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The independent roadway design provides a high degree of safety by the elimination of headlight glare 
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Comparison of the 
Splitting Tensile Strength of Concrete 
| with Flexural and Compressive Strengths 
| 

BY THE DIVISION OF PHYSICAL RESEARCH 
BUREAU OF PUBLIC ROADS 
, 

Introduction 

} RELATIVELY simple test for deter- 

mining the tensile strength of concrete 

was devised about 15 years ago; it was de- 

| veloped independently in Japan by Akazawa 

(1)? and in Brazil by Carneiro and Barcellos 
_ (2). This test is known as the splitting 

tensile or the indirect tensile test. Because it 

has a number of advantages over the beam 

test for flexural strength or the direct tensile 

test. on cylinders, this test has been received 

| with favor in the United States for use in 

| determining the tensile strength of concrete. 

The splitting tensile test usually is made on a 

| 6- by 12-inch cylinder and no capping or 

| grinding of bearings is necessary when proper 

molds are used, and special grips are not 

required. The breaks at the failure of the 

specimen are through the vertical diametral 

plane and the location of the break does not 

_ change as it does in the flexural beam test or 

the direct tensile test. Furthermore, the 
specimens are usually smaller and less sus- 

ceptible to damage than the specimens used for 

the other two types of tension tests. Also, 
moisture content of the splitting tensile cyl- 

inder has less effect on the tensile strength 

than moisture content of a concrete beam has 
on flexural strength. A standard method for 

making the splitting tensile test has been 
| proposed by the ASTM Committee, C—9, on 

Conerete and Concrete Aggregates. 
Although an appreciable number of labora- 

| tories in the United States have used the 

| Splitting tensile test, most of the published 
data about it have been developed in Europe. 

i _ Wright (3) and Thaulow (4) concluded from 

their studies that splitting tensile strength is 
Affected less by the moisture content of the 
oncrete than flexural strength, and that the 

Splitting tensile test provides more uniform 
C7C- 

| 1G Presented at the 65th annual meeting of the American 

foe” for Testing and Materials, New York, N.Y., June 

References indicated by italic numbers in parentheses are 

don page 106, 

a i 
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Reported 1 by WILLIAM E. GRIEB and 

GEORGE WERNER, Highway Research Engineers 

Much interest has been shown in the use of the splitting tensile test for deter- 

mining the direct tensile strength properties of concrete because of the question- 

able results sometimes obtained from other tensile tests. The splitting tensile 

test was developed more than 10 years ago and has been used successfully in 

other countries, but its use in the United States has been limited. Although 

American research laboratories are familiar with the splitting tensile test, 

little research data has been published. Consequently, information on correla- 

tion of this test and the more familiar tests, such as the flexural and compressive 

strength tests, are required for evaluation of the usefulness of this test. 

As a step toward meeting the need for evaluation of the splitting tensile test, 

more than 6,000 concrete specimens were tested in the laboratory of the Bureau 

of Public Roads to compare the splitting tensile strength test results with those 

obtained from flexural and compressive strength tests. The concretes used 

in the tests were prepared with crushed stone, gravel, and lightweight aggregates. 

An analysis of the results of these tests is presented in this article. Results 

showed a straightline relation between the splitting tensile strength and the 

flexural strength. The relation between the splitting tensile and com- 

pressive strengths was curvilinear. The maximum size and the type of aggre- 

gate used in the concrete mixture had an effect on the ratio of the splitting 

tensile strength to the flexural and compressive strengths. These tests also 

showed that the splitting tensile strengths are not affected as much as the 

flexural strengths by the moisture condition of the specimens at the time of 

testing. 

results than other types of tensile tests. Test 

results indicated that splitting tensile 

strengths are about one-and-a-half times 

greater than those obtained from direct tensile 

tests and about two-thirds of those obtained 

from flexural tests. 

Two investigators in the United States 

recently published separate reports on results 

of the splitting tensile test. Mitchell (4) 

evaluated the splitting tensile test as a meas- 

ure of the tensile strength of concrete. He 

also discussed the different theoretical con- 

siderations of failures of brittle materials and 

concluded that the Mohr theory is a satis- 

factory means of expressing failure conditions 

in this test. Hanson (6) suggested the use of 

a combination of the compressive strength 

and splitting tensile strength tests to deter- 

mine the resistance of lightweight concrete for 

structures to shear and diagonal tension. He 

reported that the splitting tensile strength 

correlates with the diagonal tension or shear 

capacity of lghtweight concrete in beams 

loaded to failure. He further indicated that 

the flexural strength test results can be 

erratic when moisture distribution in beams is 

not uniform and that, therefore, flexural 

strength cannot be correlated directly with 

the load performance of concrete in structural 

members. The thought was expressed that 

the nonuniform distribution of moisture in 

concrete prepared for tests does not affect the 

uniformity of either splitting tensile strengths 

or compressive strengths as much as it affects 

flexural strengths. 

Tests by the Bureau of Public Roads 

Tests have been made in the laboratory 

of the Bureau of Public Roads during the 

10-year period, 1951-1961, to determine the 

relation shown between the splitting tensile, 

flexural, and compressive strengths of many 

97 
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concretes. During this period, more than 

2,000 tests of each type were made. The 

major variables in these tests were: the 

type and size of coarse aggregate, the cement 

content, the moisture content of specimens 

when they were tested, and the age of the 

concrete at time of the test. 

The specimens were prepared and tested in 

accordance with the applicable ASTM meth- 

ods and, except when so noted, were continu- 

ously moist cured until test. The splitting 

tensile and compressive tests were made on 

6- by 12-inch cylinders, and the flexural tests 

were made on 6- by 6- by 21-inch beams that 

were loaded at the third points. All speci- 

mens were cast in metal molds. 

Most of the splitting tensile tests were made 

in connection with other investigations; con- 

sequently, materials, mixes, and ages of 

concrete differed greatly. Twelve different 

brands of cement and four different siliceous 

sands that had fineness moduli ranging from 

2.60 to 3.00 were used in the tests. The age 

of specimens at time of test ranged from 7 to 

365 days, and the cement content ranged 

from 4.0 to 8.0 bags per cubie yard of concrete. 

To develop comparative data on _ tensile, 

flexural, and compressive strength test re- 

sults, one specimen for each type of test was 

made from a single batch of concrete; these 

Specimens were cured in the same manner 

and tested at the same age. 

Conclusions 

The results of tests made in the laboratory 

of the Bureau of Public Roads warrant the 

following conclusions. 

For a given coarse aggregate and method of 

curing, a linear relation exists between the 

splitting strength and the flexural 

strength of concrete. The relation between 

the splitting tensile strength and the compres- 

sive strength of concrete is curvilinear. 

The relation between splitting tensile 

strength and flexural strength differs according 

to the type and maximum size of the coarse 

aggregate used. The relation between split- 

ting tensile strength and compressive strength 

tensile 

also differs according to the type and maxi- 

mum size of the coarse aggregate used. 

For a given coarse aggregate and method of 

curing, the of the splitting tensile 

strength to the flexural strength is constant, 

and this relation is not affected by either the 

cement content of the concrete or the age at 

test. The ratio of the splitting tensile 
strength to the compressive strength decreases 

as the compressive strength increases; there- 

fore, this ratio is affected by both the con- 

crete’s cement content and the age at test. 

For moist-cured specimens, the splitting 
tensile strength averaged approximately five- 
eighths of the flexural strength for gravel 
concrete, two-thirds of the flexural strength 
for limestone concrete, and three-fourths of 
the flexural strength for lightweight aggregate 
concrete, Similar results are not given for the 
splitting tensile and compressive strengths 
because of the nonlinear relation that existed 
between these strengths. 

ratio 
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The splitting tensile strength of the concrete 

was affected less by drying than the flexural 

strength. This effect was more pronounced 

for concrete prepared with lightweight ag- 

gregates than for concrete made with natural 

aggregates. The reduction in splitting tensile 

strength caused by drying was greater than 

the reduction in compressive strength of the 

concrete. 

No appreciable difference existed between 

the unit splitting tensile strength of 6- by 

6-inch and 6- by 12-inch cylinders. 

Description of Test 

A brief description of the method used by 

Public Roads to make the splitting tensile 

test follows. To avoid excessive repetition, 

the splitting tensile test is referred to as the 

“splitting” test. A 6- by 12-inch cylinder was 

placed horizontally between the bearing block 

on the platen and the upper spherically-seated 

bearing block of a compression testing machine 

Table 1.—Comparison of splitting tensile 
strength with flexural and compressive 
strengths of concrete containing 14-inch 
crushed stone ! 

Compres- 
sive 

strength 
(C) 

PERC 
1, 390 
1, 350 
1, 470 
1, 960 
1,710 

Flexural 
strength 

Splitting y 
strength Ratio 

StoC (S) (F) 

Tete PSid Percent Percent 
180 350 51 
185 350 53 
210 355 59 
255 410 62 
255 380 67 

280 420 67 2, 330 
285 475 60 2, 500 
340 475 72 2, 730 
345 445 78 2, 720 
345 535 64 2, 860 

360 5 68 3, 250 
360 65 3, 160 
370 y 2, 980 
395 \ 5 |} 3,710 
395 3, 250 

410 iy 3, 780 

415) | 6 5 3, 540 
430 | 6 5 5, 070 
430 3, 810 
430 5 3, 700 

430 A p 3, 520 
435 ) v 3, 860 
445 | 530 3, 670 
465 4, 570 
500 | 7 ; 5, 320 

500 ‘ 4, 610 
50D eae 7s BC 5, 620 
505 i 5, 400 
515 5 4, 460 
525 4, 990 

530 6, 050 
‘ { 6, 050 

6, 940 
5, 210 
6, 010 

4 ¢ > > 5 

bo ~100 00 orci © 00 ero who BH  or~100 er el 

5, 790 
6, 200 
6, 730 
5, 580 
6, 720 

6, 270 
5, 940 
6, 150 
5, 660 
6, 090 

7, 370 
7, 250 

OD CSCantioo Pe Rh OnT 

1 Each strength was the average result for five tests. Speci- 
mens were stored in moist air until tested. Cement content 
ranged from 4 to 744 bags per cubic yard and age at test 
ranged from 7 to 365 days. 

Figure 1.—Cylinder in testing machine for _ 
splitting tensile test. 

so that the bearing load was applied to op- | 

posite elements of the cylinder. Strips of | 

plywood, about one-eighth of an inch thick, 

three-fourths of an inch wide, and twelve 

inches long, were placed on the upper and 

lower bearing elements of the cylinder to 

ensure uniform bearing pressure. The eyl-_ 

inder was positioned so that the center of its 

upper bearing element coincided with the cen- | 

ter of the upper bearing block of the testing | 

machine. Figure 1 shows a cylinder posi-— 

tioned in the testing machine prior to being | 

loaded. The load was applied at the rate of | 

150 p.s.i. per minute. In the proposed ASTM 

method, the load is to be applied at a rate in 

the range of 100 to 200 p.s.i. per minute or 

approximately 11,000 to 23,000 pounds per! 
minute for a 6- by 12-inch cylinder. 

break is shown in figure 2. 

The following formula * was used to caleus | 

late the splitting tensile strength of the | 

specimen: : 

fio 
ax ld 

Where, it 

T=Splitting tensile strength, p.s.i. 

P=Maximum applied load at failure, 

pounds. 

l= Length of cylinder, inches. 

d= Diameter of cylinder, inches. 
| 

Effect of Type of Coarse Aggregate | 

A study was made to determine the effect 

that the type of coarse aggregate has on the - 

relation of splitting strength to the flexural) 

and compressive strengths of concrete. Speci- 
mens were made from concretes prepared with 

a crushed limestone from a single source, a 

gravel from a single source, and lightweight — 

fine and coarse aggregates from 10 different 

sources. When natural sand was used, it was 

obtained from a single source. 

8 For derivation of formula, see reference to Wright’! 

article (3). 
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When Ff 
the cylinder failed, it split through the center 

and little shattering occurred. A typiaa | 
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Figure 2.—Typical break in splitting tensile 
test. 

Concrete prepared with crushed limestone 

The splitting, flexural, and compressive 

strengths of 48 concrete mixtures prepared 

with a crushed limestone having a maximum 

size of 1% inches are shown in table 1. The 

results have been tabulated in order of ascend- 

ing splitting strengths. The cement content of 

this concrete ranged from 4 to 7% bags per 

eubic yard, and the age of the specimens at 

time of test was from 7 to 365 days; therefore, 

a wide range in strengths resulted. The 

splitting-flexural and _ splitting-compressive 

strength ratios of identical concretes, expressed 

as percentages, also are given in table 1. The 

Table 2.—Comparison of splitting tensile 
strength with flexural and compressive 
strengths of concrete containing 12-inch 
gravel ! 

Splitting | Flexural Compres- 
strength | strength Ratio sive 

(S) (F) Sto F strength 

(C) 

Jeg e Pes. Percent 12M | Percent 

| 

; 150 250 60 1, 180 
250 450 56 1, 960 
260 410 63 2, 130 

f 270 400 68 2, 330 
280 70 1, 940 

280 68 2, 060 
295 58 2, 680 

4 300 57 2, 980 
320 63 6, 860 

64 2, 600 

59 3, 110 
62 3, 130 
66 3, 440 
53 3, 960 
58 3, 240 

54 3, 670 
53 3, 980 
58 3, 800 
50 4, 100 
56 3, 720 

61 3, 900 
68 3, 360 
80 3, 100 
55 4, 340 
69 5, 300 

4,610 
4, 440 
4, 600 
4, 120 
5, 660 
6, 660 

RKOoOwos OnNHOd 

rFPOoOOnN oO 

NOHDRO 

Oaw Io, 

1 Each strength is the average result for two to five tests. 
pecimens were stored in moist air until tested. Cement 

content ranged from 414 to 714 bags per cubic yard and age 
at test ranged from 7 to 365 days. 
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splitting-flexural strength ratios ranged from 

51 to 78 percent and the average ratio was 67 

percent; the splitting-compressive strength 

ratios ranged from 7.7 to 14.9 percent and the 

average ratio was 10.7. As can be observed 

from the data in table 1, splitting-compressive 

strength ratios tended to decrease as the 

compressive strength of the concrete increased. 

The nonlinear relation between these strengths 

shows that an average ratio is not applicable 

throughout the strength range. However, 

such a ratio serves as a useful index for 

comparison purposes. 

Concrete prepared with gravel 

Splitting, flexural, and compressive 

strengths and the strength ratios of 31 con- 

crete mixtures prepared with a siliceous gravel 

of 14-inch maximum size are shown in table 2. 

The cement contents were from 4% to 7% 

bags per cubic yard and the age of specimens 

at time of test ranged from 7 to 365 days. 

The ratios of the splitting strengths to the 

flexural strengths ranged from 50 to 80 percent 

and the average ratio was 62 percent. The 

splitting-compressive strength ratios ranged 

from 8.2 to 14.4 percent and the average 

ratio was 10.8. 

Concrete prepared with lightweight aggre- 

gate 

The splitting, flexural, and compressive 

strengths and the strength ratios of 61 con- 

crete mixtures prepared with lightweight 

aggregates are shown in table 3. The 

different fine’ and coarse lightweight aggre- 

gates, including expanded clays, slags, and 

shales, were used in these tests. Each 

aggregate was obtained from a _ different 

source and the maximum size of the coarse 

aggregates differed within a range of three- 

eighths to three-fourths of an inch. The 

cement contents of the concrete were 64 and 

8 bags per cubic yard, and the ages of the 

specimens at time of test ranged from 7 

to 365 days. The splitting-flexural strength 

ratios of the lightweight aggregate concrete 

ranged from 57 to 88 percent and the average 

ratio was 76 percent; the splitting-compressive 

strength ratios ranged from 5.3 to 11.2 per- 

cent and the average ratio was 8.0 percent. 

Relationships for types of coarse aggregate 

The relations between the splitting and 

flexural strengths of concretes prepared with 

the three types of coarse aggregate—crushed 

limestone, gravel, and lightweight—are shown 

in figure 8. The relations were linear, but 

the slopes differed according to the type of 

aggregate used. In summary, the average 

ratio of the splitting strength to the flexural 

strength was: 67 percent for the concrete made 

with the crushed limestone, 62 percent for the 

concrete made with gravel, and 76 percent 

for the concrete made with the lightweight 

aggregate. 

The relations between the splitting and 

compressive strengths of the concretes pre- 

pared with the three types of coarse aggregate 

are shown in figure 4. These relations also 

differed according to the type of aggregate 

used; but, unlike the splitting-flexural rela- 

Table 3.—Comparison of splitting tensile 
strength with flexural and compressive 
strengths of concrete containing light- 
weight aggregate ! 

