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Comparison of Day and Night 
Gap-Acceptance Probabilities 

_ Reported by ' NICHOLAS G. TSONGOS, 

_ Highway Research Engineer, and 
SIDNEY WEINER, Mathematician, 

Traffic Systems Division 

4 Introduction 

; HE STUDY reported here was a part of a 

t project to explore the effects of headlight 

_ glare from opposing vehicles on the ability of 

drivers to perform nighttime highway visual 

vtasks. Although a considerable number of 

studies have been concerned with descriptions 

of traffic flow at intersections, and especially 

with gap acceptance and rejection, a search 

of the literature indicates that no material 

about the behavior of drivers entering a 

major roadway from a stopped position at 

night has been published. The presence of 

jopposing vehicle headlights is one of the 

j/most important factors that influence and 

| determine the ability of the driver to see and 

/perform in the night driving situation. The 

purpose of the study was not to examine the 

‘headlamp effect itself, but rather, to deter- 

/mine and compare the headway distributions 

jand gap acceptance between day and night, 

as a result of the change in ambient illum- 

i ination available to the driver at night. 
a 

 Gap-Lag Acceptance, Definitions and 

; Assumptions 
i 

_| ® Gap is the elapsed time between the 
arrivals of successive main-street vehicles at 

an intersection. For minor-street vehicles en- 

tering the main street and turning right, 

. conflicting with one traffic stream, the gap is 

formed by main-street vehicles traveling in 

the same direction. For minor-street vehicles 
entering the main street and turning left, con- 

flicting with both traffic streams, the succes- 

‘Sive vehicle can be traveling either in the 

same direction or in the opposite direction. 

er Lag is the elapsed time between the arri- 
val of a minor-street vehicle at an intersection 

)) and the arrival of the next main-street car 

a at the intersection. 

FE ® Arrival of a main-street vehicle at the 
_ intersection is the time at which the car enters 

i the area bounded by two pneumatic tubes, 
 lstalled for the study, at the extensions of the 

 Minor-street curb lines. Arrival of a minor- 
/ Street vehicle at the intersection is the time 

— 
‘Presented informally to the Visibility Committee of the 

Highway Research Board at the 48th annual meeting, Wash- 

ington, D.C., January 1969. 
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GAP—AS IT WAS USED IN THE STUDY 

eas Clad I= 
Co OS OSS ee SS ce ST 

=[JAs[ 
—T,—J 

Elapsed time (T)) between arrivals of vehictes A, and Ay 

or (T,) between arrivals of vehicles A,and A, 

Vehicle X on the side, or minor, street will use a gap, T;, Th, or Tero, to enter the 

traffic stream on the main street. If it uses an oncoming gap to enter the main- 

street traffic, the gap is accepted. If it waits at the intersection as the gap passes 

by, the gap is rejected. 

Of the many factors that influence the ability of the driver to see and perform 

the driving task at night, one of the most important is the effect of the headlight 

beams of other vehicles. In the study reported here, the headway distribution 

and gap-acceptance probabilities between day and night on an isolated, unlighted, 

suburban intersection were compared, and the driver’s behavior as a result of 

the change in lighting conditions explored. The test for conditional homogeneity, 

an analytical method, and Raff’s method, a purely graphical method, were 

used to analyze and compare the data obtained. Although no_ significant 

difference in the gap-acceptance probabilities were shown by the Raff method, 

the results obtained by the analytical method indicated that the gap-acceptance 

probabilities for day and night cannot be considered con ditionally homogeneous, 

particularly for very short and long gaps. For the medium size gaps, the ac- 

ceptance probabilities did not indicate significant d fferences. 

It was shown in the study that there were no significant differences between 

day and night in the formation of the available gaps under light traffic-volume 

conditions; but as the volume increased, there was a higher percentage of 

longer gaps at night than during the day. 

According to the authors, further experimentation will be necessary before 

it can be decided that the gap acceptance depends on lighting conditions. 
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BRADDOCK RO. 

(PEN 4) 

at which the car stops at the stop sign. If a 

minor-street car under consideration has to 

stop behind another car waiting to enter the 

intersection, its arrival is not the time that it 

stops, but the time that the other car, imme- 

diately ahead, enters the intersection. 

e A gap is accepted if the minor-street, or 

side-street, vehicle crosses or enters between 

two main-street vehicles that form a gap. As 

a driver can reject any number of gaps but 

accept only one gap each time that he enters 

the intersection, the percentage obtained by 

using all the gaps rejected by each driver 

would not give a true indication of the pro- 

portion of drivers accepting gaps of a certain 

size, and the conclusions would be inaccurate. 

To overcome this inaccuracy, the number of 

rejections must be limited to one for each 

driver. Accordingly, two assumptions were 

made in the study: (1) A driver who accepts 

a given size gap for the same conditions can be 

expected to accept any gaps of greater length, 

and (2) a driver who rejects a given size gap 

can also be expected to reject any gaps of 

shorter length. (Only six instances in which 

driver accepted a shorter gap than he pre- 

viously had rejected were recorded from a 

total of more than 1,200 gap and lag accept- 

ances, day and night.) 

e If the minor-street driver enters the inter- 

section before the next main-street car reaches 

it, the lag is accepted. If he waits until the 

158 

SS EL 

(PEN 6) 

04 T3dVHO O73I43VM 

Figure 1.—Layout of detection tubes. 

main-street car has passed before entering the 

intersection, the lag is rejected. 

e The concept of critical gap—-lag was used 

as it was defined by M. 8. Raff (1)? which is 

“the number of accepted lags shorter than the 

critical time lag is equal to the number of 

rejected lags longer than this specifie value.” 

In this article, the data for both gaps and 

lags have been combined and are referred to 

as gap—lag data. 

Test Site and Collection of Data 

The test site selected for the study was an 

isolated, suburban 7’ type intersection of State 

roads (SR) 620 and 650 in Fairfax County, Va. 

Braddock Road, SR 620, a major 2-lane road, 

regularly attains a daily traffic volume of 

16,000 vehicles and has an early evening 

hourly volume of 800-1,000 vehicles. Wake- 

field Chapel Road, SR 650, a minor 2-lane 

road regulated by a stop sign, attains a daily 

traffic volume of 3,000 vehicles and has an 

early evening hourly volume of 200-300 ve- 

hicles. At the site, both roads have unrestricted 

sight distances. 

