the unsprung parts. 

| a This acceleration multiplied by the mass of the unsprung 
x | Jl 0.5 z Parts gives the force of the blow struck by the unsprung 
as = oo epee parts: 
=a a oF 
nO ra) Ta) 
| | ] : 1] 

ACCELEROMETER RECORD 

a The truck spring under static conditions is deflected 
uw by the sprung load. At the instant of impact, the position 
5 of the truck spring above or below its average base line or 
= Static position is a measure of the sprung weight active at 
— the instant of impact. 

6S 6d 7d 8S 8d 
1.0 

|_______ 6O,FEET (OF GRGAD ae 

CORRESPONDING TRUCK SPRING RECORD 

Unsprung weight Sprung weight Total 
a5 eae ee vertical 

Dae oheRe eae (oe The sum of the unsprung and sprung components is 

tionsymbol |Acceler-| 4 oo} vu Sori eke g ‘impact /asaper the total vertical road reaction. If this total impact reac- 

ometer | Acceler- | yrass Unsbruns) Spring | tion |Spruné reaction| cent of tion be divided by the total static reaction, it may be ex- 
reading] | | static | es pressed as a percentage of the static load. 

| | __ In the above example, the total static load per rear wheel 
are | is 2,349 pounds, of which 724 pounds is unsprung and 1,625 

Red phe pee | pounds is sprung. The accelerometer rate is 2,022 feet 

Inches | second als | Pounds | Inches |Pounds|Pounds Pownds|Per cent per second per second per inch of record, and 1 inch of 
ED cet Se 0.08 | 162| 22.5) 4,370 0 | 1,625 | 5,995 255 truck spring record corresponds to a change of 4,720 
Bd. ec gaan’ 25 506 | 22.5] 12,110 .34 |—1, 605 20 , 12, 130 516 pounds. 
( eee. X .18 364 | 22.5 8, 915 .72 |—3, 400 |—1,775 | 7,140 304 
85: .-_ 2 See . 10 202 22.5 | 5, 270 0 0} 1,625 | 6,895 294 
Rac Sateen ok 24 486 | 22.5 11,660 .40 |—1,890 | —265 | 11,395 485 

| 

Fia. 7.—Analysis of typical record from artificial obstruction test 
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ACCELEROMETER ANALYSIS 

Spring analysis 

The average position of the truck spring is the same as when the truck 
is standingstill, andthe average pressure transmitted through the spring 
is equal to the weight of the body and load carried by each rear wheel. 

For a wheel load of 9,000 pounds on a certain truck, the sprung 
weight was 7,800 pounds and the unsprung weight was 1,200 pounds, 
from which the unsprung mass was computed to be 37.3. The ac- 
celerometer used had a rate of 1,040 feet per second per second per 

blow of the parts below and not supported by the truck springs and inch. Fomlet ger 
(b) by the weight of the parts above and supported by the truck 
Springs. : : ; é Acceler- | Acceler- | | Spring | , Total 

(a) The blow struck by the unsprung weight is found by multi- ans ometer | ation | (a+g) ae | m(a+g) | peta ee 
plying its mass by its acceleration. The mass is obtained by reading | (a) (P| GR 
weighing, and the acceleration from the above record to which the | 
acceleration of gravity is added. — rt Feet per | Feet per, | | 

(b) The sprung weight is obtained by weighing. second | second | 
Inches |per second per sec. \Poundals | Pounds | Pounds | Pounds 

1 : 520| 552 37.3 | 20, 600 ,800 | 28, 400 
5 . 25 260 292 37.3 10, 900 7,800 | 18, 700 

10 .18 187 219 37.3 | 8,200) 7,800) 16, 000 
20 5183 125 157 37.3 5,900} 7,800} 13, 700 

| } 

Fic. 8.—Analysis of typical record from highway test 

IMPACT MEASURED BY KREUGER CELL-THOUSAND POUNDS 

0 2 4 6 8 10 12 14 16 18 

COMPUTED IMPACT - THOUSAND POUNDS 

Fic. 9.—Diagram showing relation of impact reactions as computed from measured 
accelerations and as determined directly by means of the Kreuger cell 

Calibration factors for various accelerometer spring- 
weight combinations have been determined for use 
with the full range of tire equipments included in the 
tests. These factors have been established analytically, 
indirectly, and directly. Formule, substantiated by 
experimental data, have been developed for the 
determination and checking of these calibration 

factors. The instruments have been calibrated by 
relating the instrumental records of impressed accelera- 
tions with determinations of the same accelerations 
from analyses of space-time records. That method of 
space-time analysis which assumes a parabolic shape 
of the original space-time curve over an appreciable 
period was selected as representing the average con- 
stant maximum acceleration. Should the instanta- 
neous maximum be desired, it can be obtained from 
the calibration data already on hand and will vary 
from 100 to about 115 per cent of the parabolic maxi- 
mum, according to conditions within the test range. 

The accelerations were measured under two general 
conditions described by the terms “shock” and “drop.” 
The condition of shock is defined as the reaction 
between the truck wheel and the pavement when the 
wheel is caused to pass over an elevation in or obstruc- 
tion on the pavement. The condition of drop is 
defined as the reaction occurring when the wheel, 
falling under the combined influence of gravity and 
the truck spring, is suddenly stopped by the pavement. 

On the above basis, for the test conditions to date, 
the errors in the measurement of acceleration will 
generally be within 10 per cent for all conditions of 
drop and for conditions of shock up to 10 miles per 
hour. For conditions of shock between 10 and 15 
miles per hour, the error may be 15 per cent, and be- 
tween 15 and 20 miles per hour for the condition of 
shock it may be 20 per cent. These values are con- 
sidered conservative and are based on calibrations 
made by a special accelerometer subcommittee, which 
covered adequate ranges of speed and obstruction with 
pneumatic and new solid tires. The complete pro- 
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cedure and results of the accelerometer calibration are 
to be made the subject of a separate paper. Reference 
is made to an article in the December, 1924, issue of 
Pusiic Roaps by L. W. Teller, entitled ‘ Accurate 
Accelerometers Developed by the Bureau of Public 
Roads.” 

After the accelerometer had been developed by the 
bureau and before it was used in the tests, it was 
checked by measuring the road reaction directly 
and comparing it with the computed reaction. The 
direct measurement was made by means of a Kreuger 
cell ! placed in a pit so as to be squarely under the 
truck wheel at the instant of impact. The results of 
this check test are shown in Figure 9. 

the standard types and sizes of tires with which they 
were equipped, using for the purpose 100-pound 
weights which were placed within the truck body in a 
definite manner and according to accepted practice in 
load distribution. The wheel loads were measured 
with portable road scales, which were frequently 
calibrated. In addition, a number of loads were sent to 
accurate platform scales for checking. 

The trucks were driven at speeds varying by incre- 
ments of 3 miles per hour from a minimum of 3 miles 
per hour up to the maximum speed obtainable under 
the load and test. conditions. Speeds were determined 
by timing measured runs with a stop watch, and were 
checked for variation by the truck speedometer. 

Fig. 10.—The smooth concrete test section 

TIRES, SPRINGS, TRUCK SIZES, AND SPEEDS 

The tires used were furnished by seven American 
manufacturers. The types were pneumatic, cushion, 
heavy-duty cushion, and high-profile, nonskid and 
regular solid tires. Tests have been made with new 
and worn-out tires, and with new tires cut to various 
heights. The pneumatic tires were tested at standard 
and three-fourths standard air pressures. The sizes 
varied from 32 by 3% to 40 by 14, and the rated carrying 
capacities varied from 1,300 to 11,200 pounds per tire. 
They were used in single, dual, and tandem mountings, 
and as overloaded and oversized equipment. 

The trucks used represent four American makes, the 
capacities of which are 1, 2, 8, and 5 tons. They were 
loaded up to 150 per cent of the carrying capacity of 

1 For a description of the Kreuger cell and its use in measuring impact reactions see 
PuBLIC Roaps, vol. 5, No. 10, Dec., 1924. 

Any run which showed a variation of more than one- 
half mile per hour from the average speed was dis- 
carded and the test was rerun. 

Before use in the tests the rear truck springs were 
removed, cleaned, greased, calibrated, provided with 
jackets, and replaced. For reference, weight distri- 
butions of the empty trucks, truck measurements, and 
specifications were recorded. 

ROAD SURFACES AND ARTIFICIAL OBSTRUCTIONS 

In order to include actual road conditions, two 500- 
foot lengths of near-by highways were selected as test- 
road sections to represent extremes likely to be en- 
countered by commercial traffic. One of these is 
typical of smooth concrete construction, and the other 
is an old stone-block pavement. A 16-wheel_profil- 
ometer showed an average cumulative vertical varia- 

—e 
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tion of 2.5 inches per 100 feet on the smooth concrete 
section and of 18.2 inches per 100 feet on the rough 
stone-block section. Both sections are straight and 
substantially level, and have only slight crowns. In 
general, the tests on these two sections were confined 
to tire capacity and 11% tire capacity loads at a repre- 
sentative speed of 12 miles per hour. The results of 
these tests are expressed in terms of the number and 
magnitude of the impacts (i. e., vertical road reactions) 
produced as determined from the accelerometer records. 
A photograph of the stone-block pavement appears on 
the cover of this issue of Pusric Roaps, and the 
concrete road is shown in Figure 10. 

To provide for duplication of test conditions, a 
very smooth, straight, and substantially level con- 
crete road was specially built, and on it various steel 
obstructions were set in grout and secured by bolts. 
These obstructions included 30-inch inclined planes 
with rises of +3, 114, and 14% inches, respectively; 
rectangular blocks 3 inches wide and with heights of 
ve, %, and 1% inches, respectively, and rounded 
(segmental) blocks having 3-inch chords or bases and 
heights of 34 and 11% inches, respectively. These 
obstructions were about 4 feet wide and were placed 
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Fig. 11.—Typical obstructions used in the tests 

at about 30-foot intervals along a guide line painted 
on the road. Figure 11 shows typical obstructions.? 