Splitting | Flexural Compres- 
strength | strength Ratio sive Ratio 

(S) (F) Sto F strength StoC 

(C) 

JEM esi Percent P37. Percent 
300 445 67 3, 190 9.4 
310 430 72 3, 430 9.0 

315 520 61 3, 290 9.6 
335 460 73 2, 980 11.2 
340 435 78 3, 040 11.2 

340 505 67 4, 200 8.1 

345 445 78 3, 570 9.7 
350 510 69 4, 130 8.5 
360 485 74 4,110 8.8 

360 540 67 4, 290 8.4 

360 500 194 4, 290 8.4 
365 480 76 3, 690 9.9 

385 575 67 6, 800 5.7 

385 520 74 4, 060 9.5 

385 460 84 3, 740 10.3 

390 535 73 4, 330 9.0 
390 500 78 3, 900 10.0 
405 485 &4 4, O80 9.9 
420 565 74 4, 800 8.8 
420 565 74 5, 290 7.9 

420 560 75 6, 060 6.9 
425 580, 73 6, 060 7.0 

425 570 75 4, 480 9.5 
25 610 70 5, 300 8.0 

425 610 70 4, 870 8.7 

425 750 57 6, 300 6.7 
440, 710 62 8, 030 5.5 
44() 570 77 7, 830 5.6 
445 555 80 4, 440 10.0 
445 635 70 6, 600 Gat 

450 550. 82 5, 100 8.8 
450 575 78 5, 920 7.6 
460 610 75 5, 120 | 9.0 
460 530 87 7, 020 6.6 

470 635 74 7, 460 6.3 

470 570 82 5, 000 9.4 
470 635 74 7, 850 6.0 
470 680 69 7, 800 6.0 
480 645 74 6, 980 6.9 

480 610 < 4, 880 9.8 

485 605 80 5, O80 9.5 
490 560 88 5, 740 8.5 
490, 630 78 6, 9380 el 
490 635 77 7, 490 6.5 
490 740 66 6, 800 12 

495 re | Nh re! 5,740 | 8.6 
495 735 67 7, 590 6.5 
495 690 72 6, 340 7.8 
500 635 79 8, 610 5.8 
515 640 80 7, 760 6.6 

520 620 84 6, 660 7.8 
520 645 81 5, 790 9. 0 
525 680 77 9, 870 6.3 
530 640 83 | 8, 790 6.0 

530 685 77 7, 630 6.9 

530 650 82 6, 760 7.8 
540 630 86 6, 350 | 8.5 
540 660 82 9, 060 6.0 

555 710 78 8, 790 6.3 
565 650 87 7, 730 | 7.3 
605 705 86 | 6,840 8.8 

Average ratios______ LOG fee wee 8.0 

_ 1 Each strength is the average result of three tests. Speci- 
mens were stored in moist air until tested. Cement con- 
tent was 64% or 8 bags per cubic yard and age at test ranged 
from 7 to 365 days. 

tions, they were nonlinear. The average ratio 

of the splitting strength to the compressive 

strength for the concrete made with crushed 

stone was 10.7 percent, for the concrete made 

with gravel it was 10.8 percent, and for the 

concrete made with the lightweight aggregate 

it was 8.0 percent. 

Effect of Size of Coarse Aggregate 

Splitting, flexural, and compressive strength 

data obtained from tests on concrete made 

with crushed limestone of 1l-inch maximum 

size were compared with the data given in 

99 



Table 4.—Comparison of splitting tensile 

strength with flexural and compressive 

strengths of concrete containing l-inch 

crushed stone ! 

Splitting | Flexural Compres- 5 

strength | strength Ratio siv> Ratio 
(S) (F) Sto F strength StoC 

(C) 

ets Pkt Percent P34. Percent 
450 640 70 4, 120 10.9 

475 690 69 5, 230 9.1 

475 640 74 5, 330 8.9 
490 675 73 4, 350 11.3 

495 650 76 4, 680 10.6 

495 695 71 5, 150 9.6 
500 | 720 GOi ae lh) Sot Br eee 

505 775 65 5, 280 9.6 
505 740 68 5, 640 9.0 
505 760 66 5, 380 9.4 

510 695 73 5, 020 10.2 
515 755 68 5, 500 9.4 
515 690 75 5, 650 9.1 
520 750 69 5, 320 9.8 
520 755 69 6, 010 Sah 

520 695 75 4, 900 10.6 
525 765 69 5, 600 9.4 

525 705 74 5,010 10.5 

525 710 74 5, 560 9.4 
530 735 72 5, 100 10.4 

535 720 74 5, 110 10.5 
535 730 73 5, 5380 O77 
540 690 78 5, 410 10.0 
540 730 74 5, 620 9.6 
545 740 74 5, 770 9.4 

545 “15 76 5, 890 9.3 
545 675 81 5, 610 9.7 
545 740 74 5, 350 10.2 
550 780 7 6, 760 8.1 
550 735 75 5, 770 9.5 

555 740 75 5, 320 10.4 
555 745 74 5, 730 9.7 
555 740 75 5, 330 10.4 
555 800 69 5, 810 9.6 
560 755 74 5, 500 10.2 

560 795 70 5, 980 9. 4 
565 790 72 5, 940 9.5 
565 735 77 5, 100 11.1 
565 705 80 5, 540 10.2 

565 790 72 6, 110 9.2 

565 840 67 5, 980 9.4 
570 800 71 5, 760 9.9 
575 830 69 6, 160 9.3 
575 820 70 5, 830 9.9 
580 740 78 6, 200 9.4 

585 765 76 6, 010 9.7 
595 755 79 5, 910 10.1 

595 785 76 5, 640 10.5 

605 | 800 76 5, 940 10.2 
615 775 79 6, 450 9.5 
620 700 89 6, 140 10.1 

625 810 77 6, 050 10.3 

Average ratios____.. Lae” 2) Sey eee SZ 9.8 

1 Fach strength is the average result of three to five tests. 
Specimens were stored in moist air until tested. Cement 
content ranged from 544 to 6 bags per cubic yard and age 
at test was 28 days. 

table 1 for concrete prepared with the same 

type of coarse aggregate but having a maxi- 

mum size of 1% inches. The results of 

strength tests made at 28 days on concrete 

specimens prepared with the crushed stone 

having a l-inch maximum size and the cal- 

culated strength ratios are shown in table 4. 

These tests were made on specimens from 52 

mixes that had been prepared with 26 dif- 

ferent admixtures and with cement contents 

that ranged from 5% to 6 bags per cubic yard. 

The single age of the specimens and the limited 

range in their cement content caused smaller 

differences in strengths than were obtained 

for specimens prepared with limestone having 

a maximum size of 114 inches. 

The splitting-flexural strength ratios of 

the concrete containing the l-inch crushed 

stone ranged from 65 to 89 percent and the 

100 
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Figure 3.—Relation between flexural and _ splitting tensile 
strengths for concrete made with three types of aggregate. 
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Figure 4.—Relation between compressive and splitting tensile 
strengths for concrete made with three types of aggregate. 
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gabe average ratio was 73 percent. The splitting- 
compressive strength ratios ranged from 8.1 

to 11.3 percent and the average ratio was 9.8 

700 ae percent. ‘The corresponding average strength 
L : cers ot 

STRCNCT A ratios of the concrete containing the 1%-inch 

Io" MAX. crushed limestone were 67 and 10.7 percent, 

600 ia respectively. The splitting-flexural and split- 

ting-compressive strength relations for the 

concrete containing 1l-inch and _ 1'-inch 

crushed limestone aggregate are shown in 

figure 5. It is evident that the maximum 

size of the coarse aggregate only had a slight 

effect on these strength relations. 

500 

400 

Effect of Drying on Lightweight 

Aggregate Concrete 

300 
Tests were made at 28 and 365 days to 

determine the effect of drying on the splitting, 

flexural, and compressive strengths of con- 

COMPRESSIVE crete prepared with lightweight aggregates. 

STRENGTH One-half of the specimens tested at 28 days 

a MA, was given 7 days of moist curing at 73° F., 

which was followed by 21 days of storage in 

laboratory air at 73° F. and 50 percent relative 

humidity; the other half of the specimens 

was moist cured continuously. One-half of 

FLEXURAL STRENGTH-PS.1. COMPRESSIVE STRENGTH-PS.1I. 

200 

0 f°) : ; 
0 100 200 300 400 500 600 the specimens tested at 365 days was given 

SPLITTING TENSILE STRENGTH -P.S.1. 7 days of moist curing, which was followed 

Figure 5.—Effect of size of aggregate on relation of splitting tensile by 358 days of storage mt laboratory air; the 
to flexural and compressive strengths. other half was moist cured continuously. 

Differences in the aggregates used and cement 

: : eee : 3 : =f see 
‘Table 5.—Effect of drying on splitting tensile, flexural, and compressive strengths of contents—6/4 and 8 bags pes cubic yard of 
| concrete containing lightweight aggregate and tested at 28 days ! concrete—caused a wide range in strengths. 

The strength results of the tests at 28 days 

Bano ob sizeueth of dry speck and the ratios of splitting-flexural and splitting- 
abe . ; mens to strength of moist fi ? 

: Splitting | Flexural} Ratio | Compres-| Ratio cured specimens 3 compressive strengths are shown in table 5. 
| Curing ? strength | strength | Sto F sive SS tOC a eee a ee ene ey 1 f the tabl tai 

(S) (F) strength Rpitane | rlexteatcooutpres: 1e last three columns 0 e table contain 

sive data showing the splitting, flexural, and com- 
be a a . . . 

i P.3.i, P84, Percent P.8.i. Percent | Percent | Percent Percent DISraue strength Tatios of the dry i acta 
r Eeoist Lc Se ae a 345 445 78 3, 570 9.7 i i Wes (7 days moist cured and then dried in labora- 

; a os ey ns amt ie : of i tory air) to the wet specimens (continuously 

GIS hy A or 360 485 74 4, 110 iS Ege Re Al Se ea ec ; imile ai ; 
| |e aneinte 380 0 io7 3.70 oy a is a moist cured). Similar data obtained from 

the tests at 365 days are shown in table 6. 
| Mk eee 420 565 74 5, 290 0 ee eae ae ee, NPE ee ee 
| je Dry-------.----------------- 295 210 140 5, 120 5.8 70 37 97 

800 

MimeMioist_.._-.-__.-.--_-...---- 425 750 57 6, 300 6.7 Wr MO areal Seana 
TEA ee See a 320 210 152 5, 680 5.6 75 28 90 

Bimvioisto. 22. -2--2-.-2__.. 425 585 73 6, 060 Voted tp ||| eae |e eee ay 
| es 285 180 158 5, 740 5.0 67 31 95 
| 

: ( Ss 495 610 70 4, 870 PRPs Un Eee |p a cence 
|) yh ed See eee 350 265 132 4, 730 7.4 82 43 97 

4 600 

| JO ee 450 550 82 5, 100 8) Rae | ee eee ee eee 
|, ee 300 220 136 4, 550 6.6 67 40 89 Fi 
| a 

MMEUOISU ee oso 2. <2 28 ze 460 610 75 5, 120 O! Owed, Ses aes an ee Sane Meee eee 1 500 
|. j= eee 290 245 118 5, 550 5.3 63 40 107 x 
) 

; oe 490 560 88 5, 740 te SON aa =n. SIR seta, Sani eeceenee 2 
Ot) i oe ee 330 205 161 5, 480 6.0 67 37 95 « 400 

LOS 2 ae eee 495 670 74 5, 740 86 aah eee allie oer em eatin “t 
Le oe 330 190 174 5, 530 6.0 67 28 96 a 

a 

495 690 72 6, 340 Titan | eee eal roe eer) Been ee oon 
345 265 130 6, 510 5.3 70 38 103 fy 2 

ce Rw? DAYS MOIST CURING 

520 645 81 5, 790 OO ante ee, ae aoe ee eee 21 DAYS DRY 

375 295 127 5, 820 6.4 72 46 101 200 

530 685 77 7, 620 Wii |) Sey lp atte Al eats Sen 

325 260 125 7, 080 4.6 61 38 93 
100 

540 630 86 6, 350 at ihe Reed RB eS ters. Ale Beemer ae 

310 220 141 5, 740 5.4 57 35 90 

Average: = °6 100 200 300 400 500 600 
OK ae rr 455 605 76 5, 570 8.3 e-nn--- | wnzn-- | r--=2--- SPLITTING TENSILE STRENGTH -PS.1. 
Ree eet 315 230 138 5, 330 6.0 69 38 96 

Figure 6.—Effect of drying on relation of 

1 Each strength is the average result of three tests. Cement content was 6} or 8 bags per cubic yard, : Ae flexural and splitting tensile strengths of 

Moist specimens were stored in moist air at 73° F. continuously for 28 days. Dry specimens were stored in moist air concrete containing ligh tweight aggre- 

for 7 days, followed by 21 days in laboratory air at 73° F. and 50 percent relative humidity. 

4 Ratio of the strength of dry specimens to the strength of the corresponding moist cured specimens. gate, at 28 days. 
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Table 6.—Effect of drying on splitting tensile, flexural, and compressive strengths of 
concrete containing lightweight aggregate and tested at 365 days ! 

Ratio Splitting | Flexural 
StoF strength | strength Curing 2 

(S) (F) 

Percent 
67 

102 

67 
107 

77 
80 

62 

WMLOISts anos ce cee eee 

74 

WOISt 2s... re et saree 74 
ABS Ber ee Se ae ee 

MoiSts2..0. 42 ttene uate aee 

Ratio of strength of dry speci- 
mens to strength of moist 

cured specimens? 
Compres- 

sive 
strength 

(C) 

Ratio 
StoC 

Splitting | Flexural | Compres- 
sive 

| Percent | Percent Percent ~ = 

NO ORD MAM AM WH NH ww 

3 

oo OO Ow OD NO WwW SO BN OCOD WR ASS MNP MD To IH 

Averages: 
WlOISh 22 se. ete eee ee 

1 Each strength is the average result of three tests. _ 
2 Moist specimens were continuously stored in moist air at 

Cement content was 6% or 8 bags per cubic yard. 
73° F. Dry specimens were stored in moist air for 7 days, 

ollowed by 358 days in laboratory air at 73° F. and 50 percent relative humidity. 
3 Ratio of the strength of dry specimens to the strength of the corresponding moist cured specimens. 

From the tests at 28 days, the average ratio 

of splitting-flexural strengths was 76 percent 

for the wet specimens and 138 percent for the 

dry specimens. Corresponding ratios for the 

tests made at 365 days were 75 and 130 per- 

cent. Likewise, the average ratio of splitting- 

compressive strengths for the tests at 28 days 

was 8.3 percent for the wet specimens and 6.0 

percent for the dry specimens. Similar ratios 

for the tests at 365 days were 6.3 and 7.0 

percent. The effect of the moisture content 

of concrete containing lightweight aggregate 

on the splitting-flexural and_ splitting-com- 

pressive relations is shown in figures 6-9. The 

comparative ratios and relations determined 

in this study emphasize the importance of the 

effect of moisture content of lightweight aggre- 

gate concrete on the splitting-flexural strength 

relations. The influence of the moisture con- 

tent on the splitting-compressive strength 

relations was very pronounced in the results 

of the tests at 28 days, but no significant in- 

fluence was indicated in the results of the tests 

at 365 days. 

As stated previously, the last three columns 

of tables 5 and 6 show the ratios of the 

strengths of dry specimens to the strengths of 

the corresponding wet specimens for each of 

Table 7.—Effect of drying on splitting tensile, flexural, and compressive strengths of 
concrete containing crushed stone 

Flexural 
strength 

(F) 

Splitting 
strength 

(S) 
Aggregate and curing ! 

Crushed limestone, maxi- | 
mum size three-fourths | 
inch: 3 Percent 

28 days moist 72 
7 days moist and 21 days | 

dry 
101 

Crushed limestone, maxi- | 
mum size 114 inches: 4 

28 days moist 
1 day moist and 27 days dry- 
7 days moist and 21 days dry 
7 days moist, 20 days dry, 

and 1 day wet 

' Moist cured specimens were stored in moist air at 73° F. 
50 percent relative humidity. 

Ratio of strength of dry speci- 
mens to strength of moist 
cured specimens ? 

Compres- 
sive 

strength 

(C) 
Compres- 

sive 
Splitting | Flexural 

Percent | Percent | Percent Percent 
10.1 

8.5 

Dry specimens were stored in laboratory air at 73° F. and 

? Ratio of the strength of partially moist cured specimens to the strength of the corresponding moist cured specimens, 
3 Each strength is the average result of six tests. 
4 Each strength is the average result of five tests. 

102 

Cement content was 6}4 or 8 bags per cubic yard. 
Cement content was 6 bags per cubic yard. 

~~ eo . CS.) Oe) ee « i hl o Fag a % ee es tS x pew ge Vista § 
} ¢ . byt PA age 

= , 2 

a te ‘ie 

peers e 5 ey 

S y + 
Je 

is 

Table 8.—Effect of cement content ‘a A 
splitting tensile, flexural, and compres 
sive strengths of concrete prepared wil! 
different aggregates ! 