The traffic volume of the intersection, 

which is 1.35 miles from the nearest traffic 

signal, does not approach conditions of con- 

* Italic numbers in parentheses refer to the bibliography 

listed on page 165. 

SEES RE RAED ESSE E 

PF 

ee 

a gestion, and consequently, the times of arrh 

can be considered to be independent. 

Speeds of the main-street vehicles ¥ 
30-40 m.p.h. A graphie recorder with a che 

speed of 9 in. per min., or 0.15 in. per seq 

was wired to air switches and recorded ii 

stantly the passage of each vehicle on Br 
dock Road. The layout of the detection tu 
that actuated the air switches is shov 

ees 

35 feet apart on Braddock Road at the € 

of the intersection curve to avoid false ac 

ations by the turning vehicles. 

A dead area of 4 feet—2 feet on either 
of the Braddock Road lane line—was } 

vided between adjacent lanes. The line 2 

was wide enough to permit detection of 

vehicles in the lane, and small enough to ell 

inate false actuations by vehicles traveling 
adjacent lanes. As each vehicle was de 

at the various locations on Braddock 
the corresponding pen was actuated to make 

characteristic mark on the moving tape. Thr 

pens, actuated manually by three pushbutt 

were used to record the vehicles enterls 

Braddock Road. Whenever a minor-stre | 
. 

—? 

ae aaa 

—so 

vehicle stopped at the stop sign, the mi 

pen was moved out of its normal position 

held as long as the vehicle was rejecting 

available gaps. As soon as the vehicle ent 

Braddock Road, the middle pushbutton 

April 1969 © PUBLIC ROA 



BRADDOCK RD. 

SOUTH LANE 

BRADDOCK RD. 

NORTH LANE 

Rippers 

one TURN 

ee ee 
eee eee 

- | GAP 
ACCEPTE 

—GAPS REJECTED (VEHICLE A) —B>| (VEHICLE | “ 

AG REJECTED (VEHICLE 8) 

| : GAP ACCEPTED (VEHICLE B) 

BRADDOCK ROAD 

Figure 2.—Data collection, measurements of lags, gaps, and waits. 
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NUMBER OF GAPS-LAGS 

j 
6 

NUMBER OF GAPS-LAGS 

10 12 

GAP SIZE, SECONDS 

Figure 3.—Distribution of accepted and rejected gaps and lags, 

all turning movements. 

released; the pen consequently returned to the 

normal position, and the appropriate left or 

right pushbutton was given a quick tap to 

correspond with the respective left or right 

maneuver of the vehicle. For main-road 

vehicles making left turns into Wakefield 

Chapel Road, the same procedure was fol- 

lowed, except that only one pen showed the 

time that the vehicle was rejecting the avail- 

able gaps. 

The data collection and recording techniques 

are shown in figure 2. The role of each pen is 

indicated on a sample section of the chart, 

and the intersection drawing illustrates the 

position of the different vehicles as they are 

recorded on the chart. 

Methodology 

Test for conditional homogeneity 

In the analysis it was assumed that each 
driver’s decision to accept or reject a gap 

size is mutually independent and that the 

probability of accepting a given gap size is 

constant. Because of the insufficient number 

160 

of gap observations, the analysis was con- 

ducted on the joint set of observations of 

random gap and lag sizes. It was then further 

assumed that the driver’s probability of ac- 

cepting a given gap size is equal to that for 

the same lag size. 

The independent random sets of gap-—lag 
acceptances and rejections for daytime and 

nighttime lead to a series of sampled propor- 

tions as follows: 

Gap-lag size, seconds: 

bee £ 
A A A A 

Daye big Pale ie 

A AWA A 

Night___ Po Po P 3 the ® P 

A a aj 

% aj+r, 

and 

A A; 

rey =" R; 

Figure 4.—Distribution of accepted and rejected gaps and la; 

conflict with one traffic stream. 

hat nee oe ons» mln nine “Sciernpeiiesinniniscainissise 

6 

GAP SIZE, SECONDS 

10 

Where, 

a;=number of acceptances for the j‘® gap 

size in the daytime. 

r;=number of rejections for the j*® gap 

size in the daytime. $ 

A;=number of acceptances for the j*® gap 
size at night. 

R;=number of rejections for the j*® gap: 
size at night. 

ee = ns 

It is hypothesized that if a given gap % 
is 7 then the underlying probabilities of } 
acceptance for day and night, P;; angi 

are the same for all 7’s—j=1, 2 . Om: 
is the hypothesis of conditional homens 

of the set of corresponding day and 2 

gap-acceptance probabilities. Thus, t 

hypothesis P;;=P2; for all j’s is true, i 

meant that the day and night samples. 
conditionally homogeneous as oppos 

being strictly homogeneous, which 

tion, would be: 

ata feta a. © =P,, for 1=1, 

April 1969 © PUBLIC 



a + = = 
hh, att td _ 

or dance rich the Broosiure and nota- 

en in reference (2), the null hypothesis, 

is tested against the alternate hypothesis, 

where it is defined (for each j=1,2,3 a 4 

Hy: Pin Poin; 

2 

ya: Pixp=Pij.; 1=1, 2 
k=1 

a: Pize= Poin= P+ x3 

2 

> Deke Peat Prp— Psy. 

ke 

2 

lc E = 

null hypothesis, Hz, states that there is 

tional homogeneity, and H, states that 

day and night samples have different 

tance k=1, and rejection, k=2, proba- 
s among the gap-—lag sizes, 7. 

his procedure is equivalent to a chi- 

e procedure, involving a set of 2x2 

ingency tables. However, the computa- 

here are much less arduous, especially 

use is made of table 2n log.n given in 

ce (3). 

e information component for a null 

thesis of conditional homogeneity, Ho, 

2 Ve se 

2 Xvi 108 X55 Xa X ip X vi x -1k 

tie 

=l represents accepted category 

presents rejected category 

y the gap marginal total for each 

sory is given by the expression: 

Xy,.+ Xoj.=X at X j2 

= Xijt Xoat Xijot Xo; 

CR DADS ® Vol. 35, No. 7 
| 

- @ 2 7 4 - oo en, or a A oar ~~ ¥ ? * i 

Praise,” eee , ‘ ? . 