An almost unlimited number oF comparisons may be 
made from the test data showing the influence of the 
several variables on vertical impact reaction. It is 
not possible in this report to present exhaustive data 
with reference to all conditions studied; but general 
comparisons are made in the curves presented in 
Figures 12 to 31, and the original data in plotted form 
and the standardized computations are accessible to 
those who have a proper interest in making detailed 
studies or comparisons. In presenting this report 
the data are submitted as found, and the curves 
faithfully follow their plotted points. The ordinates 
of all the comparative curves represent the impact force 
expressed in terms of percentage of static load; to 
convert them into pounds it is necessary to multiply 
them by the corresponding static wheel loads in pounds 
according to Table 1. The overloaded and oversized 
tire tests were made at loads corresponding to 11% the 
capacity of the rated sizes of tires. 

TaBLE 1.—Wheel loads and tire sizes 

Wheel load Tire size 
capacity o 2 a 

f rated size 0 
Tire type | eae - tire Rated size Over size 

| 

| | x Aa 7 1 

| Single | Dual Single Dual | Single | Dual 

| = | 

Pounds| Pounds| Inches Inches Inches | Inches 
, KebOnse 4,000 | 4,400} 40 by 8 | 36 by 6 |_--------- | 88 by 7 

Pneumatic---_- Med tepals ee ee WG; OOO te <= Soe 2 Bel DNSANE eee a | 40 by 8 
WiesG(ONS 2s |eetee-e 5; O00 grasa 40 Digeiie=.s4 = oeeeeees 

| | 
A 12 tons____- eee’ SeAO0 4 See 36; Dytoniet sees 2 36 by 7 

Gushions 22-22 i. tons 264 stn ee 7 OOM eee ee 36 DY? fees eee 36 by 8 
HpONSe == st eS OS SP Oe ee pa Pe 

$s. ifa'tonst 2B eo. 22 400s | Mier sels 96 Dy'4 |i -ceae- on! | 36 by 6 
Olid wees sears MOMKOS pe eee oe Nees OR OOO S| ee ess SO ibyrb" eoees eee 36 by 7 

Ils tons e=-= | 8,400-| 8,400 | 40 by 12 | 40 by 6 | 40 by 14 40 by 8 
| | | | 

EFFECT OF ROAD ROUGHNESS 

Figures 12 and 13 show typical results obtained on 
the highway test sections. They show that pneumatic 
tires may make a rough road appear reasonably smooth 
and that solid tires in poor condition may make a 
smooth road appear unreasonably rough. Referring 
to the two figures we find, for instance, that with tires 
loaded to capacity and trucks operated at 12 miles 
an hour, the impact magnitude which occurs 50 times 
in 500 feet, when pneumatic tires are used, is 5 per cent 
greater than the static load on the smooth road and 
40 per cent greater than the static load on the rough 
road. With worn-out solid tires on the two classes of 
road the impact occurring 50 times in 500 feet was 45 
per cent greater than the static load on the smooth 
road and 270 per cent greater than the static load on 
the rough road. These curves also show that the 
forces developed on a road which is built and main- 
tained smooth are, for given equipment, appreciably 
lower than the corresponding forces developed on a 
very rough road, 

The impact road reaction of a motor truck depends 
in general on the four major variables—wheel load, 
truck speed, tire equipment, and road roughness or 

2 No artificial ruts or pot holes have been included to date in the truck tests. A 
few tests have been made with the impact testing machine which is described and 
illustrated on page 13 of the November, 1924, issue of PUBLIC ROADs, by dropping 
the wheel upon a surface hollowed to a 40-inch radius. The results of the tests with 
this artificial rut did not seem to justify inclusion of such an obstruction in the truck 
tests. 
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Fic. 12.—Influence of tires on vertical impact reactions on rough stone-block road 

height of obstruction. The effects of other variables, 
such as the ratio of unsprung to sprung weights, truck 
spring flexibility, etc., are also felt to a greater or lesser 
degree, but manufacturing and operating conditions 
are generally such that the effect of these latter vari- 
ables is not of major importance. The phenomenon 
of motor truck impact is separable into two distinct 
elements. There are two forces acting simultaneously 
and cumulatively on the pavement. One of these 
forces is the net truck spring pressure at the instant of 
impact, its magnitude varying with the spring deflec- 
tion. The other is the force required to change the 
vertical velocity of the unsprung truck weight (that 
is, the parts below and not supported by the truck 
spring) as the wheel is vertically accelerated or de- 
celerated by the pavement. 
When the vehicle is standing still the road reaction 

is the static load on the wheel; but with the truck in 
motion this condition no longer obtains. What takes 
place when the wheel in motion strikes and passes over 
an obstruction on the road may be described in general 
terms as follows: 
We will assume that the road is otherwise perfectly 

smooth and that the truck spring is at equilibrium in 
its normal position. As the wheel in its forward prog- 
ress makes contact with the obstruction the tire is 
compressed and through its resistance to compression, 
varying according to the type of tire used, the unsprung 
weight of the truck is menalera tet upward against the 
resistance of the truck spring reacting on the sprung 
weight of the truck body. The acceleration of the un- 
sprung weight causes a reaction on the pavement the 
magnitude of which is measured by the product of the 
acceleration produced and the mass of the unsprung 
weight which is accelerated. Added to this reaction 
is the superimposed pressure of the truck spring which 
at this condition, Palle shock, is substantially that of 
the static sprung weight of the truck. The truck 
wheel then leaves, or tends to leave, the pavement and 
compresses the truck spring. The Eek body, in re- 
sponse to this pressure, rises slowly upward and the 
entire rear end of the truck is momentarily completely 
in the air. Very soon, however, the upward inertia of 
the unsprung weight is overcome by the truck spring 
and the wheel descends upon the pavement to be de- 
celerated through the elastic medium of the tire. Now, 
at this point the truck body is usually considerably 
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Fic. 13.—Influence of tires on vertical impact reactions on smooth concrete road 

above its normal position, the springs being corre- 
spondingly extended. The springs in this extended 
position cause a lesser superimposed pressure than the 
static sprung weight of the truck to be added to the 
second impact reaction caused by the deceleration of 
the truck wheel by the pavement. It may even be the 
case that the truck spring is so far extended that the 
resultant spring pressure is negative and actually 
lessens the effect of the deceleration of the unsprung 
weight. On the other hand it is possible, in the case 
of a long jump after striking the obstruction, for the 
truck spring to have fully extended and be in the act 
of closing again when the wheel strikes the road so 
that the sprung component may be even greater than 
the static spring pressure of the truck. 

EFFECTS OF HEIGHT OF OBSTRUCTION, SPEED AND LOAD 

In Figure 14 it will be noted that there is apparently 
a critical height obstruction, varying between 1 and 2 
inches, according to the type of obstruction, at which 
the impact reaction approaches one of its maxima for 
the given tire equipment. The influences of the sprung 
to unsprung weight ratio, the truck load, and the truck 
spring characteristics are probably responsible for this 
condition. 

Figures 14, 15, and 16 show typical results obtained 
from the artificial obstruction tests. The effects of 
three types of obstruction as influenced by height, and 
the ahuanees of the speed of and load on the truck 
when passing over representative obstructions of these 
types are shown for typical tire conditions. It will be 
noted from Figure 14 that pneumatic tires did not yield 
reactions (under these test conditions) as great as two 
times the static load for any height of the inclined plane 
or for the 3-inch rectangular blocks, but that when 
worn-out solid tires were used, animpact reaction twice as 
great as the static load was caused by about 0.15 inch 
height for all three types of construction. A glance at 
this figure also shows that the impact reactions with 
worn-out solid tires may, under certain conditions, 
reach 11 times the static load; but that new solid tires 
show only about one-half of this increase over the 
static load. 

In Figure 15 the influence of truck speed is shown. 
There is usually a critical speed between 12 and 15 
miles per hour, at which, under the test conditions, the 
impact reaction will be at one of its maxima, particu- 
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Fia. 14.—Effect of height and type of obstruction on vertical impact reaction. 
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The tests were made with a 2-ton truck, equipped with rated-size dual tires, loaded to tire 
capacity, and operated at a speed of 12 miles per hour 
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Fic. 15.—Effect of type of obstruction on vertical impact reaction as influenced by truck speed. These tests also were made with a 2-ton truck equipped with rated-size 
dual tires and loaded to tire capacity; and the truck was operated at various speeds 
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Fic. 16.—Effect of load in terms of tire capacity on vertical impact reaction with several types of tires and three conditions of impact. 
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The curves represent tests made 
with a 2-ton truck equipped with rated-size dual tires, and operated at 12 miles per hour 

larly for drop conditions. The reason for this is again 
found in the truck and load characteristics. 