Splitting) Flexural Compres- | 
Cement |strength|strength| Ratio sive Ratio | 
content (S) (F) Sto F me Cave Sto C \ 

LIMESTONE (three-fourths inch maximum size) 2 

Hennes Pek P.s.i. \Percent| P.s.i. | Percent} 
yd. 
6.5 550 760 72 5, 820 9.5 
8.0 580 805 72 6, 360 9. 1 ag 

LIMESTONE (1% inches maximum size) 3 

4.1 400 595 67 3, 480 11.5 
6.0 530 760 70 5, 550 9.5 
7.5 580 870 67 6, 630 8.7 

GRAVEL (114 inches maximum size) 4 

4.5 280 450 62 2, 960 9.5 
7.0 400 610 66 4, 960 8.1 

LIGHTWEIGHT AGGREGATE 5 ‘ 

1% i) 

6.5 430 580 74 5, 590 7.7 in 
8.0 465 605 77 6, 220 7.6 

® 4 

1 Specimens were stored in moist air at 73° F. until tested. 
2 Each strength is the average result of 12 tests. Age at 

test ranged from 7 to 365 days. 
3 Each strength is the average result of 100 tests. 

test was 28 days. 
4 Each strength is the average result of 20 tests. 

test was 28 days. 
5 Each strength is the average result of 75 tests. 

test ranged from 7 to 365 days, 

Age at 

Age at 

Age 

the three types of strength tests. For tl 
tests at 28 days, the average ratios were 6 

38, and 96 percent for the splitting, flexur 

and compressive strength tests, respectively. 

Similar ratios for the tests at 365 days we 

90, 57, and 82 percent. Based on individ 

test ratios at 28 and 365 days, the reduction in 

splitting strength from 22 of the 25 tests was 

less than 33 percent; but the reduction 

flexural strength from 19 of the 25 tests w 

50 percent or more. : 

In tests at both 28 and 365 days, dry storage 

of concrete containing lightweight aggregat 

had an appreciably greater deleterious effe 

on flexural strength than on splitting streng 

This might have been caused by the f 

cracks that developed on the surface of — 

concrete as the flexural test specimens dried, 

Because the exteriors of the test cylinders were 

under compression, the splitting strength wi 

not affected as much by the surface conditi 

of the test specimens. Conversely, in te 

at 28 days, the compressive strength was a 

fected less by dry storage than the splittin 

strength, the average reduction being 31 pé 

cent for splitting strength and 4 percent 

compressive strength. Butin tests at 365 days 

drying caused little difference in the reductior 

concretes prepared 

aggregates. 

Effect of Drying on Crushed Li 

stone Concrete 

The results of two series of tests made t 

study the effect of drying on the splitting 

j 
1 
‘ 
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able 9.—Effect of age at test on splitting 
tensile, flexural, and compressive 

_ strengths of concrete | 
? 

Splitting) Flexural Compres- 
Age at | strength| strength) Ratio sive Ratio 
test (S) (F) Sto F satay ine StoC 

) \ 

GRAVEL (1 inches maximum size) ? 

Days eRe P.s.i. | Percent| P.s.i. | Percent 
7 270 450 60 2, 360 11.4 

14 350 590 59 3, 410 10.3 
28 375 610 61 3, 370 

LIGHTWEIGHT AGGREGATE 3 

yA 385 510 4,030 9.6 
28 455 610 75 5, 610 8.1 
90 470 630 75 6, 760 7.0 
365 460 610 75 7,450 6. 2 

LIMESTONE (three-fourths inch maximum size) 4 

510 740 69 4, 740 10.8 
575 800 72 5, 700 10.1 
540 805 67 8.1 

_ 1 Specimens were stored in moist air at 73° F. until tested. 
_ 2 Fach strength is the average result of 15 tests. Cement 

sontent ranged from 4) to 714 bags per cubic yard. 
$ Bach strength is the average result of 40 tests. Cement 

tontent was 614 or 8 bags per cubic yard. 
4 Each strength is the average result of 6 tests. Cement 

jzontent was 6% or 8 bags per cubic yard. 

Table 10.—Effect of length of cylinder on 
splitting tensile strength of concrete ! 

Splitting tensile 
strength 2 

6- by 6-in. | 6- by 12-in, 
cylinders | cylinders 

I BAG K Psst, 
270 275 
300 300 
385 430 
430 360 
355 390 

) 1Specimens were stored in moist air at 73° F. until tested. 
Each strength is the average result of two tests. 

2 Average splitting tensile strength for both sizes of cylin- 
ders was 350 p.s.i. 

% 

Table 11.—Effect of bearing surface on 
splitting tensile strength of concrete ! 

Splitting tensile 
strength 

Plywood Lumanite 
bearings ? cement 

bearings 3 

PsA. PB. ts 
535 515 
540 535 
575 640 
540 570 

440 430 
445 445 
440 440 
430 440 

2 

1 Specimens were stored in moist air at 73° F. until tested. 
Each strength is the average of three tests. 
2 Average splitting strength was 495 p.s.i. 
Average splitting strength was 500 p.s.i. 

-. 
i) al 

flexural, and compressive strengths of concrete 

prepared with a crushed limestone coarse ag- 
gregate are shown in table 7. The first series 

of tests produced results similar to those ob- 

tained in tests at 28 days on the lightweight 
‘Aggregate concrete. The second series of tests 

made at 28 days on four different groups 

. 
/PUBLIC ROADS e Vol. 32, No. 5 

Table 12.—Comparison of uniformity of splitting strength with flexural and compressive 
strengths of concrete prepared with crushed limestone of l-inch maximum size ! 

Splitting strength Flexural strength Compressive strength 

Batch number 
Variation Variation Variation 

from from ‘ from 
average average average 

P83 Percent yer B Percent Pst Percent 
1 EE Ne el» Ee a Se ea 555 1.3 760 —3.1 5, 690 2.9 

555 1.3 720 —8.2 5, 540 0.2 

Y Ps SS 2S Se Ny pn ee Sr | ee PS a 550 0.4 775 -—1.1 5, 57 0.7 
515 —6.0 45 7.8 5, 620 1.6 

Be ee ee ee ed ce Sana ee ES AN 545 —0.5 795 1.4 5, 500 —0.5 

515 —6.0 705 —10.1 5, 440 —1.6 

Ce OE ae PE a Re i eRe Sen ae eee oe 530 —3.3 850 8.4 5, 570 0.7 

560 2.2 805 20 5, 640 2.0 

i RE yp ae gts NE ly Sete eth IL A BE 545 —0.5 685 —12.6 5, 420 —2.0 

540 —1.5 750 —4.3 5, 390 —2.5 

(Seer oo 9 BS i Bee Be ole Ra Be | 565 3.1 840 Wal 5, 610 1.4 
515 —6.0 770 -1.8 5, 560 0.5 

y Ss Se ie Se ES ee Se aS 560 2.2 795 1.4 5, 330 —3.6 

545 —0.5 685 —12.6 5, 480 —-0.9 

ee ee oe er ao ea te et oe eee 545 —0.5 780 —0.5 5, 510 —0.4 

535 —2.4 760 —3.1 5, 420 —2.0 

OER eer ener ns Soe ee PAS oe ees ee 535 —2.4 765 —2.4 5, 330 —3.6 
530 —3.3 860 9.7 5, 550 0.4 

LO Sees eee Se Se Ree erry Se Ge eee, 605 10. 4 835 6.5 5, 230 —5.4 

510 —6.9 820 4.6 5, 210 5.8 

en ee re ce ee eee oe eee oe 560 2.2 740 —5.6 5, 310 —4.0 
560 2.2 735 —6.2 5, 300 —4,2 

1 a, age Cie Se See 550 0.4 805 2.0 5, 630 1.8 
550 0.4 805 Aah 5, 660 2.4 

iN oh ES a A A al pee et oP POPE 530 —3.3 810 3.3 5, 650 202 
540 —1.5 820, 4.6 5, 620 1.6 

A tp MONE oe SEE ES Sy ees pe 7 SSE 495 —9.7 900 14.8 6,010 8.7 
580 5.8 785 0.1 5, 720 3.4 

eee ae ee = ee ee 630 15.0 760 —3.1 5, 700 5 a 
575 4.9 770 -—1.8 5, 710 3.3 

PANY AD RAG ei ee ee Se eee See 548 3. 5 784 Sed 5, 530 2.4 

Coefficient of variation, percent_..-...._-.| -.-------- On| eee nce a= (Geely (aoe a 3.1 

1 Specimens were stored in moist air at 73° F. until tested. Age at test was 28 days and cement content was 6 bags 
per cubic yard. 

of specimens; for each group, the specimens 

were cured by a different combination of al- 

ternating moist and dry storage. 

First series 

In the first series of tests, the maximum 

size of the crushed stone was three-fourths of 

an inch, which was the same maximum size 

as some of the lightweight aggregates used. 

The results showed that drying caused aver- 

age strength losses of 16, 40, and 0 percent 

for the splitting, flexural, and compressive 

tests, respectively. The corresponding 

strength losses for the lightweight aggregate 

concrete, shown in table 5, were 31, 62, and 

4 percent. In general, the comparison of the 

data from tests at 28 days indicates that 

drying caused greater strength losses in con- 

crete prepared with lightweight aggregate than 

in the concrete prepared with the limestone 

coarse aggregate. The difference in strength 

loss was greater for the flexural than the 

splitting test ard was insignificant for the 

compressive test. 

Second series 

In the second series of tests, the maximum 

size of the crushed stone used was 1! inches. 

For each type of strength test, 20 specimens 

were made: (1) Five control specimens were 

moist cured continuously; (2) five specimens 

were moist cured for 1 day, then were stored 

in laboratory air for 27 days; (3) five speci- 

mens were moist cured for 7 days, then were 

stored in laboratory air for 21 days; and (4) 

five specimens were moist cured for 7 days, 

were stored in laboratory air for 20 days, and 

then were immersed in water for 1 day. The 

data, givenin table 7, show that the flexural 

strength was affected more by drying than 

the splitting or compressive strengths. The 

losses in splitting and compressive strengths 

caused by drying were approximately the 

same. Comparisons between similarly cured 

concretes prepared with crushed stone aggre- 

gate having maximum sizes of 4 and 114 inches 

are also shown in table 7. Of particular note 

is the fact that in each of the three strength 

tests, the strength losses caused by the same 

drying conditions were nearly identical for 

concretes prepared with the two sizes of coarse 

aggregate. 

COLLATERAL STUDIES 

In conjunction with the research program 

that has been described, additional data of 

interest and value are discussed in the para- 

graphs that follow. 
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Figure 7.—Effect of drying on relation of compressive 
and splitting tensile strengths of concrete contain- 
ing lightweight aggregate, at 28 days. 

Cement Content 

At a number of places in the article mention 

has been made that the cement content of the 

concrete was different in the test specimens. 

The effect of cement content on splitting- 

flexural and splitting-compressive strength re- 

lations is shown by the data in table 8. They 

indicate that the range in cement content used 

in this investigation had little influence on the 

splitting-flexural ratios of concrete prepared 

with the same type and maximum size of 

coarse aggregate. However, the splitting-com- 

pressive ratios decreased as the cement content 

of the concrete was increased for each group of 

comparative specimens. 

Age of Concrete at Test 

The effect of age of the concrete at test on 

the splitting-flexural and splitting-compressive 

strength relations is shown by data in table 9. 

They were obtained from several groups of 

specimens for which the cement content of the 

concrete was different in each group. To mini- 

mize the influence of the cement content, the 

same number of specimens for each cement 

content was tested at each of the indicated 

ages. The data in table 9 show that no appre- 

ciable difference in splitting-flexural strength 

ratios occurred for concrete prepared with the 

same type and maximum size of coarse aggre- 

gate; but, for each group of specimens, the 

splitting compressive strength ratios decreased 

as the age at test increased. 

Length of Test Cylinder 

In the main research program, tests were 

made only on 6- by 12-inch cylinders. To de- 

termine whether the length of the cylinder 
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Table 13.—Comparison of uniformity of splitting strength with flexural and compressiy 
strengths of concrete made with lightweight aggregate and moist cured ! 

Batch number 

1 Specimens were stored in moist air at 73° F. until tests. 
cubie yard. 

ye Z 
a 

Figure 8.—Effect of drying on relation of flexural and 
splitting tensile strengths of concrete containing 
lightweight aggregate, at 365 days. 

Paes Relea 
sw 7 DAYS MOIST CURING 

358 DAYS DRY 

100 200 300 400 500 600 

SPLITTING TENSILE STRENGTH -PS.I. 

Wt te ele nese § 
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Splitting strength Flexural strength Compressive strength | 

Variation Variation Variation ; 
from from from | 

average average average | 

P.s.i. Percent P.s.i. Percent P.s.i. Percent | 
355 —- 19 480 1.3 2, 940 —7.8 
340 — 6.1 465 — 19 3, 240 1.6 

290 —19.9 490 3.4 3, 460 8.5 
350 — 3.3 555 veal 3, 320 4.1 

400 10.5 510 7.6 3, 270 2.6 
415 14.6 480 1.3 3, 220 1.0 

340 — 6.1 500 5.5 2, 980 —6.5 
390 (Og; 480 1.3 3, 060 —4.0 |] 

365 0.8 445 — 6.1 3, 120 —2.1 
410 13.3 445 — 6.1 3, 110 —2.4 

390 bet 455 — 4.0 3, 190 0.1 
360 — 0.6 480 1.3 3, 340 4.8 

360 — 0.6 490 3.4 3, 260 23 @ 
415 14.6 460 — 3.0 3, 420 1.3 @ 

375 3.6 465 — 1.9 3, 270 2.6 
335 — 7.5 500 5.5 3, 220 1.0 

295 —18.5 475 0.2 3, 290 3.2 “| 
335 — 7.5 480 1.3 3, 260 2.3 

380 5.0 410 —13.5 3, 150 -12 8 
390 Tish} 455 — 4.0 3, 110 —2.4 i 

375 3.6 470 — 0.8 3, 200 0.4.9 
350 — 3.3 475 0.2 3, 120 —2.1 é 

335 TaD 480 1.3 3, 260 2.3 48 
365 0.8 430 — 9.3 3, 190 0.1 

| 
370 2.2 455 — 4.0 3, 160 -0.9 — 
350 — 3.3 510 7.6 3, 030 5.0 

*’ 

380 5.0 485 2.3 3, 060 —4.0 — i 
310 —14.4 475 0.2 3, 180 —18 | 

375 3.6 465 — 19 3, 120 —2.1 } 
350 — 3.3 445 — 6.1 3, 130 —1.8 | 

362 6.8 474 4.1 3, 188 —2.9 
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9000 affeets the results of splitting tests, 6- by 6- 

inch and 6- by 12-inch cylinders were made 

from the same batch of concrete and tested at 

the same age. No appreciable difference was 

noted between the strengths obtained in tests 

of the two different lengths of cylinders. The 

results of these tests are given in table 10. 

8000 

7000 

Type of Bearing Surface 
2) oO ° °o A limited series of tests was made to deter- 

mine the effect of the type of bearing material 

on splitting-tensile strength. Tests were made 

on similar specimens of concrete; in these tests 

ew CONTINUOUSLY plywood bearing strips and neat Lumnite ce- 

ment bearings were used. A metal jig was 

used so that strips of the neat Lumnite cement, 

one-half inch wide and one-eighth inch thick, 

were cast on diametrically opposite elements 

of the cylinder. The strips were cast against 

plane plate glass and all specimens were kept 

moist until tested. As shown in table 11, the 

: 
MOIST CURED 

+ ° fe} fe} 

COMPRESSIVE STRENGTH-PS.I. 
a) 8 

ace two types of bearing surfaces caused no appre- 

ciable differences in the strengths obtained in 

these tests. 

tant Uniformity Tests 

Tests were made to determine the uni- 

fo) formity of the splitting strength as com- 
fo) 100 200 300 400 500 600 

SPLITTING TENSILE STRENGTH -PS.I. pared with the uniformity of the compressive 

Figure 9.—Effect of drying on relation of compressive and split- and flexural see vee of similar concrete. 
ting tensile strengths of concrete containing lightweight aggre- For these tests, 15 batches of concrete were 
gate, at 365 days. made on each of three days, and two speci- 

mens for each type of test were prepared from 

each batch. All batches of conerete were 

prepared to be as nearly alike as possible. 

Table 14.—Comparison of uniformity of splitting strength with flexural and compressive 

strengths of concrete made with lightweight aggregate and given intermittent curing ! 