Table 1.—Test of conditional homogeneity between two samples ! 

Gap size 

j= 

mares 
Seconds Seconds Seconds 

Day (i=1): 
Accept (k=1) i Mit X21 omen X11 
Reject (k=2) X12 X22 Pour X12 

Night (i=2): 2 | 
Accept (k=1) Xo X21 ra Xpe1 
Reject (k=2) X12 X22 a et Xa 

MARGINAL TOTALS 

Day (X1j,= X41 j1+-X1j;2) Xu. 
IN ISIC Xap — eX ot 979) ee A eee eee ee ee Sone ee X21, 
Accept (X j= Xap +Xo;1)- Xu 

Rejecbncwece= ok ak 073) Se auere Oe Se Sere eens Seer eee oe Sue ae Xp 

MARGINAL TOTALS 

RED Ge PONIES 2 Sa 5 IA Pes 9 eer as ne ea D6 Ne 
=X ji X 2 

TEST STATISTIC (DISTRIBUTED AS x? WITH ¢ d.f.) 

2 

2f=2 3 > 5 Fe Cae a i=1 j=1 k=1 Zak ss 

1 Sample 1—Gap acceptances and rejections, day. Sample 2—Gap acceptances and rejections, night. 

| DAY 
REJECTED GAPS-LAGS 
LONGER THAN 

DAY 
_ ACCEPTED GAPS-LAGS 
_ SHORTER THAN 

Q 9 (e) 

NIGHT 
REJECTED GAPS- 
LAGS LONGER 
a 

NIGHT 
ACCEPTED GAPS- 
LAGS SHORTER 
THAN NUMBER OF GAPS-LAGS 

100 : a DAY CRITICAL GAP-LAG 

| | 
—NIGHT CRITICAL GAP-LAG 

8 

GAP SIZE, SECONDS 

Figure 5.—Distribution of accepted and rejected gaps and lags, conflict with two traffic 

streams. 
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: oS Sa ee, ee 

The statistic 27 has the asymptotic 
distribution with ¢ degrees of freedom u 

the null hypothesis of conditional hoy 
geneity. Accordingly, in the second lin 

table 1, Xj. represents the occurring num 

of rejections during the day for gap size 

and in the third line, X2; represents 

occurring number of acceptances during 

night for gap size j=2. 

The entry X,;, in the table, under Margin 

totals, represents the total number of ace 
ances and rejections during the day for 

size 7: 

GAP PROBABILITIES, PERCENT 
Day marginal X4;.= X4;;+ X1;2 

= 3 4 = 5 c S 3 ye it fe Similarly under Marginal totals are listin 
GAP SIZE, SECONDS for night, accept, and reject: 

Figure 6.—Gap distribution, Braddock Road, 700-900 vehicles per hour. ‘ ’ 
Night marginal Xo;,= Xo;,+ X22 

Accept marginal X j= X1j:+ Xo 

} 
Reject marginal X j2= X1j2.+ Xo; 

In tables 2, 3, and 4 are summarized 

gap-lag acceptance and rejection data 

the different movements of the minor-s 
vehicles—all data, conflicts with one 

stream, and conflicts with two traffic str 

respectively. The left turn of the minor-s 

streams, and both the right turn of the 

street vehicle and the left turn of the m 

street vehicle were defined as conflict with 

traffic stream. % 

Gap and lag size data were compiled 

five groups for each set of data and the hy 

esis of conditional homogeneity was te 

according to the procedure shown in 
Figure 7.—Gap distribution, Braddock Road, 901-1,100 vehicles per hour. bottom section of table 1. 

GAP PROBABILITIES, PERCENT 

GAP SIZE, SECONDS 

Using the tables in reference (3), the 

statistic 2/ (H,:H,) may be easily calculated 

by expressing it as: Table 2.—Analysis of gap-lag acceptance between day and night—all data 

Gap size 
x 2 Cc 2 Bi bs 

2] =2 Xi; n 2k ee ves ms Ps * 
4 d t ee ; = =2 j=3 j=4 
a) HT ea. (Xx vq X J k) [|X of. bo-3) ds-5) (6-7) (8-9) 

ee SONS Te Day (i=1): Seconds Seconds Seconds Seconds 
— 7 AcGept Cea) woe ee ne ee eee 25 120 233 210 
pe > pak 2X tik In x sks > 2X ij In AG Reject (k= 2) wt OR eer FEL ere eee 377 262 98 24. 

eae fon Night (i=2): 
: Accept (k=l). 2, eee ee 5 62 124 108 

: c c 2 Reject. (k=2) 2 2 ee ee ee eee 200 108 53 13 

egy Dy 2Re Ai Ky, > A eee ee 
{=] : j=l k=1 

Day (igs Sire eee ee ae sec re ee ee 402 382 331 234 
nN feu 5 a a ne meets a oe es ek 205 te 4 a. 

The Xi:.’s i oe me Pa ae Ff - ccept (0-9) iat eh ee a eh ee 30 1 57 1 
I X i7kS M this formula are defined in Reject (X-j2) ESA ere ath teem wes een yk Da 577 370 151 37 

table 1 as the random number of occurrences Gap'marginall total (x-;.)esetoe tes oe eee eee 607 552 508 355 

in the 7, 7, k category. 

As 2n In n is tabulated in reference (3) for EOD Oana ee arr oe See 
all integers from 1 to 10,000, the quantities in > oth. 3 

< table 1 may be used as inputs to the tabula- at=2 > >) DD Xue In Site Fs. pt 
5 tion, that is: i=1jf=1 k=1 ae yes 

> . alk ay at ee Xnt 2X4. In Xi. ee 24 2Xu. ea 2 2X jz In Xin 
tl c t Yr lk j=1 

2X5 In Xs. =2X 5 In X12 Sov ar =24,642.940-+29,528.820—26,480.349—27,673.271= 18.140 