The most striking feature of the curves presented in 
Figure 16, which shows for various tires the effect of the 
load in relation to tire capacity, is the reduction in the 
impact with respect to the static load when the rated 
capacity of the tires is approached and exceeded. This 
phenomenon is probably due to the closer adherence of 
the truck wheel to the road under heavy load and also 
to the enforced cushioning of a greater part of the 
pepe by the tires. 

clearer conception of the nature of the phenomena 
indicated by all three of these figures (figs. 14, 15, and 

100707—26——2 

16) may be obtained by considering the behavior of 
two imaginary trucks; the first a truck of which prac- 
tically the entire wheel load is derived from the un- 
sprung weight and the body of which is but a skeleton 
supported by comparatively light springs. If, under 
such conditions, the tires were grossly overloaded, it 
will readily be seen that as long as there were any ap- 
preciable cushioning material present in the tires the 
excessive load directly on the tires would cause them, 
under all but the most extreme conditions of speed 
and road roughness, to remain in constant, intimate 
contact with the road. Comparatively slight obstruc- 
tions would be embedded in the tire under the influence 
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of the great load and there would be practically no 
difference between the cushioning qualities or springi- 
ness of various tires so long as they were able to carry 
the load at all. Now let us take another imaginary 
case in which the unsprung weight is a mere skeleton 
and the sprung weight, supported by adequate springs, 
is the principal load. An excessive wheel load, under 
these conditions, would not hold the tires so closely 
in contact with the road. The comparatively light 
wheel would be kicked upward as obstructions were 
encountered, the measure of the kick being determined 
by the cushioning properties of the tire. Having been 
raised into the air the wheel would, then, be returned 
to the pavement by the influence of the truck spring 
to be decelerated through the medium of whatever 
cushioning materials were in the tires. A truck under 
service conditions is a fortunate medium between the 
two imaginary extremes just described, but certain 
test conditions may be created, as shown by the figures, 
in which to a degree the effects described will be 
perceptible. 

It is generally apparent from Figure 16 that as the 
static load increases the road impact reaction increases, 
but that the ratio of the impact reaction to the static 
load decreases. 

EFFECTS OF TIRE EQUIPMENT 

The next group of figures is concerned with tire 
equipments. Figures 17, 18, and 19 disclose the effects 
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Fic. 19.—Single vs. dual tire mounting as influenced by wheel load. The tests 
were made with a 5-ton truck equipped with rated-sizes of tires and operated at 
a speed of 12 miles per hour ; . 

of the several variables on dual and single tire mount- 
ings, and Figures 20 and 21 show the relations between 
overloaded and oversized tire equipments. From an 
inspection of the three figures in the first group it is 
at once evident that the dual mounting of two smaller 
tires having approximately the same total carrying 
capacity as a larger tire mounted singly, causes a 
greater impact pressure on the road for a given con- 
dition. In the case of solid tires this effect of mounting 
may be such that the impact produced with dual tires 
will represent twice as great an increase over the 
static load as that produced with a single tire. The 
reason for this difference in impact forces caused by the 
two mountings is found in the cross sections of both 
the solid and pneumatic tires. The single tire, in 
each case, offers a thicker and narrower cushioning 
medium than the dual mounting. Consequently the 
acceleration or deceleration of the truck wheel is ac- 
complished by the dual tire by less compression of the 
tire and therefore in a shorter time than a single tire. 
The acceleration or deceleration occurring in shorter 
time must necessarily be greater to produce the neces- 
sary change in vertical velocity for a given test condi- 
tion. The acceleration of the unsprung weight being 
greater, the unsprung component of the roa reaction 
is necessarily greater because it is the product of the 
acceleration times the mass of the unsprung weight. 
Given two otherwise equal cushioning media, that 
one which can effect the necessary change of velocity 
in the longer time interval will cause the lower impact 
force. These considerations lead to conclusions that: 

1. Thickness and narrowness of tread rubber are desirable in 
reducing road impact reaction. 

2. Increasing the thickness or profile height of rubber has a 
very marked effect in reducing road impact reaction in both 
single and dual mountings; and 

3. In the tire equipments tested, all of which were standard at 
the time of the tests, dual mounting caused heavier impact forces 
than the corresponding single mounting of the same total load- 
carrying capacity. 

——— 
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Fic. 20.—Effect of tire size on impact reactions resulting from drops from the 114 
by 30-inch inclined plane, using a 2-ton truck operated at various speeds. The 
overloaded tires carried a load equal to 150 per cent of their capacity, and the 
oversized tires carried the same load as the corresponding overloaded tires 
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Fia, 23.—Vertical impact reaction as influenced by truck capacity and wheel load 

Various relations between overloaded and oversized 
tires are brought out in Figures 20 and 21. It is at 
once apparent that, for truck wheels carrying the same 
load, those which are equipped with oversized tires 
cause heavier road impact reactions than those equipped 
with the rated and smaller sizes of tires. The reason 
for this is found in the dimensions of the two sizes of 
tires. If the cross sections of the two sizes of tires 
were superimposed it would be found that they differ 
markedly in width and comparatively slightly in height. 
The narrower tire would naturally be more easily 
deformed laterally, and because of this, it could effect 
the necessary change in velocity by being compressed 
a greater distance more slowly than the wider tire 
would be during a_ relatively short compression 
distance. As explained in the discussion of the dual 
and single mountings, the tire which decelerates the 
truck wheel from a given velocity comparatively 
slowly will cause a lower impact reaction on the road 
than the tire which necessitates a short, quick reaction. 
It is interesting to note, in Figure 21, that, the impact 
force is about 15 per cent greater than the static load 
for the rated size of underinflated pneumatic tires, and 
nearly 700 per cent greater for the worn-out solid tires, 
which were oversized equipment for the same truck 
and at approximately the same load. The relative 
actions of these overloaded and oversized tires supply 
further support for the conclusions with respect to the 
effect of tires stated above. 

SIX AND FOUR WHEEL TRUCKS COMPARED 

In order to determine the comparative effects of 6 
and 4 wheel vehicles, tests were made with two 5-ton 
trucks which differed. only in the rear-wheel arrange- 
ment. One was a standard 4-wheel truck equipped 
at the rear with dual pneumatic tires. The other was 
the same make and size of truck but was equipped 
with two rear axles which carried singly-mounted 
tires of the same cross section as those carried by the 
4-wheel truck. Both rear axles were driven by the 
motor through tandem differentials and the distance 
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Fig. 24.—Effect of truck capacity on vertical impact reaction as influenced by 
truck speed. The trucks were equipped with tires of rated-size loaded to 
capacity 
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Fia. 25.—Truck-spring calibration curves, indicating the characteristics of the 
springs of the several test trucks 

between axle centers was slightly over 4 feet. The 
usual truck spring was inverted, one spring being be- 
tween the two axles on each side. The 6-wheel truck 
carried on its two rear axles a total load equal to that 
carried by the 4-wheel truck on its one rear axle. 

In Figure 22, the unsprung components of the 
impact reactions of the 4-wheel truck are shown to be 
twice those of the equivalent 6-wheel truck, carrying 
the same load and operating under the same test con- 
ditions. This impact relation is particularly inter- 
esting in view of the results of other tests by the 
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Fia. 26.—Diagrams showing distribution of the load of the various trucks equipped 
t: with rated sizes of dual pneumatic t ires as used in the tests 
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Fie, 27.—Components of the vertical impact reaction as influenced by truck speed 
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Fic. 28.—Curves showing the effect of varying the unsprung weight of a 2-ton 
truck equipped with new 5-inch dual cushion tires and operated with a rear- 
wheel load of 5,100 pounds at a speed of 12 miles per hour 

bureau reported in the article entitled ‘“‘ The Six-Wheel 
Truck and the Pavement” which appeared in the 
October, 1925, issue of Pustic Roaps. ‘These tests 
showed that the stresses in a concrete pavement 
caused by a 4-wheel truck are approximately twice 
as great as those caused by a Weta truck carrying 
the same load. 

Figures 23, 24, 25, and 26 are concerned with truck 
conditions. Figure 23 shows the effect of truck 
capacity and the influence of wheel load for the repre- 
sentative impact test conditions of the drop from a 
1144 by 80 inch inclined plane at 12 miles per hour, 
with dual solid and dual pneumatic tire equipments. 
The rated truck capacities in terms of tire load are 
indicated and it will be seen that, with one exception, 
the trucks were overtired when equipped with sizes 
ordinarily specified as standard equipment, the trucks 
being fully loaded when the tires were carrying about 
90 per cent of their rated capacities. It will also be 
noted that excessive overloading has a tendency to 
eliminate effects of individual truck characteristics 
because under the extreme sprung loads the truck 
springs are not permitted to function in a normal 
manner. As indicated in Figure 23, the 2, 3, and 5- 
ton trucks are about to seek a common curve to repre- 
sent their behavior as the load increases for a given 

type of tire equipment. This does not mean that the 
reactions in pounds for each of these trucks are iden- 
tical, but that the relative effects which are expressed 
as percentages of the static load are approximately the 
same. As previously discussed, these curves also show 
that excessive loads have a great leveling effect on 
cushioning qualities‘ whether of the truck spring or 
tire equipment, and if the tires (with cushioning abili- 
ties between those of the new solid and the pneumatic 
types) were loaded to two and one-half or three times 
their rated carrying capacities it would appear that the 
increase over static load would become negligible for 
the given speed and obstruction conditions. The 
influences of the individual trucks and their spring 
characteristics are more pronounced in Figure 24, 
which shows the influence of the speed of the trucks. 
As tending to explain some of the apparently erratic 
indications of Figures 23 and 24 it should be stated 
that the truck which is designated as of 3 tons capacity 
was in reality a 5-ton chassis equipped with a 3-ton 
body. The characteristics of the springs are shown 
by the calibration curves in Figure 25 and the load 
distributions of the several trucks are given in Figure 
26. 

The vertical impact reaction separated into its com- 
ponents, caused by the sprung and unsprung parts is 
shown for a typical test condition in Figure 27. It has 
been found that the most severe impacts are obtained 
either at the shock on striking an obstruction or at the 
first rebound or drop after the obstruction has been 
passed. It is also true generally that the unsprung 
component of the road reaction is the major quantity, 
and, so long as the unsprung truck weight is decelerated 
(or accelerated) at all, it is likely to be the deciding 
factor in the total road reaction regardless of the com- 
pression of the truck spring. 

The influence of the truck spring is felt, however, as 
shown in Figure 27, and under certain conditions, 
particularly at low speeds and with pneumatic tire 
equipment, the lessening of the sprung component due 
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Fia. 29.—Effect, of tire hardness on road reaction 
using new and worn-out tires 

to the opening of the truck spring may be sufficient to 
cause the total vertical road reaction to be less than if 
the truck had been standing on the road. 