Splitting strength Flexural strength Compressive strength The specimens were tested at an age of 28 

Batch number Variation Variation Variation days: rr : 2 ; 
from from from On the first mixing day, specimens were 

average BNer aR es eres made with crushed limestone having a maxi- 
Psi. intent Psi. Dereont vane? percent mum size of 1 inch and were continuously 

Re a a ce 295 it 240 —2.0 AG, rue moist cured until tested. The splitting, 
oh oP 3 ose by ; flexural, and compressive strengths and the 

ata aaa ai ne a £5 te a variations from the average strengths are 

a at a ae aaa ie given in table 12. The average variation 

Tl me aa aaa 310 13,1 225 =—s2 2,710 —1.3 and the coefficient of variation for each type of 

B60 54 250 2.0 2, 700 ST's test are also given in this table. The coeffi- 
Mee sie 280 2.2 230 —6.1 2, 680 —2.4 cient of variation for the splitting strength tests 

250 Hh 53 220 —10.2 2, 670 — on was 5.0 percent, for the flexural strength tests it 

SS A 265 —3.3 295 gis 2120 oe was 7.2 percent, and for the compressive 

ESS ae 290 5.8 235 —41 2, 980 8.6 strength tests it was only 3.1 percent. 

cin aie a pays ae = On the second mixing day, specimens were 

gh Soe Se ee any Sine ae Bas erty a made with lightweight aggregate having a 

SS = “AS Peon Pace maximum size of three-fourths of an inch and 

eet ge oe = a yeh 235 ai 9) 510 SEG were continuously moist cured until tested. 

275 0.4 245 0.0 2, 700 —1.6 The results of these tests are shown in table 

See ae ag et 290 5.8 255 4.1 2, 770 0.9 13. The coefficient of variation for the 

305 11.3 265 8.2 2, 700 —1.6 splitting strength tests was 8.8 percent, for 

se 300 9.5 260 os ees wutey the flexural strength tests it was 5.7 percent, 

ee 310 13.1 270 10. 2 2,770 0.9 and for the compressive strength tests it was 
SS a an 285 4.0 230 —6.1 2, 890 5.3 . 

4.3 percent. 

Jt 2 ee a ae Eye re Poa mh On the third mixing day, specimens were 

a Re are a pian 3.1 made with lightweight aggregate and were 

a a aaa 270 ahi 260 6.1 2) 570 —6.4 similar to those made on the second day, 

Pa Sis8 OAs 0.0 2, 820 2.7 but these specimens were given 7 days moist 

Se ari car ace nie 270 155 215 —12.2 2, 820 2.7 curing followed by 21 days of storage in 

260 —5.1 250 2.0 2, 720 —0.9 laboratory air. The results of the strength 

eo 270 —1.5 260 Gt A5i0 ae tests on these specimens are given in table 14. 

Be ee eek oe? 274 6.2 245 6.3 2, 745 3.2 The coefficient of variation for the splitting 

Mee i 7.6 IPL ioe eres 4.3 strength tests was 7.6 percent, for the flexural 
: strength tests it was 7.7 percent, and for the 

a Specimens were stored in moist air at 73° F. for 7 days, followed by 21 days of storage in laboratory air at 73° F. and 50 compressive strength tests it was 4.3 percent. 

percent relative humidity. Cement content was 6 bags per cubic yard. ; 
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Fi igure 10. —Relation between ratio of splitting tensile to compres- 
sive strength and compressive strength for concrete made with 
crushed stone of 1% inches maximum size. 
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Figure 11.—Relation between ratio of splitting tensile to com- 
pressive strength and compressive strength for concrete made 
with gravel of 1¥% inches maximum size. 
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Figure 12. —Comparison of relation between ratios of splitting 
tensile to compressive strengths and compressive strengths. 
Test results of four laboratories. 

Comparison of Results 

The previously mentioned report 

Thaulow (4) contains a graph, included there 

as figure 3, that shows a comparison 0 

splitting tensile tests performed in Japan b 
Akazawa (1), in Brazil by Carneiro anc 

Barcellos (2), and in Denmark by Efsen an 

Glarbo (7). The data obtained by the 

investigators were plotted as the relation 

between the splitting-compressive strengt 

ratio in percentage, and the compressive 

strength in p.s.i. The data given in tables 

1 and 2 of this article have been plotted in a 

similar manner in figures 10 and 11, respee- 

tively; and the relations established are 

compared in figure 12 with those shown in 

the Thaulow report. It is apparent that the 

relations developed by the Bureau of Publie 

Roads are similar to those developed by 
other investigators. The Bureau’s data show 

that the relation between the splitting- 
compressive strength ratio and the com- 

pressive strength is related to the type of 

coarse aggregate used in the concrete. It 

is not known what materials were used by the 

other investigators. : 

REFERENCES 

(1) Tension Test Method for Concrete, by 

Tsuneo Akazawa, in Union of Testing and 
Research Laboratories for Materials and Strue- 

tures, Bulletin No. 16, Nov. 1958, pp. 11-23. 

(2) Tensile Strength of Concretes, by 
Fernando L, L. B. Carneiro and Aguinaldo 

Barcellos, in Union of Testing and Research 
Laboratories for Materials and Structures, 

Bulletin No. 13, March 1952, pp. 97-127. 

(3) Comments on an Indirect Tensile Test on 

Concrete Cylinders, by P. J. F. Wright, 

Magazine of Concrete Research, vol. 7, No, 

20, July 1955, pp. 87-96. 

(4) Tensile Splitting Test and High Strength 

Concrete Test Cylinders, by Sven Thaulow 

Title 58-38, in Proceedings of the Americar 

Concrete Institute, vol. 53, 1956-1957, taker) 

from American Concrete Journal, vol. 28 

No. 7, Jan. 1957, pp. 699-705. 

(5) The Indirect Tension Test for Concrele 

by Neal B. Mitchell, Jr., Materials Researel 

& Standards, ASTM, vol. 1, No. 10, Oct. 1961. 
pp. 780-788. 

(6) Tensile Strength and Diagonal Tensior 

Resistance of Structural Lightweight Concrele 

by J. A. Hanson, American Concrete Journal 

vol. 58, No. 1, July 1961, pp. 1-38; ame 

Discussion by R. Brewer, Frank G. Erskine 

Daniel P. Jenny, and Hanson, Amerie 

Concrete Journal, vol. 59, No. 3, Mareh 196 7 
pp. 803-811. 7” 6S 

(7) Tensile Strength of Concrete Determine 4» 

by Cylinder Splitting Test, by Axel Efsen ane 

Ole Glarbo, Beton og Jernebeton, Copenhagen 

vol. 8, Nov. 1956, pp. 33-39. 
, 4 



BUREAU OF PUBLIC ROADS 

Introduction 

PREVIOUS study conducted by the 

Bureau of Public Roads (1)? indicated 

that driver tension responses, as measured by 

, galvanic skin reflex (GSR), could be used to 

differentiate between different types of city 

streets. In the study reported here, the same 

_ technique was used in an attempt to determine 

| whether driver tension responses could be used 

similarly to differentiate between types of 

, | design of expressways, and also to determine 

_ whether such responses could be used to indi- 

cate differences in other types of highways. 

With the basic aim of differentiating be- 

_ tween expressway designs by using driver 

,) tension as the distinguishing measure, two 

| types of tension-inducing events were of 

prime interest: (1) events of traffic inter- 

| ferences similar to those encountered on urban 

| streets, and (2) events associated with the 

interferences caused by geometric design 

| features of the highways. Considerable evi- 
dence supports the superiority of expressway 

_ design over the older highway designs or high- 

| Ways with less control of access. However, it 

is still a rather moot point as to whether any 

| differences exist among the various philoso- 

| 1 Presented at the 41st annual meeting of the Highway 

| Research Board, Washington, D.C., January 1962. 
* References indicated by italic numbers in parentheses 

are listed?on page 112. 
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The relationship of highway design to driving stress has been the subject of 

considerable discussion. The study reported in this article was aimed at measur- 

ing driver tension by use of the galvanic skin reflex. Four expressways of differing 

design were driven. It was found that a freeway with complete control of access 

and good geometric design generates significantly less driver tension than less 

rigorous designs. Also, tension is dependent on traffic volume, rising sharply 

as volume approaches practical capacity. 

whether tension rises because capacity is reached or whether the capacity limi- 

tation occurs because at higher volumes tension rises sharply, hence causing 

the driver to make compensatory responses. 

Comparisons of freeways with urban arterials and primaries indicated the 

latter generated up to four and one-half times as much tension as the freeway. 

The real benefit comes from the almost total elimination of marginal conflicts 

for the freeway driver. The results of this study indicate that there may be 

two factors involved in the concept of comfort and convenience. 

reflect the unpredictable interferences in driving; convenience may reflect the 

predictable interferences such as traffic control devices. If comfort and con- 

venience can be separated, the GSR may be a direct measure of route comfort. 

The results do raise the question of 

Comfort may 

phies of design that are being proposed for 

controlled-access highways. 

Expressways studied 

In the Washington, D.C., metropolitan 

area, it was possible to find expressway 

designs of considerably different types, which 

were distinguishable on the basis of their 

age, as well as their design features and design 

speed. For this study, four expressways of 

different designs were selected; although these 

four routes represent considerably different 

designs, none may be considered extreme in 

any sense. 

e The first expressway, built specifically to 

standards for highways in the National Sys- 

tem of Interstate and Defense Highways, is 

an Interstate route with a design speed of 

70 miles per hour. 

e The second expressway, a 15-year old 

parkway with a design speed of 50 miles per 

hour, was designed to standards that were 

considerably less rigorous in terms of both 

curvature and grade than presently are 

acceptable for Interstate highways in flat or 

rolling terrain. 

e The third expressway, an intermediate 

highway in terms of both age and design 

criteria, is a 10-year old urban freeway having 

relatively modern curvature and grade char- 

acteristics -and a design speed of 70 miles 

The Eifect of Expressway Design 

On Driver Tension Responses 

Reported! by RICHARD M. MICHAELS, 

Research Psychologist 

per hour. Its weakness lies in the sub- 

standard design of the acceleration and de- 

celeration lanes. 

e The fourth expressway, a highway having 

a geometric design comparable to that for 

the Interstate expressway with the exception 

of a higher magnitude of grade and curva- 

ture, had only partial control of access in 

the section used for this study; it had cross- 

overs in the median and several at-grade 

intersections. In addition, substandard con- 

nections provided commercial establishments 

on the expressway with numerous points of 

access to a frontage road that followed the 

same route for most of the section under 

study. S 

In general, accomplishment of the basic 

aim of the study involved attempts to dif- 

ferentiate among these four different types 

of expressway designs; to examine the tension 

responses generated on these four expressways 

as functions of design characteristics and 

traffic interference; to determine the relation 

of tension responses to traffic volume; and 

to relate the results of the first two efforts to 

the design of other types of highways. 

Procedure 

Sections of the four test routes, each 

approximately 8% miles long and generally 

close to the Washington, D. C., area, were 

chosen for this study. On two of the routes, the 

volume of traffic was relatively low, and they 

had no appreciable peak hours of traffic— 

less than 500 vehicles per hour in two lanes 

during daylight hours. Consequently, studies 

were made only during offpeak hours, from 

10 a.m. to 3 p.m. On the other two routes, 

which are important expressways used for 

work trips into Washington, definite peak 

periods of traffic occurred. Test runs, timed 

to cover the periods of maximum traffic, were 

made on these two routes during morning 

and evening peak hours and also during the 

time corresponding to the offpeak hours on 

the other two routes. Prior to the beginning 

of this study, traffic volume counts were 

made on the routes with peak-hour traffic, 

during both the offpeak and peak hours, 

so that the GSR data collected could be 

related to traffic volume. 
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Six test drivers were used; all were males 

and their ages ranged from 17 to 22 years. 

Two of the six had had previous experience 

in using the GSR equipment and were fairly 

familiar with the plan of the study and the 

operation of the instrument. Two teams of 

three drivers and a standard passenger car 

that had automatic transmission were used. 

Three people were in the test car during each 

run; and each member of this three-man team 

served on individual runs as a 

driver, an observer, and a data recorder. 

The observer sat in the front seat with the 

driver and defined the cause of any change 

made in the position or speed of the test 

interferences from traffic or from de- 

successive 

vehicle 

sign characteristics of the highway—for the 

entered the information 

factors considered as 

recorder who 

on the GSR record. 

possible causes for changes in vehicle speed 

or position had been coded into eight cate- 

gories, four were traffic related and four were 

design related. A list of these interferences 

is shown in table 1: numbers 4 through 7 

apply to those attributed to highway char- 

acteristics, and the rest of the numbers apply 

to those attributed to traffic. 

For each run, electrodes were fixed to the 

first and third fingers of the driver’s left hand, 

and the sensitivity level of the GSR equipment 

was adjusted to a point at which a shock 

stimulus presented by the observer would 

cause a full-scale deflection of the recorder 

pen. Once adjusted, the sensitivity level was 

not changed while the particular driver was 

making his runs. Each driver covered the 

test route in one direction, took a short break, 

and returned. The travel times for the 8%- 

mile test sections varied from 8 to 21 minutes. 

Each of the six test drivers covered each of 

the four routes, as follows: 12 times each for 

offpeak and peak traffic hours on each of two 

routes, and 12 times each for each of the two 

routes that had no peak-hour traffic. 

All data were recorded on chart paper; they 

included pertinent information about the 

route and driver as well as the GSR data. 

only the galvanie skin 

aroused by the specific, observable interfer- 

data 

Because responses 

ences were considered in this study, only the 

GSR data that were associated with the in- 

terferences listed in table 1 were analyzed. 

The basic measure of tension was defined as 

the magnitude of GSR per unit of time; this 

measure equalized the data for differences 

either in length of routes or in running times 

and tended to make the distribution of the 

GSR data more symmetrical than would have 

been obtained with GSR magnitude as the 

measure. 

Tension Responses and Traffic 

Volumes 

The relationship between tension responses 

and volume of traffic, which varied on the four 

routes from approximately 300 to 3,500 vehi- 

cles per hour in the two lanes, was of funda- 

mental interest. The data collected for all 

routes were combined according to volume, 

and the curve of tension responses versus the 

traffic volume is shown in figure 1. Because 
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Figure 1.—Effect of traffic volume on tension responses. 
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Figure 2.—Effect of traffic volume on rate of occurrence of interferences. 

this curve shows only the effect of traffie inter- 

ferences on tension, it illustrates the direct re- 

lationship between driver tension and volume 

of traffic. The relationship seemed to be quite 

linear up to about 2,400 vehicles per hour in 

two lanes, and then the rise in tension ap- 

peared to increase exponentially. Tension- 

traffic volume data also were analyzed for the 

individual drivers and the same general form 

of the curve was found for all. 

A two-way analysis of variance was per- 

formed on the data collected for driver tension 

responses to traffic volume, and an analysis 

was made of the trend of tension in relation to 

volume. The summary for these analyses is 

shown in table 2. The interaction term was 

found to be insignificant and was pooled with 

the residual. The results indicated a signifi- 

cant difference both among drivers and traffic 

volumes at better than the 0.01 level. In addi- 

tion, the quadratic as well as the linear com- 

ponent of trend was significant at the 0.01 

level. Thus, the form of the curve shown in 

figure 1 appears to be reliable. 

A basic question in the use of the GSR con- 

cerned whether it was measuring something 

2000 2400 2800 3200 3600 

3200 2000 2400 2800 3600 

more than simply the frequency of occurrent 

of the interferences. If the same funetion de 

fined the relation between interference pe 

unit of time and the traffic volume as it dit 

for driver tension and traffic volume, then thy 

same results could be obtained simply b) 

counting the number changes in the speed 0) 

position of the vehicle. To examine this possi 

bility, the number of traffic interferences pe 

unit of time as a function of traffic volume wa 

calculated, and the resultant data are plotter 
in figure 2. The same type of analysis of vari 

ance performed for the tension-traffic volum 

data was carried out on the interferences-pel 

minute data. The summary of this analysis } 

shown in table 3. In this analysis, as in th 

previous one, differences among the two majc 

variables were significant. The linear tren 

among the volumes also was significant at th 

0.01 level, but the quadratic component di 

not reach significance at this level. Thus tk 

straight line relation shown in figure 2 was tk 

best fit to the data. 

From the two analyses of variance, it seen 

reasonable to conclude that the traffic inte 

ferences do induce a greater behavioral r 
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Table 1.—Driving interferences 

Interferences— 

Identification Name Description 
- Number 

1 Instream -vehicles-:4 2.-.- =.=. 2- Conflicts caused by vehicles traveling in same direction. 

2 Merging or crossing vehicles______ Position or speed change caused by vehicles converging on test ear. 

3 ORV gerONIGlEs. =~ eee SL Ee. Position or speed change caused by vehicles diverging from traffic 
stream, 

4 C6 TG Ea ee SE ee Se Change in speed or position caused by grade. 

5 CUPvAtUITG Sete se ot ee ea Ss Change in speed or position caused by curvature. 

6 avernent changes___--......._..- Position or speed change caused by variations in highway surface. 