“- x3(.05) =11.0 
S aT nce aie LIV a 
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cee As ie % Pr _ 7 7" . ie s ae Sa ™ i “te! i be 4 : 

s critica -lag comparison method Table 3.—Analysis of gap-lag acceptance between day and night—conflict with one traffic 
ay ; stream 

n addition to the technique just described, 
method employed by Raff (1) was applied Cae tae 

o the original data collected in the study to —_— = BR et ns od a 

ompare the daytime and nighttime gap and j=1 j=2 j=3 j=4 jab 

_ Raff determined the critical lag by a BPs tu to % Gy) id bal SO)" | GOF over) 

ing two cumulative distributions on the Day (i=): Seconds Seconds Seconds Seconds Seconds 
e graph, as shown in figures 3, 4, and 5. eee ea So's = = cag Epa iadrs sees Eat 9 64 105 110 94 

-eurve describes the accepted number of Night (G@=2): ha Peg oe os ae ee 201 106 42 Pane, Serene 

that were shorter than a given time a ae ee ee tle ed ~ ‘ 36 “4 
rval, and the other shows the rejected 
ber of lags that were longer than this MARGINAL TOTALS 

al. The value of the critical lag was 
mined as the point at which the two DD BY (Xp Dine — ananassae wn a2 enema ee 210 170 147 122 94 

: INiehE CX gale nee rat as ta cen ee eae sexe Me cote 97 63 53 40 46 
es intersect on the chart. PNCCODUMOX Ue tee ete oe ae hy ends te a 9 90 14 5 ( 9 146 138 
i ROJOCLA(CX 43) ee mars sowee An ee eee ae a ee re eae 298 143 51 16 2 

CAD MAT ELI LO Gala Css) ee eee te eee en ee Oe 307 233 200 162 | 140 

Results of the Analysis TEST OF CONDITIONAL HOMOGENEITY 

was realized that the traffic volume 

ald affect gap-aeceptance probabilities and pee ayn Xin X 4. = Sei, eS 
if experimental data were collected under a 2 a pS Xi Xi 

arying traffic volume conditions, the true 5 

rences between day and night effects =>) > D>) 2Xiie In Xint >) 2X j,1n EA cab pak 2Xu— >) D>) 2Xueln Xp 

ild be obscured. Therefore, to substantially pad Tek iss <oaes Jah 
te the traffic volume effect, all the data =9,233.211+11,207.837—9,963.192—10,463.211 = 20, 441.048—20,426.403 

e divided into two groups according to = 14.645 x3 (.05) =11.0 

fic volume. One group was for a lighter 

100 ee 

‘ook 90} 

80 
80 | 

‘ 
70 

4 

70 ; ‘ 
5 ; 
“ : O 
ea : 3 

60 a 60 FY 

3 ’ = | 

50 
ri 50 

q, 
<q 

3) 
40 ow 40; 

a : . 

(aX. — eccaemionas NY] GH T 
aq Sass shee 

30 Oas0 : 

A, 
20} 

20 ; 

10} 10 ‘2 

a 
: 

“ 2 4 6 8 10 12 2 4 6 8 10 A 

GAP SIZE, SECONDS GAP SIZE, SECONDS a 

8.—Cumulative gap distribution, Braddock Road, Figure 9.—Cumulative gap distribution, Braddock Road, 3 

700-900 vehicles per hour. 901-1,100 vehicles per hour. 
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Table 4.—Analysis of gap-lag acceptance between day and ian = condliet with two 

traffic streams 

Gap size 

j=2 
(4-5) 

j=3 
(6-7) 

Day (i=1): 
Accept (k=1) 
Reject (k=2) 

Night (i=2): 
Accept (k=1) 
RoieGh (k= 2)use cols s toe see ee ee 

Seconds 
16 

176 

5 
103 

Seconds 
56 

156 

36 
71 

Seconds 
128 
56 

80 
44 

j=4 
(8-9) 

Seconds Seconds 
100 135 

MARGINAL TOTALS 

j=5 
(10+ over) 

Day { 

je ot ( 54 1) 
Reject (X 2) 
Gap marginal total Od ) 

192 
108 
21 

279 
300 

212 
107 
92 

227 
319 

TEST OF CONDITIONAL HOMOGENEITY 

BG x tdias 

Xijt In Xy. xX 7 

2X ijn In Xijzet+ 

j= 
2, 212. 334415, 073. 199—13, 297. 202—13, 976. 583=11. 748 

x2 (.05) =11.0 

Table 5.—Gap availability, Braddock Road—average number of cars per hour for specific 

Xcel Xs — pat, Sy 2Xij.— 

| 

traffic volumes 1 

eS > 2X 4 In) Xe 

7 k 

Day Night 
| 

Volume | 
| Eastbound Westbound Eastbound Westbound 

Vehicles per hr. 
700-900 | 171 333 103 367 
$01-1, 100 336 328 316 392 

1 Gap size included 1-20 seconds. 

Table 6.— 

700-900 vehicles per hr. 
Percentile 

Gap distribution percentiles, Braddock Road ! 

901-1, 100 vehicles per hr. 

Night 

1 Gap size included 1-12 seconds. 

3. 
6. 
9. 

Night 

3. 
6. 
9. 

Table 7.—Gap-lag size, number of acceptances and rejections—all data 

Seconds 

Day: 

Rejected 

Night: 
Accepted 
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4 , na 

traffic volume of 700-900 onelee perl how 

and the other was for a heavier traffic vol 

of 901—1,100 vehicles per hour. It is consi¢ 

ered that each of these groups represente 
corditions under which gap-acceptance pro 

abilities should be fairly uniform at night | 4 

during the day. 

In the 700-900 vehicle-per-hour group, 

reasonable agreement was evident in the da 

time and nighttime gap distribution (figs. 6 an 

8). In the 901-1,100 vehicle-per-hour grow 

the distribution ef the larger gaps was som 

what higher during the nighttime (figs. 7 a 

9). Some numerical values of the gap disti 

bution in the study intersection are listed - 

tables 5 and 6, and the results of the collect 
data are shown in tables 7, 8, and 9. : 

In the analysis of the test of homogenei 

between day and night gap—lag acceptan 

distribution, it was found that 27=14.645 a 

11.748, respectively, for the groups conf 

with one traffic stream and conflict with t 

traffic streams. For all the data combine 

21=18.140. The x? value, with C(r —1) (r= 

=65 degrees of freedom and 5 percent levels 

11.07. Therefore, statistical differences existl 

in the overall gap—lag acceptance distributit 

between the day and night environments at t? 

test intersection. y 

However, a further exploration was ma? 

to detect the size-groups that contributed ) 
the rejection of the hypothesis of homoy- 
neity. The test was applied to each size-gro) 

separately, and it was found that groups jet 

and 5 had 2f values greater than the 

value, and that groups j7=2, 3, and 4 had } 

significant difference that could be detect: 

for a hypothesis of conditional homogenei 

The 27 values for each gap size-group, al 

the corresponding acceptance or rejection f 

the hypothesis, are shown in table 10. 