RESULTS OF AUXILIARY TESTS 

The next group of figures shows results of a few 
auxiliary tests which have been made. Figure 28 
shows the effect of varying the unsprung weight of a 
2-ton truck equipped with 5-inch dual cushion tires 
and operated with a rear-wheel load of 5,100 pounds 
at a speed of 12 miles per hour. The unsprung weight 
was varied by lead weights affixed symmetrically to 
the rear axle by means of U bolts. ahongh this study 
is not exhaustive, it indicates that minor variations of 
the unsprung weight ratio do not seriously influence 

_the road reactions. Figure 29 shows the effect of tire 
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hardness or compound on the road reaction. A 3-ton 
truck was operated at 12 miles per hour with its rated- 
size, dual, solid-tire equipment. The tires were prac- 
tically the same in cross section but varied in the hard- 

INTERNAL TEMPERATURE — OEGREES (FAHRENHEIT) 
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Fia, 30.—Effect of internal tire temperature on vertical impact reaction. The 
new tires used were 36 by 5 dual cushions. The truck was of 2 tons capacity and 
the load per rear wheel was 5,100 pounds. The unsprung weight per rear wheel 
was 1,116 pounds; and the speed was 12 miles per hour 

ness of rubber compound. They represent two stand- 
ard makes and the tests indicate that the composition 
of tires in current use is not an important factor in 
: p ; : 4 
impact reactions. Figure 30 shows the effect of in- 
ternal tire temperature up to 190° F. for a typical test 
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Fia. 31.—Effect on impact reaction of varying front-wheel tire equipment as in- 
fluenced by the rear tire load. This test was made with a 3-ton truck, having 
rear wheels equipped with rated-size dual pneumatic tires, and operated at 12 
miles per hour over the 14 by 30-inch inclined plane 

condition. A slight drop in the impact reaction is 
noted as the tire becomes warm. It was found to be 
impracticable to attain higher internal tire tempera- 
tures in the truck tests, and it is therefore not known 
what might occur under certain service conditions, 
wherein tires may reach their melting temperatures. 

The influence of single pneumatic and single solid- 
tire equipments on the front wheel of a 3-ton truck 
the rear wheels of which were equipped with dual 
pneumatic tires is shown in Figure 31. The truck was 
operated at a speed of 12 miles per hour over the 1144 
by 30 inch inclined plane. This study, though not ex- 
haustive indicates that the front wheel equipment does 
not greatly influence the rear wheel reaction. 

During the tests a certain type of new tire, which 
had a nonskid tread design now obsolete, was used on 
a truck as dual equipment. The tires were placed on 
the wheel with the tread designs opposite and then 
with the tread designs staggered. ‘The markings on 
these tires were unusually deep and by varying the 
mountings as above an exceptional variation in cross- 
sectional rubber was obtained. This change in mount- 
ing was of itself sufficient to reduce the impact reaction 
from 3,600 to 1,200 pounds at each repetition of tread 
design (or about 8 inches) along a smooth concrete road. 
From the tests made on these tires it is concluded 

that any appreciable variation of cross-sectional rubber 
or breaks in its continuity will cause heavy repeated 
impacts to be delivered to the road; and it is specifi- 
cally recommended that dual tires should always be 
mounted with the tread designs staggered. 

New French Magazine Appears 

Revue Générale des Routes, to be Published Under the 
Auspices of the Ministry of Public Works 

Announcement has been received of the publication 
in France of a new monthly magazine, the Revue 
Générale des Routes et de la Circulation Routiére, 
under the auspices of the road office of the Ministry of 
Public Works. 

Introduced by Senator Albert Mahieu, president of 
the permanent international association of road con- 
gresses, the new magazine has the backing of all groups 
interested in the solution of French road problems, in- 
cluding members of Parliament, the national adminis- 
tration, contractors, highway engineers, producers of 
road materials, and representatives of the motor ve- 
hicle industry. 

The aim of the publication, as announced by M. 
Pierre Guieu, director general, is to contribute in all 
possible ways to the reconstruction of the French road 
system and to the improvement of methods of highway 
administration, financing, and construction. 

In addition to the introduction by Senator Mahieu 
the first number contains interesting articles on grade 
crossings, slippery pavements, city street construction, 
and a technical index, including a bibliography, ex- 
tracts from reviews, and a list of patents by recognized 
French authorities on the various subjects. 

In subsequent numbers the discussion of slippery 
pavements and grade crossings will be continued; and 
among other articles promised is one on American 
roads by A. Antoine. Others will deal with the pro- 
tection of dangerous crossings, studies of road materials, 
and the construction of forest roads. The forthcoming 
issues will also contain full information with regard to 
the Fifth International Road Congress at Milan, in- 
cluding programs and itineraries. 

The offices of the new publication, of which M. 
Pierre Guieu is director general, are at 9 Rue Coét- 
logon, Paris (VI). The foreign subscription rate is 
announced as from $5 to $6. 



MAXIMUM STREAM FLOW 
A FORMULA FOR GENERAL USE 

By C. E. GRUNSKY, Consulting Engineer and Past-President American Society of Civil Engineer 

HE FOLLOWING comments on maximum stream 
flow are prompted by the article published in 
Pusuiic Roaps, February, 1926, by Capt. C. S. 

Jarvis. This article is entitled ‘‘A General Formula for 
Waterways” and its author advocates the use of a 
formula for maximum stream flow based on area and 
a variable coefficient. He has selected the Myers for- 
mula in which maximum discharge is assumed to be 
proportional to the square root of the watershed area 
as best adapted to express the increase of discharge as 
area increases. He quotes in comparison formulas for 
the maximum rate of discharge as devised by Fanning, 
Talbot, and McMath. 

All of these formulas have inherent defects and al- 
though applicable under certain conditions and in 
localities where data are available for determining the 
coefficients they obviously lack the elements which 
would make them generally applicable. The reasons 
why this must be so will be briefly set forth. 

The intensity of the rainfall and its distribution 
throughout any given watershed is one of the main 
factors which determines the maximum rate of run- 
off at the outfall point of the watershed. But maximum 
rain intensity has a wide range throughout the world. 
It is largest on small areas. It decreases, in other words, 
as area increases. The run-off producing storm may, 
moreover, have a materially different effect if the storm 
travels downstream from that which it would produce 
if it traveled upstream. 

The outline of the watershed, whether compact or 
elongated, broad at the base or narrow at the base, 
affects the rapidity of water concentration and there- 
fore the peak run-off rate. 

The gradient of the main lines of flow along which 
the water moves to arrive at the outfall determines 
the time which it takes the water from the various 
subdivisions of the watershed to get to the outfall 
point, and, therefore, the topographic and geographic 
features of the watershed must be regarded as having 
an effect upon the maximum rate of run-off. 
Finally there is the effect of the size of the watershed 

on tbisrate. The maximum rate of rainfall, considered 
as an average over large areas, grows smaller as the 
areas in question grow larger; and in consequence 
the rate of run-off per unit of surface must likewise 
be smallest for the largest area. 

It follows that every formula of the type of those 
which are noted by Captain Jarvis in his contribution 
are seriously at fault because they do not contain a 
rain-intensity factor. They are serviceable at the best 
only when the areas to which they are applied are 
similar in general topographic characteristics, in out- 
line, in geologic surface structure, and in meteorological 
conditions. When this is the case, and then only, 
can such formulas be used, with some confidence, to 
approximate the maximum stream flow from water- 
sheds of various areas, based always, however, on the 
known maximum stream flow from at least one area of 
similar characteristics which will serve to establish 
the value of the variable coefficient which appears in 
the formula. 

GENERAL FORMULAS MUST INVOLVE RAINFALL INTENSITY 

Any formula for general application must take into 
account the intensity of the rainfall which produces 
maximum stream discharge. This intensity when 
applied to an area of some extent, in contradistinction 
to a single point, decreases as the area increases. 
Furthermore the larger the areas of similar shape, the 
longer will it take the run-off to reach the outfall 
point. And, moreover, less time will be required for 
run-off waters to reach an outfall point from a fairly 
circular compact area than from an area which is much 
elongated. 

It follows that the time which it takes the run-off to 
reach the outfall point from the various subdivisions of 
a watershed is an important element to be considered in 
devising a formula for the maximum stream discharge. 
Whenever it is possible to approximate the time (t) 
required for the maximum concentration of run-off 
water at the outfall point, it is possible also to compute 
from the known weather or meteorological conditions 
the volume of the precipitation in this concentration 
period, and this volume of water can then be made the 
starting point in the estimate of storm-water discharge. 
The further modifying factor depending on the absorp- 
tive properties of the surface of any area in question 
must also be taken into account and, because these 
surface conditions are variable, will necessarily appear 
in any formula as a variable. The effect of the reten- 
tion of water in depressions or basins, such as lakes, 
swamps, and the like, when these are relatively small, 
will generally be sufficiently taken care of in the deter- 
mination of the time to be allowed for run-off concen- 
tration. When a relatively large area of a watershed 
is lake or swamp surface, special consideration must be 
given to the effect of storage on the run-off and on the 
maximum stream flow, and ordinary formulas will no 
longer apply. 
A rather complete analysis of this subject has been 

attempted by the writer, the results of which were 
contributed to the American Society of Civil Engi- 
neers.!. It will not be necessary to review this analysis 
which showed the intimate relation of maximum 
stream discharge to maximum precipitation intensity. 
It will suffice to say that it led to the following sug- 
gestions: 

1. The maximum rainfall intensity can, for all practical pur- 
poses, be expressed by the formula 

C 
Ser uatae he Soman ee ee (1) 

where J represents the maximum rain in inches per hour during 
the time ¢ (in minutes), and C is a constant for any locality to be 
determined from the known maximum rate of rain in one hour, 
whenever small areas are involved, and from the maximum rain 
in some longer period, as, for example, 24 hours when large areas 
are involved, Thus, for example, if the maximum rainfall R, in 
one hour (60 minutes) is 1 inch then 

= 

C a 
i) = ie C= on st R 60 and C 60, or (6705) 

1 The Sewer System of San Francisco, and a Solution of the Storm-water Flow 
Problem. Trans. Amer. Soc. of Civ. Engrs., Vol. LXV, p. 294; and Rainfall and 
Run-off Studies. Trans. Amer. Soc. of Civ. Engrs., Vol. LX X XV (1922), p. 66. 
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This is a value which will apply to some Pacific coast conditions. 
Or again if it be known that the maximum precipitation in 24 
hours over some large area in question is 4 inches then 

In=5q=0. 167 and 0. 1; oe making C=6.3 

In the Middle West and on the Atlantic coast the values of the 
constant in the rainfall intensity formula will generally be three 
to five times as great for small areas and two to three times as 
great for large areas as on the Pacific slope. 