7 PHOWCeroplECtses=—sse) > seoe= LS Position or speed change caused by shoulder objects such as ears or 
abutments. 

8 FACOG LEIA 1) See ea ee ee Changes caused by conflicts with pedestrians or animals. 

Table 2.—Summary of analysis of variance on tension caused by traffic volume 

Source of variance Sum of Mean I, ratio 
squares square 

Between subjects.._._______ 2, 034. 38 406, 88 
Between volume 2, 865. 04 5 573. 01 

1, 535. 76 

TOTAL sea Ae eee 6, 435. 18 

Linear trend 1, 705. 45 
Quadratic trend LLG 72 

1 Significant at the 0.01 level, 

‘Table 3.—Summary of analysis of variance on frequency of interferences caused by volume 

Source of variance Sum of Mean 
squares square 

Between subjects-_---_--_--- 15. 99 3. 20 
Between volume 79. 87 { 15. 97 

78. 16 

174. 02 

70. 15 
4.47 

1 Significant at the 0.01 level. 

Table 4.—Summary of analysis of variance of tension responses caused by traffic 
interferences 

Source of variation Sum of df Mean 
squares square 

’ =. 
— 

Subjects 1122: 5 224. 52 
IR) TGS a eee 468. 3 156. 0 
Direction 32. 1 32. 50 
Routes and subjects_______- 300. 6 15 20. 04 
Direction and routes____--- 118. 6 3 39. 50 

; Direction and subjects 64. 5 12. 94 
4, 858. 255 

to oo = 6, 965. 

1 Significant at the 0.01 level. 

Table 5.—Summary of analysis of variance of highway characteristics (4-7) 

Source of variation Sum of df Mean F, ratio 
squares square 

PUL EC tGe ere ears =o Se 2,416. 4 5 483. 3 126.6 

PROMUOR Ne Renee ee se Shee 2 1, 592. 5 3 530. 8 1 29, 2 

: Hireotion cote peo ee 95. 4 1 95. 4 5, 2 

” Routes and subjects_-__-_-- 1, 564. 6 15 104. 3 1 57 

5 Direction and routes______- 19. 1 3 6, 4 ete oe 

3 Direction and subjects- - --- 243. 1 5 48.6 at 

& 1 OS gat) cag Wea A ie Sa ae 4, 633. 2 255 fy en) ae erie 

* SPUNPAT We Bo Sto ok Es 10, 564. 3 DR Rote Wee Se Xe aoe ee 
«A 

as ee — _._..______...___._._.._._ 

“ 1 Significant at the 0.01 level. 
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sponse than is indicated simply by the fre- 

quency of their occurrences. Thus, the use 

of the GSR may be a behavioral measure 

of the operational efficiency of a highway, and 

also it may be a measure of the practical 

capacity of a highway. 

Differentiating Among the Highways 

The average magnitude of response per 

minute was determined for each test driver, 

for each route, and for the four traffie inter- 

ferences during the offpeak hours. These 

data were subjected to an analysis of variance 

for which the summary is shown in table 4, 

No significant differences were noted between 

the data for directions, inbound vs. outbound, 

but significant differences were noted between 

data for the drivers and the data for the four 

routes. 

Ordering the tension data aceording to 

highway, the highway built to Interstate 

standards generated less tension for each of 

the six drivers than the other three highways. 

Because this ranking included differences in 

tension caused by traffic volume, a correction 

was applied to the data shown in figure 1 to 

eliminate the effect of differences in volume— 

even, during the offpeak hours, the urban 

freeway always carried three to four times 

more traffic than the other routes. All 

tension responses were corrected by multi- 

plying them by a weight, which was the ratio 

of tension at a volume of 500 vehicles per 

hour to the tension at 1,250 vehicles per hour. 

An analysis of variance was performed with 

the corrected data and, as before, a significant 

difference among the routes was found. Now, 

the ranking of the four routes was still reliable, 

but the lowest level of tension was for the 

urban freeway, and the next higher levels of 

tensions were successively for the Interstate 

route, the parkway, and the freeway having 

only partial control of access. 

The data for average magnitude of response 

per minute for offpeak traffic hours also were 

analyzed to determine the effects of interfer- 

ences caused by highway design characteris- 

tics. Analysis of variance was performed in 

the same manner as for the traffic interfer- 

ences. The results, which showed significant 

effects among the drivers and the routes, are 

given in table 5. Significant rank order among 

the highways also was determined; this order, 

from the lowest to highest tension induction 

was: the urban freeway, the parkway, the 

freeway having partial control of access, and 

the Interstate route. 

GSR Magnitude Related to 

Interferences 

An analysis for the average magnitude of 

GSR among the eight driving interferences 

was made. A rank test was employed rather 

than an analysis of the average magnitudes of 

the GSR themselves. Although a rank test is 

weak, its use avoids the necessity for meeting 

the distributional assumptions that would be 

required for stronger normal tests. The ranks 

for each route were compared; the test drivers 
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were considered as replicates. A summary for 

the four routes, with the significance of the 

rank order, is shown in table 6. This data 

shows the Interstate route had a ranking 

among the events that was significant at the 

0.01 level. A comparison was made on the 

combined rankings of the four routes and the 

ranking of events was significant at better 

than the 0.01 level. 

The ordering among the eight different in- 

terferences indicates very clearly that the 

traffic interferences consistently generated the 

highest magnitude of GSR. The highest aver- 

age magnitude was generated by merging 

vehicles and the second highest by both in- 

stream conflicts and exiting vehicles. Among 

the highway characteristics, the highest mag- 

nitude of driver tension was induced by 

changes in pavement characteristics; this was 

followed very closely by that induced during 

negotiation of curves. 

Frequency of Interferences 

The importance of the rankings of the average 

magnitude of the GSR is meaningful, in part, 

according to the frequency with which the 

interferences actually occurred. Futher anal- 

ysis of the distribution of the occurrence of 

the interferences was carried out on the data 

for all test drivers combined; the distribu- 

tions for each of the highways are shown in 

table 7. Two interferences accounted for 

approximately 70 percent of them on all 

the routes: Interference No. 1, instream 

traffic interferences; and interference No. 5, 

negotiation of curves. The differences shown 

in table 7 indicate that on the urban freeway, 

instream interferences were considerably 

greater than the interferences of changes in 

curvature; this was expected because of the 

relatively high volume of traffic on this 

expressway even during the offpeak traffic 

hours. On the parkway, however, this 

pattern was reversed, which indicated the 

greater frequency and higher degree of curva- 

ture of this type of highway design. It is 

interesting to note that this reversal occurred 

even though the traffic volume was greater 

on the parkway than on the Interstate route. 

This reversal, therefore, indicated that the 

differences in GSR were caused by design 

characteristics. 

Two groups of interferences 

The eight interferences were divided into 

two groups for analysis; one for those caused 

by traffic and one for those caused by highway 

design characteristics. The frequency of 

occurrence for these interferences is given in 

table 8. Inspection showed considerable 

similarity of interferences among the four 

routes, the major difference being noted for 

those occurring on the parkway. This dif- 

ference was indicated by the sharp increase 

in the number of interferences caused by 

highway curvature as opposed to the number 

of interferences from this source for the 

other three routes. 

The data on the distribution of traffic 

interferences, also shown in table 8, indicate 

that instream conflicts are the dominant type 
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Table 6.—Rank order of average magnitude of GSR generated by interferences for eac | ) 
route ! 

Interstate Expressway with 
Rank 2 highway Urban freeway Parkway partial control All 

of access 

1 2 2 2 3 2, merging vehicles 
2 1 3 3 1 1, instream vehicles 
3 7 1 1 2 3, exiting vehicles 
4 6 5 6 8 6, pavement 
5 5 6 7 6 7, shoulder objects 
6 3 8 5 5 5, curvature 
7 4 4 4 4 4, grade 
8 8 7 8 7 8, pedestrians 

Reliability Reliability Reliability Reliability Reliability 
of rank of rank of rank of rank of rank 
P<0.01 P<0.15 P<0.07 P<0.11 P<0.01 

! For definition of events see table 1. 
“ Ordering is from highest GSR average to lowest. 

Table 7.—Percentage distribution of interferenc e—offpeak data 

Interferences 
Route 

a 2 3 4 5 6 7 8 

Interstate highway: SI 
T£ sea ee see re oe eee ee ek eee 21.0 0.8 0.5 23.9 37.4 11.9 2.3 0.2 

Outs ec eee eee se ee ee ee ae 24.0 0.7 0.3 26.8 39. 1 3.9 1.8 0.2 

Urban freeway: 
16 ve Pee ee RS oe ed et ee en FoR Se Pe aay te ee 48.4 2.4 0.4 11.2 26.3 5.5 0.2 0.1 
Out 2 ae ee 51.9 12 0.9 12.9 22.3 6.2 0.8 0.4 

Parkway: H 
Tiss i et ott 2a ee oe ee eee ere 29.4 Lil 0.8 8.0 43.7 6, 2 0.5 0.8 
Outs) Fee ee 2 hee en ee eee 28.3 iba! 1.4 11.3 41,9 6.2 0.7 0.5 

Expressway with partial control of access: 
Tn ae ee eS 2 oe NE eee eee 30. 7 2.6 0.9 17.2 37.2 9.0 1.0 0.6 
Out ooee soe See ee ee 31.3 2.2 1.0 18.0 38.8 5.5 0.8 0.2 

. . r . . : 

of interference for drivers on freeways. These The differences attributed to each of the ty 
data were consistent for all routes for offpeak 

traffic hours—between 90 and 95 percent of 

all interferences were instream conflicts. 

Information in table 8 also shows that on 

the high-volume urban freeway more than 

half of all the observed interferences were 

caused by traffic, but only approximately 

one-fourth of the interferences noted for the 

Interstate highway were caused by traffic. 

Tension Induction on Freeway and 

Urban Arterial 

Data also were available for two of the six 

test drivers for the same urban arterial 

studied previously (1), a four-lane rural 

primary highway with no control of access, 

and a freeway. These data, however, were 

restricted to traffic interferences and did not 

reflect tension caused by highway design 

characteristics. A comparison of data from 

these two highways and the high-type express- 

way is presented in table 9. The ratios of 

driver tension are shown in the last column of 

the table. The results of the comparison 

indicate the superiority of controlled-access 

design in reducing traffic interferences. 

Discussion 

The results of this study indicate that the 

GSR can be used as a measure to differentiate 

among types of expressway design. Although 

actual differences in the designs of the four 

expressways, all in good condition, were 

relatively small, significant differences among 

them were noted in terms of tension responses. 

types of interferences studied demonstrate 

the effect of the different highway designs. 

For traffie interferences, the urban freewe 

and the Interstate route were significant 

less tension inducing than the other two hig’ 

ways. Actually, for the through driver, bot 

of these roads were nearly comparable 

terms of tension induction because the urbé 

freeway has geometric design wrihieceier | 

that meet Interstate standards over most 

the study section. Marginal characteristi) 

related to shoulders and ramps represent t) 

deficiencies of the urban freeway, but whi 

equated for traffic volumes, the two routes a 

very similar. : 

This study showed that, as far as t} 

frequency and magnitude of traffic conflic 

are concerned, highways designed to mode! 

freeway standards are clearly superior na 

those more loosely designed. Control | 
access on expressways eliminates much of t 

marginal conflict for the through driver; th 

was demonstrated in the contrast between t) 

Interstate route and the design having op 

partial control of access. The latter Wi 
consistently the most tension inducing row” 

the major difference was in an increase in t 

frequency of the occurrence of conflicts wi 

merging and exiting vehicles, that is, margir 

interferences. This difference was _ furth 

shown in the comparisons of the GSR 4d 
for the primary and urban arterial. Th 

routes generated around 30 percent of th 
conflicts from marginal interferences, t 
the high-type expressway generated less t 

10 percent from such interferences. 
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Table 8.—Percentage distribution of highway and traffic interferences—offpeak hours 

Type of highway 

Tension, magnitude/minute 

Highway interferences Traffic interferences Percentage 
Route & = ae oe s. 2} of total ine 

¢ terferences 
4 5 7 1 2 3 8 from traffic 

Interstate highway: 
‘ib ae Sas 9 ee LSE ee 31.7 49.5 .8 3.0 93. 0 3.8 2.3 0.9 23.0 
CYR TAS OE Se Pee og eee 37.4 54.5 5 2.6 95. 5 PTY | ie 26. 0 

Urban freeway: 
Tie he Meera LS 25.9 60. 9 12.7 0.5 94.3 4.7 0.9 0.1 54.4 
STE REE ae ee, Pee ae Ree tS 31.2 54. 2 12.6 1.9 95. 4 Die Lay, 0.7 56. 9 

Parkway: 
Pe Sie» SER ed we oe ele 13.8 74.9 10.5 0.8 89.8 5.2 2.4 2.6 35.9 
ROT ee eee teak La ae eC aS 18.8 69. 7 10.3 teat 90. 5 3.6 4.5 1.4 34, 2 

Expressway with partial control of 
access 

OL Dntigg ag ee a eee 26.7 57.7 0 1.6 88. 4 7.4 2.5 Aa 35. 1 
(By near Dee Se RE Set eae eae 28.5 61.5 nade 1.2 90, 2 6.3 2.9 0.7 35. 5 

Table 9.—Tension generated on three types of highways 

Ratio of tension on three routes to 
tension on expressway 

~ — — —_ nad 

A similar but more subtle interaction was 

noted for the parkway; the tolerance of high 

curvature and gradient interacted with the 

traffic interferences to increase the level of 

tension for the drivers. The driver had 

increased difficulties in handling the conflicts 

in traffic when he also had to cope with rather 

large changes in the geometrics of the highway 

itself. 

The tension-producing relationships among 

the highways lend support to the hypothesis, 

proposed in the previous study with GSR (1), 

\that one of the basic determinants of driver 

tension is the degree of predictability that 

exists in the driving environment. It was 

obvious from this study that, under high- 

/ yolume traffic conditions, the driver is inter- 

‘acting with vehicles around him and must 

condition his performance to his expectation 

of what other vehicles are doing and will do. 

In general, he does not have enough informa- 

tion to develop stable or reliable predictions 

about the activities of these other vehicles. 
On a highway having only partial control of 

_ access, his problem is confounded by the 

jinerease in marginal activity, especially when 

both entering and exiting interferences involve 

large, angular closing rates. Thus, increasing 

traffic volume, increasing marginal activity, 

and increasing variations in the highway itself 

all contribute to the complexity of the driving 

and in turn make it more difficult for the 

driver to develop stable predictions about 

his driving environment. 

Highway rankings 

‘The results of the rankings of the routes for 
the highway characteristics are rather 

janomalous. The Interstate route, which 

“Operated well relative to traffic interferences, 

generated the highest tension from highway 

interferences. The resolution of this paradox 

may well be the differences in travel speed on 

these highways. A systematic difference 

é 
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Driver A Driver B Average Driver A Driver B Average 

Controlled access. ___- ie eee 5.7 5.5 5.6 1, 00 1. 00 1.00 
Primary with uncontrolled access________- 10.8 8.8 9.8 1, 89 1. 60 1. 75 
erteat at Cori alent Be So, cme eae Se 13.9 23.5 18.7 2.44 4.27 3. 34 

among the four expressways occurred in terms 

of the speed adopted by the drivers—an 

average of: between 60 and 65 miles per hour 

on the Interstate route, nearly 50 miles per 

hour on the urban freeway, and nearly 40 

miles per hour on the parkway. 

The increasing speeds indicated that drivers 

compensate for infrequent traffic inter- 

ferences—either from low volume of traffic 

or good highway design—by traveling faster. 

In other words, drivers tend to make their 

speeds contingent upon the perceived com- 

plexity of the driving situation. In effect, the 

design of the Interstate route permitted a 

driver to increase his speed to the point at 

which the highway characteristics of curva- 

ture, grade, and pavement condition began to 

affect his operation of the vehicle. Such a 

conclusion would suggest that drivers adopt 

some kind of a critical level of driving tension, 

In these terms, tension induced in driving 

may well represent one mechanisn by which 

the driver can stabilize the system. That is, 

by driving at or near the speed at which 

tension responses increase sharply, the driver 

will be able to determine qualitatively an 

upper limit to his control over the driving 

situation. Obviously, this kind of criterion 

will be applicable to interferences caused by 

either traffic or highway conditions, or both. 

When traffic conditions are such that the 

driver is subject to considerable stress, he 

will reduce his speed and thereby decrease 

the frequency of tension-inducing stimuli. 

When traffic is not a factor, he will utilize the 

highway characteristics and drive sufficiently 

fast to get information from the road itself 

to give him a measure of performance. 

Comfort and conyenience 

The results of this study also bear on the 

problem of comfort and convenience. For 

many years, it has been known that driver 

choices among alternative routes could not be 

accounted for either on the basis of economy 

of operation or of time. It has been neces- 

sary, therefore, to postulate the additional 

factor of comfort and convenience. The basic 

problem with such a construct is to develop an 

operational definition that will make it meas- 

urable. Differences in tension responses on 

different highways may represent one avenue 

for resolving this problem. 