The corresponding median acceptance- 

jection times were very close and, for a 
vi 

practical purpose, can be considered to be t 
same (table 11). For all the data combin\ 

the median day acceptance times were .) 

seconds lower than those at night, wheré 

the rejection times were .15 seconds high A 

comparison of the two movement-grovs 
showed lower acceptance and rejection ting 

in both day and night gaps and lags for 1 

group conflict with one traffic stream. A co 

parison of the acceptance times between qd) 

and night showed that, although the differert 

is very small, the accepted and rejected tin 

at night were higher and lower respectiy} 

for both movement groups. a 

The Raff method, mentioned previous 

was used to obtain the critical gap and £ 

values. For all the data combined, the criti} 
day gap-—lag was 5.4 seconds compared to 

night value of 5.6 seconds. This same differen? 

0.2 sec., was evident between the day a! 

night critical gap—lag, even though the val 

were somewhat higher for the group ¢ 2) 

with two traffic streams. Aside from the sul 

differences, the resultant values of the Bi 

method depend largely on the manner in wh : 

the curves are plotted on the data po ‘ 

therefore, this method is a pure visual ag it | 

technique. 

fi 
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Conclusions 

The following conclusions, valid only for 

intersection under consideration, were 

rred from the findings of the reported 
Id investigation: 

There were no significant differences in 

e formation of gaps between day and night, 

but it was noticed that, as the volume in- 

an , ? Fu ma d as Hi a “ees ie el —. _ 

increased, a higher percentage of long gaps 

was present at night than during the day. 

e Also there were no differences between 

the median gap-lag acceptance times. The 

overall median acceptance times for day and 

night were 7.29 and 7.32 seconds respectively ; 

the overall median rejection times for day 

and night were 4.01 and 3.86 seconds re- 

spectively. 

e ey —Gap-lag size, number of acceptances and rejections—conflict-with-one-traffic- 
stream data 

Seconds 

ge | eee a in ‘aes Total 
2 3 4 5 6 7 8 9 10 11 12 

yt = ge eo ae Se 5 4 26 38 44 61 53 57 34 31 29 382 
OS eee, 109 92 71 35 26 16 10 DP as TESS Pee 361 
2 ee eS 114 96 97 73 70 77 63 59 34 31 29 743 

sth ake = FOE | he ee tee ee vi 19 15 29 iy) 19 17 14 13 150 
1 OG ee ae ee 65 32 24 13 ii) 4 @ 2 Pe ae ee ea 149 

jt 5a 65 32 31 32 20 33 19 21 19 13 299 

Seconds 
Total 

£3 3 4 5 6 7 8 9 10 11 12 

<< yet AOE ee 8 8 16 40 60 68 52 48 48 44 43 435 
| a VE ee ee ee 96 80 84 72 24 32 8 gO [eee i Roe Se | eS See) 400 

<0 ee ae a a ee enone 104 88 100 112 84 100 60 52 48 44 43 835 

5 12 24 32 48 40 32 44 28 12 277 
42 38 33 31 23 5 4 ee ed Ee 241 
47 50 57 63 71 45 36 48 28 12 518 

2I Values 
Gap-size group 

i 2, j=3 j=4 j=5 

nn le ee ee 4, 629 1.351 0. 007 0. 021 12. 132 

SPOT Re oe Rejected Accepted Accepted Accepted Rejected 
onflict with one traffic stream__.__________- 6. 961 0. 025 2, 922 . OO1 4. 508 

i or Sa sh yt Se 5 ele TS Rejected Accepted Accepted Accepted Rejected 
Conflict with two traffic streams____________- 1. 546 1. 786 0. 857 0. 007 7,662 
EUS RE a a Accepted Accepted Accepted Accepted Rejected 

X: (.05) for 1 d.f,=3.84. 

- Table 11.—Median acceptance-rejection times for gaps and lags combined 

Combined gap-lag median time 

“oe eae 700-900 vehicles per hr. |901-1,100 vehicles per hr. All data 

Day Night Day Night Day Night 

Seconds Seconds Seconds Seconds Seconds Seconds 

x ee eee a ; : ae 7. 04 7. 50 7.35 7.21 7. 24 7. 30 

se 3, 63 3,42 3.74 3,20 3.78 3,29 
. aemecarisiict with two _ traflic 

ae Tall 7.47 7.47 7. 62 7. 33 7. 53 

Rejected = o-oo -- o-oo nasa 4.32 4, 21 4.29 4.24 4.28 4,23 

pet pe = 7.29 7.32 

SAR ie pe Saint ee ol Daa ae 4.01 3, 86 

e e 9. —Gap-lag size, number of acceptances and rejections—conflict-with two-traffic- 
streams data 

_ ta a 

e Night drivers accepted no gap or lag 
less than 3 seconds and rejected those higher 
than 10 seconds. 

e Day drivers accepted no gap or lag less 
than 2 seconds and rejected higher 
than 9 seconds. 

those 

eThe overall critical night gap-lag, as 
defined, was 0.2 seconds higher than the 
day gap-—lag. 

e The statistical test used was based on the 
assumption that successive observations are 
independent in the probability sense. Because 
the 27 values were greater than the x? value, 
the gap acceptance distribution for day and 
night could not be considered conditionally 
homogeneous. However this was found to be 
true only for the very short and very long 
gaps—2-3 and 10-12 seconds. In the median 
size gaps, 4-9 seconds, the distribution of the 
gap acceptances was the same both during 
the day and at night. 

e Further experimentation and analysis is 
necessary, especially for the short and long 
size gaps, before it can be detetmined that 
the results of day or night acceptance and 
rejection are dependent on time. 
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Rapid testing on 6-inch silty-gravel compacted base course. Above left—Plate- 

bearing test using truck-mounted, hydraulically actuated equipment. Above : 

right—Refraction seismographic test. 