2. The formula for maximum storm-water flow should take 
into account this maximum possible rain intensity and the topo- 
graphic and soil characteristics of the watershed. Such a formula 
should, therefore, include as one of its elements rainfall intensity 
as deduced for the region in question from meteorological con- 
ditions, and the time of run-off concentration, and, also, a variable 
factor based on the soil characteristics of the watershed. 

A GENERAL FORMULA RECOMMENDED 

These considerations have led the writer to adopt 
and recommend a formula for maximum stream flow 
which is as simple as could well be desired and which 
will give dependable results whenever adequate data 
relating to rainfall and the surface characteristics of the 
watershed are known. The Jarvis modification of the 
Myers formula reduces it to a mere skeleton, making 
the maximum discharge proportional to the square 
root of the area, but retaining therein a factor p or P 
which the engineer must evaluate on some information 
relating to the same factors which enter into the type 
of formulas intended for more general application. 
The principal purpose of the Jarvis formula, and this 
only within certain limits, seems to be to approximate 
discharge from a watershed when the Avene from 
some other watershed of similar surface character and 
in the same general region is already known. 

Other formulas such as the McMath formula and 
the Burkli-Ziegler formula? take rainfall intensity into 
account. They are in a different class from the Myers 
formula as modified by Captain Jarvis and such other 
formulas as those of Kuichling, Fuller, and Metcalf 
and Eddy in which the precipitation factor does not 
appear. But even the McMath and Burkli-Ziegler 
formulas have their limitations which it is not proposed 
to discuss at this time. 

The formula which the writer suggests as one for 
general use is as follows: 

Da=4i3'eM hs tse Ut ees ee eee (2) 
In this formula D,z=maximum rate of discharge from the 

watershed in second-feet. 
M=watershed area in square miles. 
a=a variable coefficient depending on the 

character of the surface of watershed. 
I=the maximum average rainfall intensity 

throughout the entire watershed, ex- 
pressed in inches per hour, during the 
time (¢) in minutes, which is the time 
that it will take water under maximum 
rainfall conditions to concentrate at 
the outfall point and produce maxi- 
mum discharge. 

It is to be noted that the application of this formula 
to a part only of a watershed may give a result larger 
than that obtained under its application to the entire 
watershed. This is not inconsistent; but in that event 
the larger value of D,,, whichever it may be, will repre- 
sent the desired maximum stream flow. 

be and Run-off Studies. Trans. Amer. Soc. of Civ. Engrs.,Vol. LXXXV, 
p 

For use in the formula the value of J, the rain intensity 
which produces maximum discharge, is to be ascer- 
tained as already explained. The coefficient a which 
represents the effect of soil absorption must decrease 
as the time which it takes the water to reach the out- 
fall point increases. or a small impervious area, a=1. 
These facts have suggested the following expression 
for a 

The coefficient ¢ in this equation is to be determined 
from the surface conditions of the watershed and the 
following values are tentatively suggested: 

HOT IM PervVAOUs cre AS sere eee re c=0.1 
HOrAMOuUntaINOUS Tareas. same = eee c=2.0 
Horrolling country scan eee as ee ee eee c=3.0 
For rolling and flat country (by interpolation) c= (3 to 10) 
For flat country (ordinary soil) é=10:0 
FF ORSSANG Vere 210115 mere eae ee teres eee a 

These values are intended to apply under ordinary 
conditions in temperate climates. They are probably 
too small in localities where rain falls on frozen ground 
or on snow. 

TaBLE 1.—Values of the coefficient, a, computed from the formula, 

vase’ for use in the formula Dn=413 aMI a= = 
60+cy t 

Imper- Moun- Rollin 
7 ; g Flat Sandy 

Critical time (¢) minutes vious | tainous | gountry | country | regions areas areas ree paged pal 
c=0,10 c=2 

Bilt Wo Se eee 1.00 0. 93 0. 90 0. 73 0.35 
LO Ses So a ee eae 1.00 . 90 . 87 . 66 wal 
20S. ee Be a ee et 99 . 87 . 82 57 21 
S002 ee eS Dy DD ON See -99 - 85 79 52 18 
60: 5 2 oan ee eee es 99 .79 72 44 453 
120 2 Aes ere eee ee, a ae - 98 73 65 Adi) . 099 
180: 2 ee ee er See . 98 . 69 60 vol . 082 
600s ate Miler ere r ores 196) 155 45| 120 ‘047 
1440 et ee eee eS - 94 | 44 35 14 . 031 
45200 22.2 Se eee ee . 88 | . 26 19 . 066 . 014 
14,400 5 24 2 eee BE ese an . 83 . 20 14 . 048 . 010 
28,800 22 eee OLS Tene a . 78 15 11 . 084 . 007 

Wherever dependable information relating to maxi- 
mum storm water discharge exists for one or more 
streams which are comparable in the matter of surface 
characteristics with those of some stream for which 
the maximum possible discharge is to be ascertained, 
then the proper value of a or of ¢ can be determined 
with fair fopeneinilnes 

It remains to be stated that the simple relation ex- 
isting between J and R# permits of a substitution of R 
for J in the formula which may therefore be written in 
two forms: 

1. When J—that is, the maximum intensity of rain on the 
watershed during the critical time—+t, has been ascertained then 
as already noted: 

Dn=413 aMI 

2. When R—the maximum rainfall (in inches) in one hour, is 

known then, because J = Pye » there will be: 

_3,200 aMR 

vt 

APPLICATION OF FORMULAS ILLUSTRATED 

The application of these formulas can best be illus- 
trated by a few examples: 

Din 
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Example I—What is the maximum discharge of a 
river draining a mountain watershed of 1,900 square 
miles, in which the maximum amount of rain averaged 
for the entire watershed is 8 inches in 24 hours, and for 
which the critical time, t, is 12 hours or 720 minutes? 

Here c=2 and therefore from equation (3) 

60 

*~60-+2y720 °°? 
This value of a could have been taken from the table 
inthe mountain column by interpolation. 

Equation (1) gives 

8 /T440— C=54% 1,440=12.6 

and 

T= pn 0eT inches per hour. 

Therefore from (2) 

Da=413 X0.53 X 1,900 X 0.47= 195,000 second-feet 

or; because 

12.6 
fea —— 1.05. 

60 

Therefore from (4) 

iy ES A SS 195,000 second-feet. 
720 

The conditions suggested in this example are com- 
parable with those which prevail in the watershed of 
the American River above Folsom, Calif., which 
from a watershed of 1,900 square miles has probably 
discharged 180,000 to 200,000 second-feet at the peak 
of a flood period (1861-62). 

Example I.—What is the maximum discharge of a 
river draining a watershed three-fourths mountainous 
and one-fourth rolling or foothill land, 9,000 square 
miles in area, in which the maximum amount of rain 
in two days over the entire watershed is 6 inches and 
for which t=80 hours or 1,800 minutes? 

Here a will be found by interpolation between two 
columns of the table or 

60 60 
= Ot eS fa J ih aaa eS . 

- Aaa. +74 (sox8 JER) p82 
Equation (1) gives 

ss 

Oss oo ee C=7QV2,880=6.7 

and 

Frag 0-158 inches per hour. 
? 

Therefore from (2) 

Dyn=413 X 0.39 X 9,000 x 0.158= 229,000 second-feet. 

The conditions suggested in this example are com- 
parable with those which prevail in the watershed of 
the Sacramento River, Calif., at Red Bluff, where 
the maximum recorded discharge has been about 
250,000 second-feet. 

Example III.—What is the maximum discharge of a 
river draining a watershed of 250,000 square miles, 
equal parts of which are mountains and rolling country. 
in which the greatest amount of rain in one month over 
the entire watershed is 6 inches and for which the 
critical time, t, is 20 days or 28,800 minutes? 

ie 

Here a is again to be found by interpolation between 
the two columns of the table or: 

a=1/2( 5 aaa) WAlGessp gaa. =0.13 

Equation (1) gives: 

Cpe ee 
C=759V¥43,200= 1.73 

1.73 J=-— 2 =9, Jas-500 70-0102 

Dm=413 X 0.13 X 250,000 X 0.0102= 137,000 second-feet. 

This third illustration is typical of the conditions 
which prevail in the watershed of the Colorado River, 
which has an area of about 245,000 square miles 
(above Yuma) and from which the maximum run-off 
is at times about 0.6 second-foot per square mile. 
When applied to small areas as in the case of studies 

for capacities of storm-water sewers, it will be found 
convenient to use the formula in its second form, equa- 
tion (4), and to express area in acres instead of square 
aes as the unit. The formula will then appear in the 
orm: 

and 

Here M’ is the area of the watershed in acres, R the 
maximum rainfall in one hour and a the coefficient 
deena by surface characteristics as shown in the 
table. 