Data in this study indicate that a rural 

primary highway as an alternate route for a 

freeway generates twice as much tension as 

the freeway itself. Furthermore, on the high- 

ways such as this that have no control of 

access, nearly 30 percent of the traffic inter- 

ferences arose from marginal conflicts, but on 

the freeway less than 10 percent of the traffic 

interferences arose from these sources. How- 

ever, little difference was noted in tension 

generated by instream conflicts, except that 

fewer of these conflicts occurred on the free- 

way. Thus, two major factors appear to 

account for the differences in tension generated 

by the freeway and the primary having uncon- 

trolled access: (1) proportion of marginal in- 

terferences, and (2) frequency of instream con- 

flict. Such a breakdown suggests a logical 

distinction between comfort and convenience. - 

Thus, the comfort of a route may be defined 

as the tension caused by unpredictable con- 

flicts. Considered in terms of the predicta- 

bility of the interferences, route comfort 

appears to be measurable by use of the GSR. 

Convenience may be defined as the degree 

of freedom that a driver has in setting the level 

of performance of his own system. Elements 

in the route that restrict the driver or force 

conformity to external controls would make 

that route inconvenient. For example, a wide 

variety of traffic control devices generally are 

predictable, but they force the driver to make 

control changes that may conflict both with 

the operation of his system and his driving 

objectives. Similarly, interaction with other 

vehicles in the traffic stream frequently is 

predictable, at least at moderate volumes of 

traffic, yet it restricts the driver’s freedom of 

action. In this respect, it is interesting to note 

that the relation between tension and traffic 

volume, shown by data in figure 1, breaks 

sharply around 2,800 vehicles per hour or an 

average of 1,400 vehicles per lane per hour. 

This may represent the point at which the 

traffic situation becomes highly unpredictable; 

in terms of this discussion, the point at which 

driving would change from being inconvenient 

to being uncomfortable. Because the data of 

this study show only small differences in the 

average GSR from instream interferences, it is 

entirely possible that their frequency of occur- 

rence alone may be an adequate measure of 

convenience, Claffey (2) used such a measure 

in his studies of comfort and convenience, but 

he made no distinction between the two 

factors. 

It is difficult to determine the weighting of 

the two factors of marginal and instream 

conflicts to fit some route choice equation. 

However, by using the GSR as an overall 

measure of both factors, the data given in 

table 9 show that the freeway generated the 

least tension; the primary route having un- 
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controlled access generated 1.75 times more 

tension and the arterial highway generated 

3.34 times more tension than the freeway. 

By subjective responses, the drivers evaluated 

the three routes in a direct but non-linear 

relation with tension; that is, their dislike of a 

route increased more rapidly than tension 

increased. Considerable research will be re- 

quired to verify this relation and factors related 

to the choice among alternative routes. 

Comparison of the data from this study 

clearly shows the superiority of modern 

expressway design over other types of highway 

design. Nearly all traffie interfererces were 

minimized by these modern designs, except for 

certain of those occurring within the traffic 

stream. Thus, even under high-volume traffic 

conditions, modern freeway design will help to 

restrict the type of conflicts with which a driver 

must deal to those that are the easiest for him 

to resolve efficiently. However, this study also 

indicated that modifications in highway de- 

sign alone may not necessarily increase overall 

system stability. 

(1) Tension Responses of Drivers Generated 

on Urban Streets, by R. M. Michaels, Highway 

Research Board Bulletin 271, 1960, pp. 29-44, 

(2) Characteristics of Passenger-Car Travel 

on Toll Roads and Comparable Free Roads for 

Highway User Benefit Studies, by P. J. Claffey, 

Public Roads, vol. 31, No. 8, June 1961, pp. 
167-176. 7 

The second film produced in connection with 

the AASHO Road Test, Pavement Research, 

has been released by the Bureau of Public 

Roads. This 16-mm. color film has a run- 

ning time of 37 minutes; it shows the tests 

made on rigid and flexible-type pavements, 

the rationale for analysis of the data, and 

the principal test results. As a companion 

film to Materials and Construction, which 

recorded the Test for the 1956-1958 period, 

PAVEMENT RESEARCH 

(Second AASHO Road Test Film) 

Pavement Research summarizes the program 

for the 1958-1961 period. A short description 

of the AASHO Road Test and production of 

these two films appears in Pusirc Roaps, 

vol. 32, No. 3, August 1962, p. 63. 

Prints of Pavement Research, and of the 

first film Materials and Construction, are 

available on a loan basis from the Bureau of 

Public Roads, Photographie Section, 1717 

prints may be borrowed by any responsible 

organization. There is no charge other than. 

for express or postage fees. Requests should 

be submitted well in advance of the desired 

showing date, and alternate dates should be. 

indicated, if possible. Immediate return is 

required. Inquiries about purchase of the 

film or films should be addressed to the. 

Public Roads Photographie Section. 

H Street NW., Washington 25, D.C. These 



BUREAU OF PUBLIC ROADS 

| Information on fuel-consumption rates 

of passenger cars presented in this article 
| was collected primarily to provide data 

for the report submitted to Congress as 

_part of the Bureau of Public Roads 

Highway Cost Allocation Study. The 
analysis in the article is more detailed 

than could be prepared for that report. 

Fuel-consumption rates have many 

| uses, the paramount one being in the 

h forecasting of tax revenues that will be 

available for highway programs. Fuel- 

consumption rates also are helpful tools 
for measuring the use made of highways 

| and for determining the fairness of the 

tax burdens imposed on different types 

of vehicles. 

The findings on passenger-car fuel- 

consumption rates are expected to be 

useful to highway administrators and 

| planners and to others requiring infor- 

| mation on fuel-consumption rates. 

These findings reflect the actual, normal 

daily use of many privately-owned pas- 

senger cars rather than reports for test 

vehicles or for those employed for a few 

specialized purposes. 

| Introduction 

i UEL-CONSUMPTION rates enter into 
4 estimates for fuel tax contributions of the 

different classes of motor-vehicles. Estimates 

lof the tax yield have many uses; two may be 
‘noted: (1) determination of ener -user tax 

schedules that rest equitably on the classes of 

vehicles, and (2) calculation of benefit-cost 
analyses for highway system segments for 
which the traffic composition can be postu- 
lated. To obtain the best possible measures, 
past bases for estimating rates of fuel-con- 
sumption must be examined, and they must 

be revised, if need be, to reflect more accu- 
rately the changes in vehicles and their use. 

; | The Bureau of Public Roads estimated aver- 
age motor-vehicle payments to the Highway 

_ Trust Fund as part of the Highway Cost Allo- 
cation Study required by Section 210 of the 
Highway Revenue Act of 1956 (/).1. Esti- 

_/mated fuel-consumption rates served as one 
; basis for calculating the average vehicle pay- 
‘ments. The rate for passenger cars was based, 
jin part, upon data on the use of privately- 
es 

1 References indicated byTZitalic numbers in parentheses 
are listed on page 120. 
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Passenger Car Fuel-Consum 
| BY THE ECONOMIC RESEARCH DIVISION 

owned passenger cars that had been submitted 

for specified periods between October 1959 and 

March 1961 by groups of employees of nine 

State highway departments and the corre- 

sponding Division, and some Regional, offices 

of the Bureau of Public Roads. Because all 

reports were not available in time to permit a 

detailed analysis for use in the report to Con- 

gress, this article presents an analysis of all the 

data collected. The findings should be of use 

to administrators and planners because they 

reflect the actual, daily use of many privately- 

owned passengers cars rather than reports for 

test vehicles or for those employed for a few 

specialized uses. 

Summary 

The major findings of this investigation of 

the rates of motor-fuel consumption reported 

for a number of privately-owned passenger 

cars in normal daily use are, as follows. 

e Cars in class 0, those having six cylinders 

including compacts, consumed less gasoline 

in daily operation than the standard American 

cars used in the study. 

e For any specified vehicle-transmission 

class, a change of ten percent in mileage driven 

at speeds of 35 miles per hours or less caused 

a corresponding change of 0.002 gallon per mile 

in the fuel-consumption rate—either increase 

or decrease. 

e Year model of the vehicle did not affect 

the average fuel-consumption rates sufficiently 

to serve as an efficient factor for use in fore- 

casting gas consumption. 

Procedure 

As shown in table 1, the nine States par- 

ticipating in this study began the collection 

of data at different times during the period 

October 1959 to March 1960, and each State 

collected reports for four seasons. Most of 

the States used data from a different group of 

employees each season; but, Connecticut and 

Illinois used the data from one slate of em- 

ployees for all four seasons; and New Mexico 

used data from two groups, one for the first 

two seasons and the other for the remaining 

two seasons. 

Each participating employee was given a 

form on which to record information concern- 

ing the vehicle, the mileage driven, and the 

amount of fuel consumed. Acceptable forms 

had to contain a record of four or more 

ption Rates 
By NATHAN LIEDER, 

Statistician 

purchases of gasoline and the first and last 

purchases had to show a full gas tank. An 

early edition of the model form distributed for 

this study contained neither space requiring 

the reporting of the number of engine cylinders 

for each car nor the date of each gas purchase. 

Consequently, California and Arizona did not 

collect information on the number of cylinders, 

and most of the States did not ask participants 

to record the date of each fuel purchase. 

Any follow-up study should require the 

reporting of information for these two items. 

With the exception of Utah, the States that 

selected more than one group of employees 

for the study experienced less seasonal varia- 

tion in the number of reports received than 

Connecticut and Illinois, where only one 

group of employees had been used. The fact 

that employee participation was completely 

voluntary, coupled with the possibility that 

the enthusiasm of the employees waned with 

time, may have been a factor in the seasonal 

variation in the number of responses. Change 

in employment of some employees is thought 

to have been another factor contributing 

to the differences in the number of responses 

from season to season. It may be hypothe- 

sized that the first factor was a very influential 

cause of the variation in seasonal participation 

in the States that used a single employee 

group. But, even a one-hundred-percent 

participation in all States would not guarantee 

that the reports so faithfully mirrored the 

vehicle population of a State or the Nation as 

to permit the use of unweighted data in the 

estimation of average fuel-consumption rates 

for all motor-vehicles. Therefore, this article 

reports unweighted averages and users may 

supply appropriate weights to suit different 

situations. However, a set of national 

averages obtained by special weighting of the 

reported data is presented in table 10. 

Factors Studied 

The relationship of fuel-consumption rates 

to factors of vehicle weight, engine size 

(horsepower), and transmission type of 

vehicle, and to season of the year and to 

stop-and-go driving have been analyzed in 

earlier studies. The analysis presented here 

was based upon these factors or related factors, 

plus vehicle year model. Planners and 

administrators can find State or national data 

for such factors in the records of highway 
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Figure 1.—Average fuel-consumption rates for vehicles for each 
reporting State and total number of reports by vehicle make 
class, transmission type, and number of cylinders: 1960. 
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Figure 2.—Average fuel-consumption rates for vehicles for each 
reporting State and total number of reports by vehicle make 
class and transmission type: 1960. 
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Figure 3.—Average fuel-consumption rates by season for vehicles in each make class by 
transmission type: 1960. 
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departments, motor-vehicle administrators 

automobile manufacturers, and similar 

sources. Because other analysts concerned 

with the tax yield from fuel consumption have 

not found it feasible to collect data for driver 

habits, quality of vehicle maintenance, and 

octane rating of gasoline used, no attemp 

was made to include such factors in this study, 
Because it was impracticable to weigh the 

vehicles for which reports were received, no 

quantitative relationship between weight 

and fuel-consumption rates could be estab- 
lished in this investigation. To take weight 

into account in the analysis, standard Ameri- 

can cars were grouped by make into five 

classes roughly indicative of weight. Some 

ears that could not be included in any of 

the other five classes have been grouped in 

one category, ‘‘other.’”’ Two considerations 

were used in making car assignments to a 

particular class: the number of vehicles 

registered for each year model of the make, 

and the estimated empty weight of the four- 

door sedan judged to be the most popular for 

each year model. The assignments of the 

makes of cars to each class are shown in table 

2. It is recognized that wide differences ir 

weight may exist within a single make. How 

ever, a relatively inexact measure based upor 

obtainable data should prove acceptable fo) 

broad-seale planning, provided it does no} 

mask significant differences in fuel-consump: 

tion rates. In this investigation, the rougt 

measures of weight by vehicle class did no 

seem to obscure marked differences in fuel 

consumption rates. Few vehicles of foreigt 

make were included in the study; four State 

did not report the make of foreign vehicle 

and; therefore, those included were no 

classified by make. 

The number of cylinders for each car waj 

used as a rough measure of its engine siz 

(horsepower). The strength of the relation 

ship was not studied, but it is believed t 

have been sufficient for the purposes to bi 

served by the analysis. Moreover, th 
number of cylinders could be _ reporte¢ 

objectively by all participants, whereas engin 

size could not. 

Data for the factor of stop-and-go drivin 

were based on the memory and judgment o 

the participants. At the time of each fue 

purchase, when the number of gallons ec 

gas purchased and the odometer reading wer 

being recorded, each participant was askes 

also to record his estimates of either th 

percentage of mileage or the number of mile 
that had been driven at speeds of 35 mile 

per hour or less since the previous gas p 

chase. A weighted total of this mileag 
was calculated from each participant’s repo 

Although speeds of 35 miles per hour or les 

are not always associated with the stop-and 

go driving experienced on urban streets 

they should be indicative of such driving 

Provided that any bias caused by fail 

in memory or poor judgment of the respor 
dents was small, differences in fuel-consum 

tion rates should be correlated with th 

differences in the proportions of stop-and. g 

urban driving. 4 
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ANALYSIS 

The States sent either a set of duplicate 
eards or a listing of coded responses to the 

id) Washington, D.C., office of the Bureau of 

Public Roads. Because a few cards and coded 
‘listings were rejected, the totals shown in 
tables’ and figures have minor differences from 

he the information transmitted. The following 
analysis was based upon the resultant deck. 
rs 

. ; Make Class, Transmission Type, 
a and Cylinders 
co 

fy. Average fuel-consumption rates for Amer- 

m+ iean cars listed by States submitting reports 

7 jas to: make class, transmission type, and 

lif number of cylinders are shown in tables 3, 

iw: 4, and 5 and in figures 1 and 2. California 
‘and Arizona are not represented in figure 1 

because responses from these States did not 

i) list the number of cylinders for the cars. The 

if; number of observations is the total of all ac- 

{ceptable seasonal reports. For some States, 

_ these observations represent the same vehicles 

| for all four seasons; for other States, the ob- 

s) servations represent different sets of vehicles 

iy ‘and probably a different set of drivers each 

iw) Season. The vertical lines in figures 1 and 2 

fi; depict the range of fuel-consumption rates 

w averaged for each State. Lach short, hori- 

wy) ) Zontal line perpendicular to a vertical line 
iy /Tepresents the average fuel-consumption rate 

tk for the vehicle class for a State. Two States 

i having the same average are represented by 

‘short horizontals on either side of the vertical. 

_ Each additional State having the same aver- 

j}age as two other States is represented by a 

|short appendage to the horizontal. The ‘‘x’” 
_}on each vertical represents the average fuel- 

‘consumption rate found in the study for all 

ce vehicles of a given classification. The study 

i Averages are not necessarily national averages. 
| Because Illinois collected almost half of the 

| observations, its reports weight the study 

/ averages more than those of any other State. 