Quality Assurance 

in Highway Construction 

Part 2— 

BY THE OFFICE OF 
RESEARCH AND DEVELOPMEN | 
BUREAU OF PUBLIC ROADS ~ 

Quality Assurance of Embankments and Base Course 

Reported by THURMUL F. McMAHON, 

Principal Quality-Assurance Research Engineer, 

Materials Division 

This is the second part of an interpretative summary of the progress in Public 

Roads research program for the statistical approach to quality assurance in 

highway construction. Part 1.—Introduction and Concepts, was presented in the 

previous issue of PUBLIC ROADS. The remaining parts, to be presented in 

succeeding issues, are 3.—Quality Assurance of Portland Cement Concrete, 4.— 

Variations of Bituminous Construction, 5.—Summary of Research for Quality 

Assurance of Aggregate, and 6.—Control Charts. 

Introduction 

MBANKMENTS and base courses, es- 

sentially, are structural elements of the 

highway and are amenable to the same treat- 

ment as any other structural element with 

respect to design, process control, and accept- 

ance. Their function is to provide adequate 

support to the pavement within the design 

concepts of load applications. 

Density Control 

The engineer has learned that proper com- 

paction is essential to the performance 

166 

properties of soil and rock material. However, 

the uniformity of support is as important, if 

not more so, than the absolute magnitude of 

the support offered; therefore, the control of 

the compaction process is one of the most 

important aspects in base and embankment 

construction. 

In the 19th Century, during construction of 

earth dams, it was discovered that the driving 

of livestock, particularly sheep, across lifts of 

soil, as they were placed, improved uniformity 

of support, increased stability, and decreased 

permeability of the completed structure. 

Although many improved methods of com- 

paction and compaction control have coal 
over the years from this crude beginnir 

compaction control is still an item of maj 

concern to the highway engineer. 

The first attempt toward scientific cont 

of the compaction process resulted from 

work of R. R. Proctor (1),! who develop 

the moisture-density relations still used | 

compaction specifications and control. He a 

developed the Proctor Needle to control $ 

uniformity of compaction. Later the overlie 

volumeter, sand-cone, and _ rubber-ballot 
methods were developed to aid in the densi/ 

measurement of compacted materials. 

newest, and probably the best methods f 
measuring moisture and density of compactl 

materials are those in which nuclear deviG 

are used. AG 

The advent of nuclear equipment not or 

has provided a faster and better procedi? 

ORE. 

as, Pen ea] 

ae; 

a 1Italic numbers in parentheses identify the refererP 

listed on page 174. 
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for measuring compaction but has resulted in 

a review of the methods and the precisions 

to be expected. Also, extensive studies are 

being made to develop better criteria than 

density for specifying and controlling compac- 

tion in the future. 

Current practices 

It has long been the custom to define desir- 

able compaction as the degree of compaction 

that is above some lower limit set by engineer- 

ing judgment and based on experience with 

various materials and performance require- 

ments. This lower limit is described as percent 

of a maximum density determined in the 

laboratory for each type of soil to be encoun- 

tered on a project. 

Although most engineers have recognized 

that measurements of density are not abso- 

lutely reproducible in themselves, and that 

material variations in any embankment or 

base may be the rule rather than the exception, 

the extent of the density-measurement vari- 

ations seldom has been determined. Because 

these variations have not been recognized, 

misunderstanding exists within the engineer- 

ing profession and between engineers and 

nontechnical people. Engineers, as well as 

public agencies, have often been criticized 

when it was shown in subsequent test results 

that accepted embankments and base courses 

failed to meet minimum requirements even 

though no evidence of unsatisfactory perform- 

ance existed. 

A look at present specifications and com- 

paction-measurement methods emphasizes the 

misunderstanding that exists. To develop 

measurement criteria, a series of laboratory 

compaction tests is run to establish the maxi- 

mum density and optimum moisture content 

for each soil or base type. It is common prac- 

tice to run one series of standard compaction 

tests for each material although it is fairly 

common knowledge that if a second series 

was run on another portion of the same 

material the results of the two tests might 

differ by several pounds per cubic foot. 

Frequently, the field technician uses density 

values established in the laboratory to deter- 

mine percent compaction at the construction 

site by comparing the results of field tests 

with the laboratory-developed curves. He 

must make a judgment as to whether the 

type soil he has tested is the same as that for 

which a curve has been established. It is often 

apparent that his decision on which curve to 

use is based on density comparisons rather 

than on soil type comparisons. Present day 

construction methods further contribute to 

the difficulties of the technician, who seldom 

will encounter material in the field that is an 

exact duplicate of the material tested in the 

laboratory. Excavation and spreading of large 

quantities of materials nearly always result 

in mixtures of types or variations of type from 

spot to spot in the fill. 

Not only are the methods of applying the 

test results difficult to rationalize, but the 

tests themselves are not reproducible to the 

extent necessary for exact measurement. 

Several years were futilely spent in comparing 
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‘CURVE 3_ 
(AASHO ROAD TEST 

FLEXIBLE PAVEMENT 
_ EMBANKMENT MATERIAL) 

CURVE 4 
(CALIFORNIA Bl ed 
OF HIGHWAYS 
PROJECT ONE) 

CURVE 5 : 
(CALIFORNIA DIVISION 
OF HIGHWAYS 
PROJECT THREE) 

MINIMUM SPECIFICATION 
LIMIT, % RC 5 

COMPACTION TEST METHOD 

STANDARD DEVIATION 

APPROXIMATE % LESS 
THAN MINIMUM 
SPECIFICATION LIMIT 

98° 

) | PROCTOR E-I! 

AVERAGE COMPACTION © ae 

PERCENT RELATIVE CO 

Figure 2.—Normal distribution curves from three organizations. 

Table 1.—Percent relative compaction for different test methods 

Sand cone | 
Compacted 
components 

Mean 
| | } | 

| Mean | 1 oat? | 2 Go 

Portable nuclear Roadlogger 

Mean Log? 

Embankments - -_____| 
Bases and subbases-_ 

1 ¢,.2 Sampling and testing variance. 

the results of nuclear measurements to those 

of conventional measurements. Only recently 

has it been demonstrated that the nuclear 

device is capable of producing more precise 

overall data than can be obtained by con- 

ventional methods. 
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98.1 
99.0 | 2. 25 4.55 

1, 32 2.89 

2 ¢o Overall standard deviation. 