Example IV.—To illustrate the application of the 
formula to a small area, let it be required to determine 
the maximum storm water flow from a combined urban 
and suburban area 5,000 acres in extent of which one- 
third is impervious and two-thirds rolling country, 
and which is so located that the critical time ¢ is 90 
minutes in a region for which the maximum rainfall in 
one hour is known to be 3 inches. 

In this case, using the table, the value of a will be: 

a=¥4X0. 99+ 24X0. 69=0. 79. 

Equation (5), therefore, gives 

_5X0.79X 5,000 X 3 
m /90 

This is at the rate of about 800 second-feet per square mile. 

=6,200 second-feet. 

In using any formula for maximum stream flow it 
must be remembered that the value of R as determined 
from single station records is not the value of F for an 
area of considerable extent, because the area over which 
there is coincident maximum rainfall is limited. For 
the large area this value will be somewhat less than 
that deduced for the time ¢ from single station records. 
The formula may, therefore, be assumed to include a 
moderate factor of safety when, as is customary, the 
single station records are used without any correction 
for the lapse of time between the arrival of a storm 
in one part of the watershed and its arrival in another. 

The hope is ventured that engineers who are con- 
cerned with the determination of maximum storm-water 
flow from any watershed can be made to realize that 
no formula should be considered generally applicable 
unless it includes two variables, one based on maximum 
precipitation and the other on the surface characteristics 
of the watershed. In the case of all other formulas 
their limitations should be clearly set forth. They 
should not be called generally applicable. 
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DISCUSSION = 5 
Rietermined independently | Authoritative 

By O. L. Grover, Bridge Engineer, United States Bureau of Public Roads by five engineers 

Drain- 

The need for a general waterway formula is apparent Stream and location age Re- 

when one is confronted by several formulas and tables ee | No. | No. | No. | No. | No. | Rat-| duired 
which are in use in different sections of the country. A 1 Tee Spe leat haahd gn biases iets way, 
formula is an aid in checking and comparing sizes of ae: 
waterways but is generally not sufficiently close for the | 
results to be used without the field data which should gear Creek, near Denver, ee P.ct.| P.ct.| P.ct.| P.ct.| P.ct.| P.ct.| Sq. ft 
be obtained so far as possible. No formula should be Clon 2005-0 noo n-|nnnnnnne 15.0) 914 (6p 12 Oe eae 
used to supplant reliable field information. Frequently ’ ee Barts 15:0 |./512)h 213 |) 17, Oye 24 eee eee 
rough values are wanted in a hurry and later the ta eee eae A ee aol 40%) yee oa cei eee 
checking of tentative sizes which have been determined Catoma Creek, Montgom- || 995 | 19.1/ 12| 15/100) 101'E2| sao 
in other ways is of great value. A means of comparing white River, Seattle, Wash.| 424/140) 14/ 12/150) 12 (12.3 | 22,830 
sizes is needed. It is believed such a means is at hand Rock Creek, near Gettys- | : ? 
in the published charts on which the Myers formula , Pure Pa. coy fo 21.0) 30) 25) 25.0) 25 |-..---|------.. 
has been platted. When applied on topographical _ Ottawa, Kans...’ 1,247| 141] 12) 17|180| 13] 16.6] 25,860 
maps so that drainage areas and topographical features Tallghatehie Rfokah eye (coos OEE Oe Ss WS ee oS 
are before one, great benefits should be had and Tor as te Mie eee 
minimum of labor and time. “Ferry, Idaho.” --.----- .-- 13,000 | 12.3] 12] 10/110] 12] 11.0 /2 12,600 

Formulas having more factors to represent more or pee northwest Calif. .|}25 500 | 30.0) 25 20/ 25.0) 15 bred heres) 
less independent variables may have justifiable advan- Rig Grande, Brownsville, 530, 000° 100° caer eh rent Rete ae 
tage in finding proper sizes for storm-water sewers and | 
other expensive structures, but the comparatively 
simple method suggested by Mr. Jarvis has much to 
recommend it for open country stream crossings where 
complete and accurate surveys are the exception rather 
than the rule. 

By C.S. Jarvis, Associate Highway Engineer, United States Bureau of Public Roads 

The formula proposed and successfully used by Mr. 
Grunsky is a good example of refined methods applied 
to a very elusive problem. The results are dependable 
in proportion to the basic knowledge, experience, and 
judgment of the manipulator. 
Any expression that is flexible enough to cover the 

entire field of design is also capable of yielding errone- 
ous results, because of the wide range in coefficients. 
The safest basis of control seems to be that which 
gives a direct comparison, such as the percentage scale 
affords. 

If the variations due to extent of watershed are 
accounted for by employing some definite function 
of the drainage area, whether it be the square root 
or any other, then the influence of slope, vegeta- 
tion, soil porosity precipitation, and other similar 
influences maywell be measured by changes in the 
coefficient, if the modified Myers formula is well 
founded. 

To test the Myers scale for practical purposes, 12 
problems were submitted to engineers of the highway 
and agricultural engineering branches of the United 
States Bureau of Public Roads; of the Southern Rail- 
way Co., the United States Army, and the Geological 
Survey. 

This set of problems was solved in from one to 
two hours by reference to topographic maps, rain- 
fall records, and the tabulated data published in 
connection with the paper entitled “Flood Flow 
Characteristics’? published in the Proceedings of 
the American Society of Civil Engineers, Decem- 
sew 1924, to December, 1925. The results were as 
ollows: 

1 Derived from fundamental formula, w=10 pV M, where M equals drainage area 
in agate miles, w is the waterway area required and —p the percentage rating. 

2 Rare. 
3 Frequent. 

Only first approximations were attempted in each 
case, as the time was limited, but the results are in 
close enough agreement with each other and with the 
authoritative solutions, whenever available, to serve 
as a check. 

The concensus of opinion among those who ob- 
served or participated in this test is that a single 
problem solved by other methods would ordinarily 
require nearly the same period of time as was used for 
the entire set with the Myers scale and method of 
approach. 
Among the various rational and empirical waterway 

formulas which have met with favor, such as the one 
proposed by Mr. Grunsky, there seems to be the need 
of a common denominator or means of translation of 
results. Those who have tested the Myers scale have 
regarded it as a basis of comparison, where for example 
the flood intensities of drainage areas rating 10 per 
cent and 20 per cent respectively are shown in their 
correct relation even though the watersheds may be 
unequal in extent. 

The adopted coefficient p for the modified Myers 
formula in any given case is a percentage representing 
the algebraic sum of all influences affecting run-off, and 
in this group rainfall, slope, and soil porosity are of 
prime importance. 

Since the publication of the article ‘‘A General 
Formula for Waterways” in Pusiic Roaps, Febru- 
ary, 1926, two diagrams have been prepared for use in 
determining the Myers scale rating of a stream where 
the drainage area and the discharge are known. In 
the diagram on page 87 the ordinate qg represents the 
run-off per square mile while the diagram on page 88 
employs Q, the total discharge in cubic feet per second 
corresponding to the observed flood stage. These 
he a are intended as an appendix to the former 
article. 

——— SS 
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SURVEY OF SOILS AND PAVEMENT CONDITIONS IN 
PROGRESS IN MICHIGAN 

By V. R. BURTON, Engineer on Special Assignments, Michigan State Highway Department 

COMBINED pavement condition and soil sur- 
A vey was begun by the Michigan State High- 

way Department late in the fall of 1925. The 
work was discontinued because of extremely wet 
weather and subsequent freezing. At the time the 
operations were temporarily halted 108 miles of pave- 
ment-condition surveys had been made and 16 miles 
of general soil surveys were finished. The plans for 
1926 include the survey of the remaining 2,000 miles 
on the State highway system. Whether the work will 
be accomplished depends to some extent upon the 
funds available. However, it is the intention to cover 
during the coming season at least a large variety of 
soils and pavement designs. Sufficient work has been 
done already to determine upon adequate methods 
for collecting and classifying the information; and the 
1926 work will be begun with a clear understanding 
of the organization and methods necessary to com- 
plete the survey. Acknowledgment should be made 
of the material assistance secured from a study of the 
methods of the Pennsylvania State Highway Depart- 
ment pavement-condition survey. 

The building of concrete pavements in Michigan 
has been going on at an increasing rate for the past 
15 years, and it is probable that they will continue to 
be the predominating type of hard-surfaced road in 
the State. The designs of pavement slabs vary from 
the old 6-8-6 cross section with expansion joints at 
30-foot intervals, through the 7 and 8 inch uniform 
thickness with or without expansion joints, to the exist- 
ing 1924 sections with 10-8-10, 9-7-9, and 9-6-9 
dimensions varied to suit the demands of traffic and 
the character of the subgrade. Various methods of 
subgrade treatment of the porous subbase type have 
been used in a more or less experimental wae since 
1921. Different designs of subdrainage and _ steel 
reinforcement have been in use throughout the same 
period. ; 

The service records of the different types of design 
throughout the State should furnish some valuable 
information. It only remains to collect and classify 
these data for the purpose of deciding upon the relative 
effectiveness of the various methods of design. In- 
formation concerning the methods of construction, 
materials, and workmanship has been recorded by the 
State highway department especially on the more 
recent State-supervised jobs. The pavement survey 
was projected, therefore, to cover the major portion, 
if not all, of the pavements laid to date. 

Lack of knowledge of the kinds and properties of 
subgrade soils is the most serious obstacle to a better 
understanding of the differences in the behavior of 
avements laid under apparently identical conditions. 

tt has been felt that this factor must be taken into 
consideration to make the pavement-condition survey 
of any great value. It seems to be generally believed 
that most sandy soils provide a good subgrade while 
clay soils as a rule are poor subgrade material. The 
intermediate type, however, with which we are more 
often concerned seems to be little understood or, 
worse still, not even recognized. 