Parenthetically, it may be noted that, with 

one exception, the average fuel-consumption 

rates found in the Illinois Study are not at 
; either extreme of any of the distributions of 

State averages. The one exception is in the 
_ class of other American cars having eight cyl- 

cil inders and automatic transmissions. The Il- 
, linois average for this class is based on two 

observations. 

pe ee 

“Make class of cars 

‘Several deductions may be drawn from the 

data shown in tables 3 and 4, and figure 1. 
| _ Probably the most significant one concerns 

 Veliicles in class 0, which contained American 

compact cars. The average fuel-consumption 

tates for the cars in class 0 were smaller than 
the average rates for the other classes of 
American cars except for the eight-cylinder 
cars in class 0 that had automatic transmis- 

sions. The contrast was more definitely 

“2 oS ablished for the six-cylinder cars than for 

_ the eight-cylinder cars in class 0. The low 
average rate of fuel-consumption for the 
el ht-cylinder cars in class 0 is probably an 

) PUBLIC ROADS e Vol. 32, No. 5 

Table 1.—Participating States in each Region, starting period, and number of records 
tabulated 

: , Number of records tabulated ! 
Public Roads Region, and State Starting period Se 

Spring | Summer | Autumn | Winter Total 

Region 1: 
Connecticnite sta2 ee es ae ee ce January 1960______ 85 93 76 149 403 

Region 3: ! 
North. GOaroling =< seesee sie ese January 1960___-_- 190 178 182 207 757 

Region 4: 
Din O1Sa.2 aes ee ree ee ee Bap dys Sete January 1960____._ 2,079 | 1,909 1, 688 2, 265 7, 941 

Region 5: 
RCATISAS or Poe e ae eee 0 a te ts aM October 1959_____- 196 182 205 204 787 

Region a 
PS AUD) WGN es SS SE Rs SS ee ae BE January 1960____-_- 184 184 208 204 780 
Californias: 2 seo aeet se ee Ee? January 1960___--- 523 502 481 470 1, 976 

Region 8: 
CONC {0) alice ae Se PAE RE one eS ee ae March 1960______. 251 | 219 208 208 886 

Region 9: 1 | 
INOW IVIGxICOreeea tae neaeae = oe ee January 1960__-__- 447 409 450 412 1,718 
LU t ee eS LO Bye See eae Nee oer ey Sole February 1960____- 341 304 265 277 1, 187 

AU TYE U We eS, Orie > 2 pW tee res, eed his AE a Oe See oe ee fe bed S0Ge | 3.080." |eaa763 4, 396 16, 435 

; 5 ea reports submitted by employees of the Regional office of the Bureau of Public Roads, which were not tabulated 
y the States. 

Table 2.—American-make cars grouped in classes, roughly indicative of weight 

Class 0 Class 1 Class 2 Class 3 Class 4 Other 

Corvair Chevrolet Dodge Buick Cadillae Corvette 
Crosley Ford Hudson Chrysler Continental Hawk 
Falcon Plymouth Kaiser-Frazer DeSoto Imperial Jeep 
Henry J Studebaker Nash Edsel Lincoln Thunderbird 
Lark Pontiac Mercury 
Rambler Oldsmobile 
Valiant Packard 
Willys LaSalle 
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igure 4.—Averas uel- Ss i »s } rican € r F 4,—A ge fuel-consumption rates of American cars by 
percentage of miles driven at 35 m.p.h. or less for vehicles in 
each make and transmission class: 1960. 

0.100 | | | 

| MANUAL TRANSMISSION 
least [alien 

| AUTOMATIC TRANSMISSION 
} 

2 ° a 3 

GALLONS PER M 
(2) fo] 3 LA 

CLASSO| @ 
”) 

0.050 a a 

Pr} oa 
> | ae 

= rr 
pane J Cie oO Sie MOO eee Ln Tied z = @o t o Mm N _ 4 -_ 

Cee Cees OF Se Oe Oe Oe oo) os Oo Beto sn mw an oot 
2S FS FFEFHARHHFASLH ®D HO FSEEAR SED ®t 

Figure 5.—Average fuel-consumption rates by year model for 
vehicles in each make and transmission class: 1960. 
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Table 3.—Data on miles of travel and fuel-consumption rates, gallons per mile, for Ameri- 
can cars with automatic transmissions, taken from 1960 reports that listed number 
of cylinders ! 

Location and vehicle 
make class 6 cylinders 

Reports Travel Fuel 

Gal./ 
Connecticut: 2 Number | Veh.-mi. miles 

Olass 02522-<4.2-- se Z 2,937 | 0.055 
@lass 12-52 2 eo ee 29 34,076 | .067 
O1aSS WA eon eae 3 8, 572 . 068 
lass 322----2 “ser ec ll 11, 789 . 074 
lass 402 see ae 0 0 Beas 
Other 2ueenseos sees 0 0 ee 
AN Se ope samen eee 45 52, 374 . 068 

North Carolina: 3 
Class 0 7 12,609 | .055 
Class 1--- 50 53,189 | .067 
(OlsSS Zoee 8 6, 631 . 074 
Glass 3 sess we een 2 2,128 | .062 
Glass 452222 ae 0 0 3 
Othetes-s=aee—= nee 0 0 an 
JIT): a 67 74,557 | .065 

Tilinois: 4 
Olass 072 Sct 2-2-2 88 123, 852 . 056 

Glass t-2o eee 613 697, 568 . 067 
GOSS Aasea eee ee 66 62, 839 . 074 

Class 3-------------- 58 50,062 | .077 
Gass 422 ee eeee oe 0 0 one 
Otero. ee 0 0 Pe 
yo eae a ee $25 934,321 | .067 

Kansas 
Olassi052 eee aa 5 5,829 | .061 
@lassdlssanccmeeeewe 55 58,998 | .069 
OlaSS 2eese= seen 4 4,388 | .079 
Olass 32 sseee eee 2 1, 853 . 064 
Olass! 4hotseacech sae 0 0 eter 
Others == eee 0 0 jes 
A pte ee ae 66 71,068 | .069 

Oregon: 2 
FOXES ee 18 25, 894 . 057 
Clasiistee paseo n=— 45 50, 762 . 066 
G@lssS/ 25s see ater 19 21, 126 . 073 
Class 3-------------- 6 6,041 | .074 
Glass 42uc- --a-—be == 6 6,820} .071 
Oy Acts Mees SE eee 0 0 Aner 
IN Ds ae ae 94 110,643 | .066 

New Mexico: ? 
@lsss 08s aS aene are 12 15, 248 . 057 
Glass doe 228.2 a faes 56 61, 274 . 070 

Glass Oe ae 7 7,221 | .079 
Olas cease eee =a 6 3, 945 . 096 
COL ESC ee a Se a Be re 0 0 ye 
(Oats) pase ee ee 0 0 aoe 

ALIS cS eu aate a 81 87,688 | .070 

Utah: 3 
Olass 0S tase sencoes 8 10,782 | .052 
Olass Tos 2s cannes 38 40, 613 071 
Glass 2teeesaaee nae 9 10,715 | .074 
(Oi Cyne eer ee 14 15,087 | .O71 
Class 4.025556" <4-2. 0 0 See 
G@thers=.--=-------- 0 0 es 
Ss eee eee one 69 77,197 | .069 

All agencies: 
Glass Quis =25 226 eee 140 197, 151 . 056 
Class" vec22. seen see 886 996, 480 - 068 
Olas i2iei i. se eseceS 116 116, 492 . 074 
Ciss¢ 5 bt one SS 99 90, 905 .075 
Olass 42.5 2S 8b eet 6 6, 820 O71 
Others. ak ecseee 0 0 ph) 
CoM | ee. Se ees 1, 247 1, 407, 848 . 067 

Automatic transmission 

8 cylinders Total 

Reports Travel Fuel | Reports Travel Fuel 

Gal./ Gal. 
Number Veh.-mi. miles | Number Veh.-mi. miles 

0 Oia 2a 2 2,937 | 0.055 
86 109, 989 | 0.071 115 144,065 | .070 
22 29,060 | .071 25 32,632 | .070 
65 76,970 | .080 76 88,759 | .079 
4 3, 882 | .089 4 3,882 | .089 
0 (ie ee Fe 0 OAlpvcess 

ible 219, 901 . 074 222 272, 275 .073 

0 0 xaxs 7 12, 609 . 055 
196 245,164 | .070 246 298, 353 | .070 
59 62, 855 . 073 67 69, 486 . 073 

115 131, 953 . 076 117 134, O81 . 076 
8 10, 828 |} .076 8 10,828 | .076 
0 0 oes 0 0 RE 

378 450,800 | .072 445 625,357 | . 071 

15 18,511 | .068 103 142, 363 | .057 
1, 672 1, 817, 931 . 073 2, 285 2,515,499 | .072 

597 658,998 | .077 663 721, 837 | .077 
1, 530 1, 665,695 | .079 1, 588 115; VOU e070 

59 70, 628 .079 59 70, 628 .079 
2 1, 331 . 108 2 1, 331 . 108 

3, 875 4, 233,094 | .076 4, 700 5, 167,415 | .075 

3 2,474 | .094 8 8,303 | .071 
221 234, 155 . 076 276 293, 153 . 075 
62 64, 156 . 081 66 68, 544 . 081 

144 153, 834 . 082 146 155, 687 . 082 
10 12, 914 . 074 10 12, 914 . 074 
1 1,026 | .083 1 1,026 | .083 

441 468,559 | .079 507 539,627 | .078 

3 4,235 | .072 21 30,129 | .059 
178 206, 248 . 072 223 257, 010 . 071 
91 98,016 | .077 110 119,142 | .077 

118 138,998 | .078 124 145,039 | .077 
18 20,494 | .077 24 27, 314 | .075 
0 OP eee 0 Oe 2 

408 467,991 | .075 502 578, 634 | .073 

9 11,095 | .067 21 26,343 | .061 
331 394, 332 . 073 387 455, 606 . 073 
116 120,583 | .081 123 127,804 | .081 
223 253, 389 . 078 229 257, 334 .078 
30 35,741 | .081 30 35,741 | .081 
2 2,312 | 2079 2 2, d%2ul) 5079 

711 817,512 | .076 792 905,200 | .075 

6 10,5382 | .068 14 21,314 | .060 
267 334, 856 | .073 305 375, 469 | .073 
111 124, 805 .079 120 135, 520 .077 
252 309, 402 | .077 266 324,489 | .077 
17 18, 915 . O81 17 18, 915 . O81 
1 1, 452 . 052 it 1, 452 . 052 

654 799,962 | .075 723 877,159 | .075 

36 46,847 | .070 176 243,998 | .059 
2, 951 3, 342, 675 - 073 3, 837 4, 339, 155 . 072 
1, 058 1, 158, 473 . 077 1,174 1, 274, 965 .077 
2,447 2, 730, 241 .079 2, 546 2, 821, 146 .079 

146 173, 402 .079 152 180, 222 .079 
6 6,181 | .080 6 6,181 | .080 

6, 644 7, 457,819 | .076 7, 891 8, 865,667 | .075 

1 Nineteen observations for 4-cylinder Willys are excluded from the tabulations. 
2 Includes reports from employees of Division Office of Bureau of Public Roads and State highway employees. 
3 Includes reports from employees of both the Division 

highway employees. 

unreliable estimate based upon too small a 

sample of the vehicles in this category. 

However, the differential in fuel-consumption 

rates points up the advantage of considering 

vehicle distributions by various characteristics 

that influence fuel-consumption before making 

estimates of the gallons of fuel to be con- 

sumed in highway use. 

Transmission type 

For all classes of cars, this study confirmed 

that the type of transmission and engine size 

as measured by number of cylinders have 
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and Regional Offices of the Bureau of Public Roads and State 

an effect on fuel-consumption rates. With 

the exception of class 0 vehicles, the effect of 

the type of transmission for cars in every day 

use seems to have been more marked than 

the effect of the number of cylinders. There- 

fore, computation of fuel-consumption rates 

in which the number of cylinders is not con- 

sidered should yield estimates acceptable for 

many purposes. Furthermore, by ignoring 

the effect of the number of cylinders, the 

data received from California and Arizona 

could be included in the computations for 

a unified analysis. In figure 2, State averages 
are shown but no differentiation by transmis- 

sion type has been made, as in figure 1. 

Differences in rates among States | 

Differences in average fuel-consumption § 
rates among States for any given class of 

car were related to the number of observations 

and decreased with a large number of obser- 

vations. This was demonstrated most mark- 

edly by the data received for class 1 vehicles, 

The decrease in the differences of average fuel- 

consumption rates among the States studied 
indicated that the average rate of fuel-con- 

sumption in a vehicle weight class for any 

State approaches that of the other States 
without regard to their geographical location, 

It is possible that this similarity of fuel- 

consumption rates would not be maintained 
in mountainous areas or at high altitudes as 

fuel-consumption rates have been directly 

related to changes in altitude. Although this 

study was not designed to provide informatior 

on the relative importance of this factor) 

reports of several other studies have show) 

that altitude does affect the rate of fuel, 

consumption (2). 4 

Miles Per Gallon 

Because the data in this article are expected 

to be used for purposes requiring fuel-con- 

sumption rates to be weighted by miles oj 

travel, the data have been expressed as gallons 

per mile. However, many readers of this 

article and perhaps many of the prospective 

users of the data are more familiar with 

rates expressed as miles per gallon. Table 6 

therefore, contains fuel-consumption rates 

expressed as miles per gallon that corresponce 

to the gallon-per-mile rates calculated fro 

the reports received from all participants for 

each of the six classes of American cars, af 

shown in table 5. 

Seasonal Variation 

to the season of the year. Rates at eithe 

extreme were reported for summer and winter 

The smallest rates were reported for summe) 

and the largest rates were reported for thi 

winter season. Spring and fall reports indi. 

cated intermediate rates of fuel-consumption 

which generally were near the annual average) 

The rates given in table 7 may be used witl 

forecasts of seasonal travel to produce some 

be consumed than can be produced withouw 

a consideration of the seasonal differences ir 
consumption. 

Stop-and-Go Driving 

For each transmission type within each 

make class, the rate of fuel consumptior 
tended to vary directly as the proportion 0 
stop-and-go driving changed, as measured by 

the percentage of driving speeds reported a 
not exceeding 35 m.p.h. Data in table 8 an 

figure 4 illustrate this relationship. 

jagged progression of data for class 0 
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t 
cylinders ! 

Location and vehicle 
make class 6 cylinders 

Reports Travel Fuel 

Gal.|/ 
Connecticut: ¢ Number Veh.-mi, miles 

CLS es ee 6 1 211 0.048 
i DS Ea ee 88 112, 325 . 063 
CHAS ae Sie ae sll 12 19, 976 . 052 
SU SEE: ee ee 0 GP ti ee oe 
OMS OE ae ee 0 (0% |S te 8 
UNA ES ee i oe 0 (eis ee 
EN ea: eS ee 106 148, 512 . 060 

North Carolina: 3 
CULES ora aa 13 19, 479 043 
LE CRE ke See sere 181 215, 585 . 064 
CL) Sateen 13 8, 032 . 076 
Ea 2 1, 5380 . 069 
LL PES eae area 0 Oftnge Zoe 
OP aes yas 0 Dees 

{AS ae eee 209 244, 626 . 063 

159 232, 473 . 049 
1,819 | 2,030, 607 . 064 

124 126, 410 . 069 
7 4, 838 077 

Og Fee tee 
1, 767 . 050 

2,110 | 2,396,095 - 063 

14 16, 007 053 
148 157, 402 - 066 

8 8, 894 . 064 
1 1,010 - 078 
0 OpIRe eae 

0 
171 183, 313 - 065 ‘ 

ARGS Wien tea = de 35 58, 625 . 049 
LESS ey Sy eee 186 226, 029 . 063 
“CLS Rs a 8 10 10, 209 .078 
CLESCES Ce as eee 2 2, 483 . 070 
OC ee ae ee 1 1, 132 . 066 
OVATE a 0 Og eee oe 

USE ie ears ae eee 234 298, 478 . 061 

New Mexico: 2 
CC TRDSI SS a pa a Sie 48 64, 579 . 052 
Chypsy Ss ee Seer aee 442 477, 937 . 066 
NGS SS 24 20, 690 .075 
SCG aes a ae 7 5, 418 .078 

3 It CLEC. «ee oe 0 ON eae ses 
: DIES, ae a 0 Delicate ae 
f] AUD te PS eee eee 521 568, 534 . 065 

f Utah: 3 
; LOSS ee ees 35 52, 172 051 
. (CUS CGS 28 Le Se eee 189 229, 214 . 065 

OSC aes 22 28, 434 . 064 
ONES SYS a ees 0 (0), || 5 alee Sa 

! Reierstae ee ee 0 (Oia) eae 
itt OLS ee ee a 0 OA es Soe 
; PA ree ees) Se foe 246 309, 820 . 062 

1 : 
| All agencies: 
i CUESSI, Sees teenage 310 454,546 | . 050 
" "Ue 3,053 | 3,449,099 . 064 

f SSS RI ee 213 222, 655 . 068 
' Ga SNG SO ie aoa 19 15, 279 076 

; RIORSiAe Se ee 1 1, 132 . 066 
In} OS Be oe en 1 1, 767 . 050 
ii NIE Se Sn et = 3,597 | 4,144,378 . 063 

; 

| 
| 

a employees. 

class 4 cars having automatic transmissions 

are probably the result of an insufficient 

umber of sample cases. 