One major factor that influences the varia- 

tion in conventional-density test results is the 

common practice of removing the larger 

particles, greater than 3/, inch, from the 

samples tested in the laboratory. The effect of 

these larger particles on field results is esti- 

a 

a 

eat OR 

(Ona Sane na pcm 5 

osaaeaeenaeaenemmaaemaneats 

mated by empirical mathematical sci 
and superimposed on the results of the labo- 
tory tests. Many laboratories realize t? 
fallacy of this practice and are using larg 

molds in their tests. >| 

Sampling 

Selective sampling by the inspector, oft 
as ordered by the engineer, has played n i- 

portant part in the failure to recognize e 
magnitude of the actual variations oce ‘ae 

in embankment and base construction. WD 

the inspector bas the opportunity to select #? 
test site, he has three alternatives: (1) 

select an average condition, (2) to select t 
poorest condition, and (3) to select the by 
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a 
ondition. The general custom in the State or 

specific practice of the engineer on the job 

aay well determine the site he selects for test. 20 
: e ardless of his choice, the results of his tests TOTAL NUMBER OF SAMPLES j = 96 
Jill reflect only the condition he is selecting ARITHMETIC MEAN - 99.20 

: iabili SIGMA - 4.06 
a a (= nd not the variability of results or the tru Soe CENT OF REIAGION a oe. 

|yerall level of compaction. 

Valid measurements of the actual quality of 
‘he compaction can be made only if the sample 

j\a true representation of the total compacted 

naterial. It is possible to obtain a represen- 

ation of the entire mass only when the sam- 
ling program is so designed that each element 

1 the mass has an equal chance of being one of 

ae elements of the sample. Of course, the 

reater the number of elements sampled, the 

etter will be the representation. 

FREQUENCY 

The Statistical Approach 

Although many questions concerning the - 

squired level of compaction and the methods 88.5 91.5 94.5 97.5 100.5 103.5 106.5 109.5 

‘f obtaining it are still unanswered, almost 90.0 93.0 96.0 99.0 102.0 105.0 108.0 

! ieyone agrees that uniformity of support is PERCENT COMPACTION 
ie principal requirement of good embankment 

ad base-course construction. As a result of 

sent measurements obtained in research, 

ie need for a change in methods of control 

as become apparent. Any such change must 

je directed toward controlling uniformity as 
ell as degree of compaction. 20 

The use of statistical concepts to establish 

1e requirements of specifications and to aid 

| the analysis of test data provides much of 

1e needed improvement. The specification 

ther designates a target percent-compaction 

alue and the allowable variations about this 

alue or designates a lower limit to be met by 

given percentage of the construction, when 

valid statistical analysis of test results is 
orformed. 
A statistically based specification requires 

‘iat a contractor submit a lot of predetermined 
‘ze to the buyer for acceptance. Each lot is 
S-/ 

Figure 3.—Soil aggregate base, percent compaction. 

TOTAL NUMBER OF SAMPLES - 100 
_ ARITHMETIC MEAN - 100.76 

SIGMA — 2.31 
COEFFICIENT OF VARIATION- 2.2% 

FREQUENCY 

“3 

ye 2.—Average, range, and standard i 
deviations of percent compaction of : 
subgrade and subbase projects ee: 

Project Average Range of Standard 96.5 975 98.5 99.5 100.5 1015 JO2°5|F103;S 5104-5) | 105:5 
compaction | compaction deviation 960 97.0 98.0 99.0 100.0 101.0 102.0 103.0 104.0 105.0 106.0 

PERCENT COMPACTION 
5-1 Percent Percent Percent 

S-2 ate etek ne Figure 4.—Selected soil subbase, Class 4, percent compaction. 
8-3 98. 2 84-108 
1 89. 4 82-98 

—B-2 91.7 84-100 
B-3 93. 6 86-100 BOI ce wromn~y 

Table 4.—Maximum dry density and optimum moisture content values for duplicate 
field samples for Project S-1 

SR A AS A A SS SE ST A A TA SSSR TA 

ible 3.—A verage differences between sand- Test number Maximum dry /Optimum moisture. Liquid limit Plasticity index AASHO classifi- 
cone density tests for replicate tests density content cation 

=. Average difference Lb. per cu. ft. Percent ‘ . : 
Project Replicates between sand-cone 27 A 118.7 IB RY) 2.5 13. 5 A-6 (8) 

72 density values for 27B 119.3 13. 5 36.0 15. 2 A-6 (9) 

i= replicate tests 32 A 117.4 14.4 33. 9 14.3 | A-6 (6) 
|-————_ 32 B 115.8 15. 4 34.6 13.9 | A-6 (8) 

: 34.A 113. 5 15.4 41.5 18.4 | A-7-6 (11. 5) 
Number Lb. per cu. ft. 34 B 110. 6 14.3 41.6 16. 9 | A-7-6 (9) 

7s 48 3.32 36 A 123.0 13.4 30.2 12.3 | A-6 (7) 
»82 48 4.95 36 B 119.7 13.3 31.0 11.9 | A-6 (8) 
8-3 49 4.18 87 A 121.2 12.6 28. 1 8.6 A+4 
Bl 51 4.15 37 B 122.6 110M, Welle cera ook ica") deter => Sis oer Re 
B-2 55 3.35 38 A 112.6 17.3 41.3 17.6 A-7-6 (11) 

—=é&B8 50 2.24 38 B 113. 5 15.9 37.6 14.6 A-6 (9) 

-IC ROADS ® Vo!. 35, No.7 
a 



FREQUENCY 

94.5 975 

108.0 I11.0 
109.5 
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Figure 5.—Embankment, percent compaction. 
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18 ISD e2OMe 2c 2 eS 

PERCENT MOISTURE 

245259526 

Figure 6.—Embankment, percent moisture. 

evaluated on the basis of the results of a 
specified sampling and testing program. This 

program entails the performance of a specified 
number of standard tests at random locations 
on each lot submitted. The data analysis 
procedure to establish compliance and the 

steps to be taken if noncompliance is indicated 
are also spelled out. 

Several States have developed specifica- 
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tions for embankment or base construction 

that are great improvements over present 

methods and are based partly on statistics, 

even though they are not strictly in ac- 

cordance with concepts recommended in this 

series of discussions. 