The decision has been made, therefore, to carry on a 
soil survey concurrently with the pavement survey 
for the purpose of determining the proper subgrade 
and pavement design suitable for a particular soil 
type under given climatic and traffic conditions. A 
discussion of this phase of the matter with the official 
in charge of the land economic survey being carried 
on in Michigan brought out the fact that about one- 
third of the State had been covered by some sort of soil 
survey by that agency and the State agricultural 
college, both in cooperation with the Bureau of Soils 
of the United States Department of Agriculture. The 
older soil maps are, for our purpose, of limited value 
only since the science of soil mapping and testing has 
been undergoing almost as rapid a change as that of 
highway engineering. In addition, the condition and 
properties of a subgrade soil must be determined in 
greater detail and from a different viewpoint than even 
the most recent agricultural soil maps will permit. 

BUREAU OF SOILS SURVEYS REDUCE LABOR OF SUBGRADE STUDY 

By adopting the Bureau of Soils classification of 
series and types and profiles it seems possible to dimin- 
ish to a considerable extent the amount of laboratory 
testing. or instance the Fox sand is distributed quite 
generally over this State and differs only slightly 
throughout the whole area. The recognition of the 
fact that a given soil type in any particular climate and 
under similar conditions of drainage is bound to be 
much the same regardless of the location where it is 
found is a new idea to the highway engineer and not a 
very old one to the agricultural soil expert. The 
work of the Bureau of Soils together with our own 
State agencies has made soil mapping for highway 
purposes a practical possibility although this work was 
conceived and carried out almost exclusively for the 
uses of agriculture and forestry.! 

About 100 different types of soil have been identified 
and mapped in Michigan up to the present time. 
While this may seem a large number it should be borne 
in mind that once a type is recognized and tested, very 
little future testing will be necessary. If every different 
soil encountered on a highway had to be tested in the 
laboratory the expense and labor involved would be 
prohibitive. The value of the Bureau of Soils maps 
is that they indicate the location of the various types, 
so that when the subgrade characteristics of all types 
have been determined the simple identification of the 
type will, in most instances, be sufficient to stamp the 
subgrade as good or bad. 

The pavement condition survey party consists of 
one engineer familiar with construction and three 
assistants. Two of these assistants chain the pave- 
ment, marking it at every 20 feet and painting the 
station number every 100 feet. The third assistant 

(Continued on page 92) 

1 Methods of making soil surveys for highways using Bureau of Soils maps are 
discussed by A. C. Rose in PUBLIC RoOADs, “‘ Practical field tests for subgrade soils,’ 
v. 5, No. 6, August, 1924, ‘“‘Field methods used in subgrade surveys,” v. 6, No. 5, 
July, 1925, and ‘‘The present status of subgrade studies,’ v. 6 No. 7, September, 
1925 
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TESTS) OF GONGRETEGIN 7] BENSON 
By A. N. JOHNSON, Dean, College of Engineering, University of Maryland 

ative work between the University of Maryland, 
the State Roads Commission of Maryland, 

and the United States Bureau of Public Roads. 
The purpose was to obtain more data as to the rela- 

tive strength of concrete specimens in compression 
and tension, the tension specimens to have a cross- 
sectional area equal to those of the compression 
specimens. 

To do this required special apparatus which was 
designed and made in the shops of the University of 
Maryland. Each tension specimen consists essentially 
of a cylindrical section, on each end of which inverted 
frustums of cones were made, so that the total length 
of the specimen was nearly 21 inches. The cylindrical 
portion of the specimen was the size of the cylinders 
used in the compression tests, 9 inches long by 41% 
inches in diameter. The tension test specimens 
were cast in brass moulds which were split their entire 
length and bolted together. Before casting a specimen, 
the moulds were rubbed with an oily rag. The con- 
crete was put in from one end and tamped with a rod. 
As the concrete was placed in the moulds, they were hit 
with a wooden mallet which resulted in a concrete free 
from small air pockets. The compression specimens 
were cast in steel moulds which were made by splitting 
seamless tubing along one element of the cylinders 
and holding the edges together by means of bolts 
attached to lugs. Compression specimens were tamped 
as the concrete was poured in one end and these 
moulds also were struck with a wooden mallet. 
From a given batch of concrete, three specimens 

were made to be tested in compression and three in 
tension. No particular care was taken, however, 
that subsequent batches should have the same water 
ratio. ‘The quartz sand used contained 4 to 5 per cent 
of silt, wet measure, and a trace of inorganic impurities, 
and had a fineness modulus of 3.28. The coarse 
aggregate was limestone not exceeding 1 inch in size, 
with a fineness modulus of 6.20. 

qe TESTS here described are the result of cooper- 

APPARATUS FOR TENSION TEST 

In the design of the apparatus to hold the tension 
specimen, special care was taken to insure that the 
geometric axis of the tension specimen should coincide 
with the line of force applied to the specimens by the 
testing machine. For this purpose there had been 
made a split aluminum cylinder of inside diameter and 
length equal to the diameter and length of the 
cylindrical portion of the tension specimen; and two 
conical, split, brass ends the smaller diameter of which 
was sufficient to permit them to be passed over the 
ends of the test specimen. In preparing the specimen 
for testing the aluminum cylinder was placed around 
the cylindrical portion and held in place by a wooden 
clamp. The brass ends, their two halves bolted 
together, were then passed over the conical ends of the 
specimen until they rested on flanges provided at the 
ends of the aluminum cylinder, using this cylinder to 

1 This paper is substantially the same as a paper presented by the writer at the 
pom meeting of the American Society for Testing Materials, Atlantic City, N.J., 
June 22-25, 1926. 
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center them with reference to the axis of the specimen. 
There was thus left an annular space between the 
brass end pieces and the specimen, which was filled 
with molten rosin poured through holes in the top of 
the brass ends. As soon as both end pieces had been 
thus placed, the aluminum centering cylinder surround- 
ing is center portion of the specimen was removed. 
Reference to Figure 1 will show the arrangement of the 
specimen and the apparatus. The diagram shows 
clearly how, by means of links and pins with rocker 

LINK 

ROCKER BEARING 

CONICAL SPLIT 

BRASS ENDS 

SPACE FILLED 

WITH MOLTEN 

FILLER AFTER 
ENDS ARE FOR BOLTS 

CENTERED. 

SPLIT CYLINDER FOR 
CENTERING THE BRASS 

ENDS. REMOVED AFTER 
FILLER 1S POURED AND 
HAS HARDENED. 

‘SCREWS TO SPREAD 

CYLINDER WHEN 

REMOVED. 

CONGRETE SPECIMEN 

LINK 

V4 1 
Fic. 1.—Diagram showing the arrangement of the specimen and the apparatus for 

the tension test 
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Fic. 2.—Diagram showing the ratio of tensile to compressive strength of concrete and mortar specimens of various ages 

bearings, the specimen was mounted in the machine 
in such a manner that there was no twist or eccentric 
loading of the specimen during the application of the 
load. 
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Fic. 3.—Relation of load to deformation of a 1:2 mortar specimen tested in tension 

The compression tests were made with a spherical 
bearing block and usually a very thin cap of plaster 
was applied to the ends to insure flat bearings. 
A 100,000 pound Riehle machine was used for these 

tests, the load being applied slowly by hand at a rate 
not exceeding 10,000 pounds per minute. In operation, 
the apparatus worked very satisfactorily. 

The specimens were stored in damp sand for about 
two weeks and then removed to a room in the labora- 
tory. They were tested at various ages up to 8 or 
9 months. 

The lack of any attempt to control the water ratio 
and the comparatively short period of curing accounts 
for the irregularity in the results when compared with 
the age of the specimens. Asit was the intent primarily 
to study the ratio of tension to compression strengths, 
it was not necessary, in fact it was probably better, 
that there should be a variety in the specimens that 
would correspond with variations that might be 
expected in most commercial work. 

ractically all the concrete tension specimens broke 
within or near the middle third of the cylindrical 
portion of the specimen, whereas a greater number of 
the mortar tension specimens broke near one clip or 

the other. In all instances, the breaks were nearly 
planes perpendicular to the axis of the specimen. 

RESULTS OF THE TESTS 

The results obtained are detailed in Tables 1 and 
2. Table 1 shows the results for the mortar speci- 
mens, which were mixed 1 part cement to 2 parts sand. 
Table 2 shows the results obtained with concrete 
mixed 1 part cement, 2 parts sand, and 3 parts coarse 
aggregate. From the tables it will be noted, first, 
that the ratio of tensile to compressive strength is 
practically the same for the mortar specimens as for 
the concrete, and, second, that for specimens up to 90 
days old the ratio in each case varies from about 15 
per cent to about 8 per cent, and after this period, the 
ratio becomes practically constant at 8 per cent. It 
is apparent that during the first 60 to 90 days the 
increase in tensile strength is not as great as the in- 
crease in compressive strength, but beyond this time 
it appears that both are modified in practically the 
same ratio. The relation of these Bitte is Shown in 
Figure 2. 

The agreement of the results seems so persistent, 
over such a wide variation in the character of the 
concrete that there is considerable definite evidence 
as to the ratio between the tensile strength and com- 
pression strength. Thus, in any given case the com- 
pression strength being determined, the tensile strength 
is made known with sufficient accuracy for most 
purposes. 

During these experiments, a few measurements were 
made to determine the elastic curve of the concrete 
in tension. It is, perhaps, sufficient here to state a 
few of the results obtained. 