Hypothesis 

A hypothesis may be put forth that, if 
Wansmission type and vehicle class are held 

sonstant, a linear relationship exists between 

‘uel-consumption rates and the percentage of 

driving at speeds not exceeding 35 miles per 

hour, and that these lines are parallel within 
4 transmission type. However, instead of 

= 
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Table 4.—Data on miles of travel and fuel-consumption rates, gallons per mile, for Ameri- 
_ ean cars with manual transmissions, taken from 1960 reports that listed number of 

Manual transmission 

~.0U Ue 

8 cylinders Total 

Reports Travel Fuel | Reports Travel] Fuel 

5 Gal./ Gal./ 
Number | Veh.-mi. miles | Number | Veh.-mi. miles 

0 Ota: 22 6 11, 211 | 0.048 
25 31, 221 0. 067 113 1438, 546 . 064 
4 4, 329 CON 16 24, 305 . 057 

10 13, 1386 . 068 10 138, 186 . 068 
0 One 0 Ll ig ere 
0 Oe eet 0 Gia ees 

39 48, 686 . 068 145 192, 198 . 062 

0 Ne ee 13 19,479 | .043 
116 131, 667 . 068 297 347, 252 . 065 

6 6, 790 .077 19 14, 822 . 076 
28 31, 644 072 30 33, 174 .072 
0 Oh g | ened 0 OLS 22 
0 Oe ae a 0 OP See, 

150 170, 101 . 069 359 414, 727 - 065 

4 5, 151 . 063 163 237, 624 . 050 
774 864, 000 . 068 2, 593 2, 894, 607 . 065 
60 68, 005 . 076 184 194, 415 .072 

128 135, 654 . 076 135 140, 492 . 076 
0 (Oa i ke 0 Ose 
1 1, 273 . 064 2 3, 040 . 056 

967 1,074, 083 . 069 3, 077 3, 470, 178 . 065 

1 1, 481 . 059 15 17, 488 . 053 
77 86, 648 . 068 225 244, 050 . 067 
6 5, 149 . 082 14 14, 043 . 070 
ys 9,111 071 8 10, 121 OME 
it 1,474 . 068 1 1,474 | .068 
0 (OR SS =e 0 oleae 

92 1038, 863 . 069 263 287, 176 . 066 

0 SNS? ome 35 58, 625 . 049 
81 100, 601 . 066 267 326,630 | .064 
6 5, 812 . 077 16 16, 021 .077 

Aye 18, 304 . 074 19 20, 787 . 073 
0 OM eens 1 1,132 . 066 
0 Omi eS 0 5 ae 

104 124, 717 . 067 338 423, 195 . 063 

o 6, 625 . 057 53 71,204 | .053 
278 323, 252 . 068 720 801, 189 . 067 
19 22, 960 . 076 43 43, 560 . 075 
41 48, 411 .072 48 53, 829 . 073 
1 433 . 147 Hat 433 . 147 
2 2,099 . 059 2 2,099 . 059 

346 403, 780 . 069 867 972, 314 . 067 

4 9, 880 . 055 39 62, 052 . 051 
134 160, 690 . 068 323 389,904 | .066 
Tig 13, 382 O71 33 41, 816 . 066 
24 27, 092 .075 24 27,092 .075 
0 OF Sauese 0 Quite coe 
0 Om #225 0 Tale 

173 211, 044 . 068 419 520,864 | .065 

14 23, 137 . 058 324 477, 683 . 050 
1,485 1, 698, 079 . 068 4, 538 5, 147, 178 . 065 

112 126, 427 . 076 325 348, 982 O71 
255 283, 352 . 074 274 298, 631 074 

2 1, 907 . 086 3 3, 039 .079 
3 3, 372 . O61 4 5, 139 Onn 

1, 871 2, 136, 274 . 069 5, 468 6, 280, 652 . 065 

1 Nineteen observations for 4-cylinder Willys are excluded from the tabulation. : 
2 Includes reports from employees of Division Office of Bureau of Public Roads and State highway employees. 
’ Includes reports from employees of both the Division and Regional Offices of the Bureau of Public Roads and State 

fitting a straight line for each vehicle class, 

the data for classes 1, 2, and 3 were averaged. 

Under the hypothesis, these averages for the 

combined classes represent points on a line 

that is parallel to the lines for the separate 

classes. A straight line was fitted by the 

method of least squares to the combined class 

averages. The slope for automatic trans- 

missions was 0.00020; the slope for manual 

transmissions was 0.00017. Both slopes 

differed from zero by a significant amount, 

as determined by the ‘“‘t” test. The slope 

indicated that for every increase of 10 percent 

in mileage of stop-and-go driving, the rate of 

fuel consumption increased approximately 

0.002 of a gallon per mile when transmission 

and vehicle class were held constant. The 

lowest rate of fuel consumption per mile of 

travel should be realized when stop-and-go 

driving is reduced to zero. However, the 

absence of stop-and-go driving is often 

accompanied by an increase in speed that 

tends to negate the benefit of uninterrupted 

driving, and some indications (3) have been 

noted that fuel-consumption rates increase 

when vehicle speeds pass a critical point. 

This factor may be very important in an 

analysis of fuel-consumption requirements for 

travel on some sections of highway. 

Year Model 

The age of vehicles as indicated by the year 

of the model also was considered as a factor 

that affects fuel-consumption rates. Annual 

data are available on the registered number of 

passenger cars classified by year model and on 

the number of vehicles manufactured and sold. 

Such data can be obtained from manu- 

facturers, trade associations, and _ official 

registration records. It had been hoped that 

the age of the vehicles could provide another 

factor for use in estimating fuel-consumption, 

but a sufficiently pronounced relationship was 

not established in this study. Table 9 and 

figure 5 contain information that shows the 

year model of vehicles to have little noticeable 

effect on fuel-consumption rates when large 

numbers of vehicles in normal operation are 

considered. 

Foreign Cars 

Reports received for foreign cars totaled 522. 

Of these, 162 reports did not include the 

number of cylinders; 341 reports represented 

4-cylinder cars; 17 reports represented 6- 

cylinder cars; 2 reports represented 8-cylinder 

ears. The fuel consumption rate of foreign 

ears classified as “cylinder unknown” was 

calculated at 0.037 gallon per mile; the same 

rate determined for foreign cars having 4 

cylinders. Therefore, most of the cars in the 

cylinders unknown class reasonably may be 

assumed to have been 4-cylinder vehicles. 

The average fuel-consumption rate for the 

6-cylinder foreign cars was 0.058 gallon per 

mile; and for the 8-cylinder cars, it was 0.079 

gallon per mile. Because only two reports 

represented foreign cars having automatic 

transmissions, that factor was not related to 

fuel-consumption rates for this group of 

vehicles. 

Application of Study Data 

One possible application of the fuel-con- 

sumption rates determined from this study is 

illustrated in table 10. All the entries for 

vehicles and mileage in this table are estimates 

that had been prepared by the Highway Cost 

Allocation Study staff of the Bureau of Public 

Roads. 
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Table 5.—Data on miles of travel and fuel-consumption rates, gallons per mile, for Ameri- 
can cars taken from 1960 reports that did not list number of cylinders 

Automatic transmissions Manual transmissions 
Location and vehicle make class 

Reports Travel Fuel | Reports Travel Fuel 

Gal./ Gal./ 

Arizona: ! Number Veh.-mi. mi. Number Veh.-mi. mi. 

9 9, 550 0.054 25 34, 659 0. 047 
200 216, 656 .070 242 274, 135 
57 66, 681 -072 22 21, 355 a 

141 157, 937 . 076 18 20, 623 
10 12, 117 . 090 0 0 
1 2, 228 . 064 0 0 

418 465, 169 . 073 307 350, 772 

1 14, 578 . 047 28 34, 319 ‘ 
570 683, 978 . 071 558 677, 128 a 
173 220, 816 . 073 77 104, 046 } 

403, 316 077 36 41, 660 
46,188 . O81 0 0 ; 
5, 189 073 3 4,510 4 

1, 374, 015 ss 702 861, 663 i 

268,126 | . 377 546, 661 t 
5, 239, 789 ; 5, 338 6, 098, 441 
1, 562, 462 ; 474, 383 | 
3, 382, 399 : 360, 914 

238, 527 : 3, 039 
13, 548 - 9, 649 

10, 704, 851 : 7, 493, 087 

1 Ineludes reports from employees of the Division Office of the Bureau of Public Roads and State high- 
way employees. 

2 The totals shown here for all agencies include the totals from tables 3 and 4. 

Table 6.—Fuel-consumption rates in gallons 
per mile computed as miles per gallon, 
from 1960 reports for American cars 

Vehicle make Automatic Manual 
transmission transmission 

Gallons } | Miles per | Gallons 1 | Miles per 
per mile | gallon | per mile | gallon 
0.058 Lo 0. 050 20.1 
072 14.0 . 065 15.3 
. 076 ae ya. . 068 14.7 
079 12.7 -074 13.5 
. 080 12.5 079 12.7 
.075 13.4 . 065 15.4 
. 074 13.5 - 065 15.5 

1 Data are the same shown in table 5 for all agencies. 

7 

Table 7.—Fuel-consumption rates for American cars, classified by make and transmission 
class, related to number ! of reports received and the season of the year: 1960 

Fuel-consumption rates Number of reports 

Class | Class | Class | Class | Other || Class | Class | Class | Class | Class | Other 
i 2 3 4 0 i 2 3 4 

Season 

AUTOMATIC TRANSMISSION 

< Gal./mi.| Gal./mi.| Gal./mi.| Gal./mi.| Gal./mi.| Gal./mi. 
Spring__..___} 0.060 0. 073 0. 077 0. O80 0. 078 0. 076 
Summer . 056 . 068 . 072 . 074 . 077 

. 054 . 070 075 . 076 . 079 

. 063 . 076 . 083 . O84 . O87 

. 058 . 072 076 . 079 . 080 

% 

~ 

Spring 0. 050 | 0. 065 0. 068 } 95 
Summer . 048 . 062 . 065 : : . 067 95 
Fall . 049 . 064 . 068 30% 4 108 

. 054 . 069 . 073 - ‘ . 060 79 

- 050 - 065 - 068 2 : : 377 

! Nineteen observations for 4-cylinder Willys are excluded from the tabulations. 

«iu! — candela Ce 



Table 8.—Number! of reports and fuel-consumption rates for American cars related to 
percentage of mileage driven at speeds of 35 m.p.h. or less: 1960 

Mileage driven Fuel-consumption rates Number of reports 
at speeds of 

35 m.p.h, or less 
Class 0 ‘Chass 1 |Class 2 |Class3 | Class4} Other |/Class 0 ‘onss1 ‘c1ss2 Class 3 | Class 4} Other 

AUTOMATIC TRANSMISSION 
aa a a te YE A en ee a 

Percent ee ase Gat./mi.| Gal./mi.| Gal./mi.| Gal./mi.| Gal./mi. 
0,0-0.8.- =o. 0. 065 0. 069 0.069 0.078 0. 066 9 250 76 184 17 2 
10.0-19.9__-___ nite . 066 O71 072 O71 cope 28 679 174 401 36 ante 
20.0-29.9_..__- . 050 . 068 .073 075 . 075 . 052 21 642 194 391 36 1 
30.0-39.9__-___ . 061 .071 . 073 . 076 . 080 .078 20 551 167 361 26 2 
40.0-49.9______ . 060 .072 . 074 .078 . 075 . 080 25 516 135 328 15 2 

50.0-59.9.--__- . 061 .073 . 076 . 080 . 088 wa 38 553 163 332 16 es 
60.0-69.9__.___ . 061 . 076 . 080 . 083 . 085 Ae 16 336 99 270 18 ha 
70.0-79.9_..... . 063 077 . O81 . O84 . 092 . 076 10 298 122 197 10 2 
80.0-89.9__.___ . 064 . 078 . 087 . 088 . 093 114 11 283 91 193 9 i! 
90.0-100.0..-_} .058 . 080 . 088 . 090 . 092 . 074 18 499 183 356 15 2 

LAT Sere . 058 . 072 . 076 .079 . 080 .075 196 4, 607 1, 404 3,013 198 12 

MANUAL TRANSMISSION 
ee a ee ee Co re fn sae eee ee a SO eee 

0.0-9.9...____ 0.046 | 0.061 | 0.064 | 0,069 oe ae 38 374 18 23 eee see 
10.0-19.9__-__- . 047 . 062 . 060 . 066 . 066 aoe 70 962 60 34 1 erg 
20.0-29.9__.___ . 049 . 063 . 064 . 070 . 067 0. 067 56 701 63 36 1 1 
30.0-39.9__-___ . 048 . 064 . 065 . 074 mae, . 048 31 647 40 39 pts 1 
40.0-49.9....._| .049 . 065 . 070 . 074 eee . 050 25 484 55 31 ae 1 

50.0-59.9._-._.| .051 . 066 . 068 O71 oe buat 50 599 41 42 te 1 
60.0-69.9..-_..| .053 . 069 -070 075 ay ae 30 353 37 28 £ Sa tar 
70.0-79.9_.-___ . 054 . 069 . 076 . 080 ae . 068 26 336 30 16 eae 1 
80.0-89.9______ . 054 . 070 077 . 087 nea . 070 19 297 20 17 ae 2 
90.0-100.0_-__. . 059 .073 . 083 . O84 . 147 . 088 32 585 60 62 1 1 

Allee sees . 050 . 065 . 068 074 .079 . 065 377 5, 338 424 328 3 7 

1 Nineteen observations for 4-cylinder Willys are excluded from the tabulations. 

Table 9.—Number! of reports and average fuel-consumption rates for American cars, 
classified by vehicle make, transmission class, and year model: 1960 

Fuel-consumption rates Number of reports 
Year model 

Class 0 | Class1 Cinss 2) Class 3| Class4| Other |} Class 0} Class1| Class 2 | Class 3 | Class 4| Other 

AUTOMATIC TRANSMISSION 

Gal, iS Gal./mi.| Gal./mi. oar pbs Gal./mi.| Gal./mi. 
0.068 | 0.091 wet ae 

. 067 . 073 : ee 0. 078 Bae 

.070 .077 .077 . 090 0. 069 

. 072 MUie . 080 .078 . 082 

.074 .078 . 081 . O81 . 059 

. 072 .075 .078 . 082 . 064 

072 075 075 076 - 108 
. 072 - 076 . 078 - 081 
073 077 : 075 See 
075 077 “i . 078 eae 
- 074 . 084 5 075 “4 

eh ai 
- 

ay 

. 069 - O81 : - 084 bane 17 71 

072 - 076 é . 080 075 196 | 4,607 | 1,404 pay 8 

MANUAL TRANSMISSION 

0.058 | 0.049 | 0.057 
. 060 . 059 
. 063 . 054 
. 063 . 062 
. 064 . 067 
. 065 - 069 

. 065 073 

. 065 . 069 

. 068 . 076 

. 068 . 072 
5 - 079 

. 068 072 

. 065 . 068 

1 Nineteen observations for 4-cylinder Willys are excluded from the tabulations. 
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Table 10.—Estimated fuel-consumption data and fuel-tax yield for passenger cars in 
United States for calendar 1960 

Number of Vehicle-miles Gallons Gallons Fuel-tax yield at 
Make class ! vehicles (at 9,600 miles per mile of gasoline four cents a gallon 

per vehicle) (dollars) 

AUTOMATIC TRANSMISSION 

13, 610, 016, 000 0. 058 789, 380, 900 31, 575, 236 
g 184, 316, 448, 000 072 13, 270, 784, 300 530, 831, 372 

7, 323, 744 70, 307, 942, 400 . 076 5, 343, 403, 600 213, 736, 144 
11, 634, 682 111, 692, 947, 200 4 8, 823, 742, 800 352, 949, 712 
1, 474, 140 14, 151, 744, 000 : 1, 132, 139, 500 45, 285, 580 

394, 079, 097, 600 5 29, 359, 451, 100 1, 174, 378, 044 

MANUAL TRANSMISSION 

2, 126, 565 20, 415, 024, 000 0. 050 1, 020, 751, 200 40, 830, 048 
12, 799, 754 122, 877, 638, 400 - 065 7, 987, 046, 500 319, 481, 860 
1, 880, 936 17, 576, 985, 600 . 068 1, 195, 235, 000 47, 809, 400 
1, 292, 742 12, 410, 323, 200 074 918, 363, 900 36, 734, 556 

163, 793 1, 572, 412, 800 . 079 124, 220, 600 4, 968, 824 
2, 166, 898 20, 802, 220, 800 - 037 769, 682, 200 30, 787, 288 

20, 380, 688 195, 654, 604, 800 . 061 12, 015, 299, 400 480, 611, 976 

AUTOMATIC AND MANUAL TRANSMISSIONS 

3, 544, 275 34, 025, 040, 000 0. 053 1, 810, 132, 100 72, 405, 284 
31, 999, 384 307, 194, 086, 400 - 069 21, 257, 830, 800 850, 313, 2382 
9, 154, 680 87, 884, 928, 000 074 6, 538, 638, 600 261, 545, 544 

12, 927, 424 124, 103, 270, 400 078 9, 742, 106, 700 389, 684, 268 
1, 637, 933 15, 724, 156, 800 . 080 1, 256, 360, 100 50, 254, 404 
2, 166, 898 20, 802, 220, 800 . 037 769, 682, 200 30, 787, 288 

61, 430, 594 589, 733, 702, 400 070 41, 374, 750, 500 1, 654, 990, 020 

1 Other class American cars have been included in class 5 figures. 
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