TaBLe. 1.—Results of compression and tensile strength tests of 
cement mortar, 1:2 mix 

[Cross-sectional area of specimens, 16 square inches (approximately). Each result 
the average of tests of 3 specimens] 

Ratio 6 | pe | | ‘ 
Om- |m,.ci1,| tensile | Som- |m,..:7, | tensile 

Age pressive ne to com- Age pressive aad to com- 
Strength, 8 |pressive | \strength 8 pressive 
| | strength strength 

| | | | 

Lbs. per| Lbs. per | Lbs, per| Lbs. per 
S547. | sa. Pac. SO. dts sg. ie |) Pee 

2) GS YSaoe==s= 2, 510 349 14 || 162 days.____-_- | 6,123 399 7 
«AT days 2223.2 hero, S27 i ee 421 HW 167, dayst = -2- | 6,750] 481 6 
DO. CAY So ease | 2,640 | 442 17 || L783 days_-<--.- 7, 133 | 466 ij 
70 daysoce wee 4,990 | 434 | Q || 184 days__._--- | 5,790} 525 9 
85 days___-__.-| 4,200} 370 9 || 191 days______- | 6,340} 630 10 
iBidays. 2s: 6, 230 | 347 | 6 || 198 days__-.--- | 5,420 | 494 9 
130 days---— 2-3" 7,140) || 489 | dae L09 Gayso.. 2-8 | 5,873 | 496, 8 
141 days..-=--- | 7,183 | 434 | 6 1 212 days | 5,613 541 10 
Lp ays 7, 577 | 488 6 | 253: days: 2 6, 663 | 547 8 
156 days_.----- 7, 223 | 583 | 8 1 255 days______- | 6, 183 | 505 8 
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TABLE 2.—Results of compression and tensile strength tests of 
cement concrete, 1:2: 3 mix 

[Cross-sectional area of specimens, 16 square inches (approximately). Each result 
the average of tests of 3 specimens 

| Bee 5 pecs 
Com- : tensile om- : ensile 

Age pressive Fonsi to com- Age pressive eee to com- 
strength 8 ‘pressive strength pressive 

| strength strength 

Lbs. per| Lbs. per| Lbs. per| Lbs. per 
Sq. in. | sq. in. BP iC Sq. in. | sg. in Pit, 

LSIGaVS. ga naee 1207 a| see {ees IBidayseeesnes 1, 847 155 | 8 
Boa Sea seeee 2, 160 349 | 16 186 days 2=5_—- 4, 280 326 | 8 
BOIGAYSEoneee ee] 3, 197 335 | LOM oa dayseeeeeae 3, 773 301 | 8 
69:\daysss2—--5 3, 043 360 12 || 194 days__-___- 4, 667 307 7 
S3 days-cae oe 3, 007 220 | Wali OOS Sees 2, 130 192 9 
BO days=s seco 2, 503 126 | 5 || 197 days-.----- 2, 863 235 8 
140 days: 8.22 3, 353 334 | 10 || 200 days___---- 2, 503 236 9 
146 aySussases 4, 160 369 | On ieee Vc anes 4, 260 330 8 
Lb4 aagys--s-e—-> 4,175 293 | Valluccord ay sass 38, 337 298 9 
150 GaySasnenee 3, 310 244 Ai) 289 Gays=-2es_ , 647 284 8 
LOD OR YS sea oe 3, 473 257 ie e243 dayS.uesoee 2, 797 247 | 9 
V2 Gays se 3, 023 221 Ca eeOdayse seca 8, 373 248 7 

The deformations in tension were observed by means 
of a mirror extensometer attached in a manner similar 
to that described for observations of compression cyl- 
inders in a paper by the author to be found in the 
A. S. T. M. Proceedings, volume 24, 1924, part 2, page 
1025. 

As illustrative of some of the results obtained, 
Figure 3 shows the deformations obtained upon a 1: 2 
mortar specimen, which broke at 340 pounds per square 
inch, and indicates a modulus of elasticity of 4,200,000 
pounds per square inch. The values of £ for the few 
specimens tested varied from 38,300,000 to over 5,000,- 
000 for some specimens. 

It is the expectation to carry on a more extended 
series of observations of the modulus of elasticity of 
concrete in tension, particularly with Lumnite cement. 

(Continued from page 89) 

accompanies the engineer following the chaining party. 
The engineer and this assistant walk along opposite 
sides of the pavement locating the cracks and sketching 
them on specially prepared cross-section paper. All 
surface defects, such as pitting, scaling, spalling, hair 

checks, etc., are noted on the sketch. About 4 miles 
of pavement is an average day’s work for this party. 
A soil surveyor skilled in soil mapping follows the 

pavement party and uses the painted stations to locate 
the boundaries of the various soil types. A strip of soil 
200 feet wide is mapped. After the mapping is com- 
pleted the soil surveyor returns over the same route 
and selects typical soil samples which are sent to the 
laboratory for routine tests. A sufficient number of 
samples are tested to determine the extreme upper and 
lower limits of variation within the type. 

Both the pavement condition and the soil surveys 
are forwarded to the main office immediately upon 
completion of the field work and the information is 
transferred to the original plan which is on a scale of 
100 feet to the inch. This sketch is easily readable 
when the work is done by a neat draftsman and the 
complete results may then be easily studied or com- 
pared. The type of soil, and depth of the roadway in 
the soil profile, the grades, cross section, surface and 
subdrainage are all noted and may be read at a glance. 
Surface data sheets of the pavement survey are pre- 
pared in such a way that separate sections of road may 
e compared slab by slab. The surface data sheets 

give the slab lengths, number and kind of cracks, the 
pavement classification based upon the length of the 
unbroken slab and the area of the pieces of broken 
slab, the amount of scaling, spalling, and hair checking, 
etc. 
A study of one phase of the soil survey—the subsi- 

dence of fills in peat marshes—has been practically 
completed. The fills were cross-sectioned by borings 
so as to determine the actual shape of the floating fill. 
The classification of the peat strata was made in ac- 
cordance with the system developed largely by Dr. 
Alfred P. Dachnowski, of the Bureau of Plant Industry 
of the United States Department of Agriculture. 
Testing of peats in accordance with the standard soil 
methods is impossible since oxidation takes place unless 
the sample is kept continually moist with the result 
that a totally different class of material remains. No 
screen analysis is practicable and shrinkage tests and 
bearing values must be obtained from the moist mate- 
rial without initial compression. 

O 

OO 



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

ANNUAL REPORT 

Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 

DEPARTMENT BULLETINS 

No. 105. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 

*136. Highway Bonds. 20c. 

220. Road Models. 

257. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

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

*347. Methods for the Determination of the Physical Prop- 
erties of Road-Building Rock. 10c. 

*370. The results of Physical Tests of Road-Building Rock. 
15ce. 

386. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 

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

388. Public Road Mileage and Revenues in the New Eng- 
land States, 1914. 

390. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 

407. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 

*463. Earth, Sand-Clay, and Gravel Roads. 15c. 

*532. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537. The Results of Physical Tests of Road-Building Rock 
in 1916, Including all Compression Tests. 5c. 

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

*660. Highway Cost Keeping. 10c. 

670. The Results of Physical Tests of Road-Building Rock 
in 1916 and 1917. 

*691. Typical Specifications for Bituminous Road Materials. 
10e. 

*704. Typical Specifications for Nonbituminous Road Ma- 
terials. 5c. 

*724, Drainage Methods and Foundations for County 
Roads. 20c. 

*1077. Portland Cement Concrete Roads. 15c. 

*1132. The results of Physical Tests of Road-Building Rock 
from 1916 to 1921, Inclusive. 10c. 

1216. Tentative Standard Methods of Sampling and Testing 
Highway Materials, adopted by the American Asso- 
ciation of State Highway Officials and approved by 
the Secretary of Agriculture for use in connection 
with Federal-aid road construction. 

* Department supply exhausted. 

No. 1259. Standard Specifications for Steel Highway Bridges; 
adopted by the American Association of State High- 
way Officials and approved by the Secretary of 
Agriculture for use in connection with Federal-aid 
road work. 

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

DEPARTMENT CIRCULARS 

No. 94. TNT as a Blasting Explosive. 
331. Standard Specifications for Corrugated Metal Pipe 

Culverts. 

MISCELLANEOUS CIRCULARS 

Federal Legislation Providing for Federal Aid in High- 
way Construction. 

62. Standards Governing Plans, Specifications, Contract 
Forms, and Estimates for Federal-aid Highway Proj- 
ects. 

No. 60. 

FARMERS’ BULLETINS 

No. *338. Macadam Roads. 5c. 
*505. Benefits of Improved Roads. 5c. 

SEPARATE REPRINTS FROM THE YEARBOOK 

No. *727. Design of Public Roads. 5c. 
*739. Federal Aid to Highways, 1917. 5c. 
*849. Roads. 5c. 
914. Highways and Highway Transportation. 

OFFICE OF PUBLIC ROADS BULLETIN 

No. *45. Data for Use in Designing Culverts and Short-span 
Bridges. (1913.) 15c. 

OF RICE ORME HE SECRETARY «CIRCULARS 

No. 49. Motor Vehicle Registrations and Revenues, 1914. 
59. Automobile Registrations, Licenses, and Revenues in 

the United States, 1915. 
63. State Highway Mileage and Expenditures to January 

1, 1916. 
*72. Width of Wagon Tires Recommended for Loads of 

Varying Magnitude on Earth and Gravel Roads. 5c. 
73. Automobile Registrations, Licenses, and Revenues in 

the United States, 1916. 
161. Rules and Regulations of the Secretary of Agriculture 

for Carrying Out the Federal Highway Act and 
Amendments Thereto. 

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. 20, D- 4. Apparatus for Measuring the Wear of 
Concrete Roads. 

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

Vol. 10, No. 5, D-12. Influence of Grading on the Value of 
Fine Aggregate Used in Portland Ce- 
ment Concrete Road Construction. 

Vol. 10, No. 7, D-18. Toughness of Bituminous Aggregates. 
Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 

crete Slab Subjected to Eccentric Con- 
centrated Loads. 
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