Virginia, for example, is using a control 

strip technique for control of the compaction 

of aggregate base. The following special pro- 

ee ST a. ee 
i? ed | ¢* ae 

‘ 

A 
visions were Sctragted from a paper ( 2 
presented at the 46th Annual Meeting of th 

Highway Research Board: 

“Virginia Department of Highways Special Pr 
visions For Nuclear Field Density Testing \ 

Aggregate Base and Surface Courses 
+ 

“Section 308 of the 1966 edition of the Rov 

and Bridge Specifications is amended in th 
contract to require the construction of densi 

control strips for the pur pose of using the nucle 
field density testing device. The revisions are | 
follows: 

“At the beginning of the work the Contract 
shall build a control strip of the material on ¢ 

approved and stable subgrade for the purpose 

the Enyineer’s determining density requiremer 

for the project. This control strip will be at lec 
400 square yards in area and of the same maier 

and depth to be used in the remainder of ¢ 
work. Compaction will be carried out with co 
ventional rollers approved by the Engineer un! 

no appreciable increase in density is acco} 
plished or until in the opinion of the Engin 

no appreciable increase in density will be ¢ 

tained by additional rolling. Upon completion 
the rolling, the density of the strip will be det 
mined by use of a portable nuclear test device. 

EO EE IE AES RR 

2 ASR Se 

“The compaction of the remainder of the agg 

gate base course material shall be governed by ie 
density of the control strip. The material shalle 
tested by sections of approximately 2,800 ode 

yards each. The mean density of 5 randony 

selected sites from the test section shall bet 
least 98 percent of the mean density of 10 tes 

taken from the approved control strip. Placit 
compacting and individual testing may be oF 

in subsections of approximately 280 square yas 

each. When the mean of the test section is ls 

than 98 percent of the control strip mean ¢ 

Contractor may be required to rework the enie 
section. Also, each individual test value shale e 

at least 95 percent of the mean value of the c- 

trol strip. When an individual test value is is 

than 95 percent of the control strip mea m2 
contractor shall be required to rework thee 

represented by that test. 

“Each test section shall be tested for thick 
and any deficiency outside the allowable tolerave 

shall be corrected by scarifying, placing at 

tional material, remixing, reshaping and reca 

pacting to the specified density. 

“A new control strip may be requested whi 

(1) A change in the source of the 7 

(2) a change in the material from the si 
source 1s observed, or 

without the construction of additi ; 

control strips. . 

7s made, or 

(3) ten (10) test sections have been appre a 

“Note: The Contractors’ attention is aire 

to the fact that the method for determining de 
and the requirements for density as describe 

Section 308.05 have been replaced by the 
of determination and requirements for dent 

stated hereinabove.” i 
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PROJECT B 

“80 84 88 92 96 100 84 88 

ility of nuclear testing 
> 

> Virginia specification is an excellent 
xample of the more rapid methods that can 

e used to allow the testing of a more rep- 
tive sample of completed work. The 
ed number of test results available for 

¢ a decision assures a higher confidence 
decision. The following advantages 
med by the Virginia Department of 

PROJECT B-2 

PROJECT $-2 

10 120 i00.—S—«*L 

PERCENT COMPACTION (BASED ON FIELD ONE -POINT COMPACTION TEST DENSITIES) 

ure 7.—Frequency histograms—percent compaction of subgrade materials for three 

projects. 

PROJECT B-3 

92 96 100 Sq CS acm SOMO 

PERCENT COMPACTION (BASED ON MAXIMUM DRY DENSITY FROM 

CONTROL CURVES USING FIELD SIEVE VALUES ) 

e 8.—Frequency histograms—percent compaction of subbase materials for three 

projects. 

e A field control strip provides a practical 

achievable density. 

e The speed of nuclear testing permits 

determination to be made for each section 

of material. This procedure provides a sound 

statistical basis for decisionmaking. 

The reliability of nuclear-gage test results is 

substantiated by tests made in a number of 

States. For example, the data in table 1 are 

from two studies in Utah (3, 4). The absolute 

values of the standard deviations presented in 

the table have little significance with respect 

ae eee ae ee ee ee 

to testing variability because much of the 
indicated variation is probably caused by 
actual density variations. However, it is 
significant that the sampling and testing 
variance is smaller and that there is no signifi- 
cant difference in the means. The results of 
the nuclear tests are as good, if not better, 
than those of the conventional tests; conse- 

quently, it can be stated safely that the testing 

error of nuclear methods is probably no 

greater than that of conventional methods. 

Reported yariations in compaction 

The variation in density of accepted em- 

bankments and bases has been found much 

greater than had been expected when the 

Public Roads research program (see part 1 of 

this article, Feb. 1969 issue) was initiated. 

Because of this variability, compliance with 
specifications, as computed by statistical 

methods, is lower than had been expected. 

Therefore, designers must judge whether 

present construction is sufficient for their 

purposes. If present construction is satis- 

factory, then specifications should be changed 

to allow for the existing variation. If better 

construction is needed, then it is important 

that specifications and methods be changed 

to assure better uniformity in embankments 

and base courses. 

Research is showing that overall standard 

deviation, a measure of variability, is not in 

itself a true indication of contractor-perform- 

ance variability. A good contractor may take 

the same care in constructing two embank- 

ments but the variability of test results may 

be much greater in one than in the other. If 

the composition of the material itself is more 

variable, then the results of the compaction 

process are also going to be more variable. 

The variation of density in embankments, 

with respect to material and process changes, 

is shown in figures 1 and 2. Figure 1, extracted 

from a California report (4), presents the dis- 

tributions of the results of density tests on 

three projects. Project No. 1 was constructed 

with homogeneous, fine grained soils; Project 

No. 3 with an extremely heterogeneous soil; 

and Project No. 2 with a soil of intermediate 

variability, with respect to the other two. 

The specification on each of the projects 

stipulated that the material be compacted to 

no less than 90 percent relative compaction. 

It has been shown by many of the research 

test results obtained after acceptance by 

normal contro! procedures, that the construc- 

tion does not meet specification requirements 

when the data are analyzed on a statistical 

basis and the total material is considered. 

Figure 2, also from the California report, is 

presented to show that variability of compac- 

tion test results is not unique to the highway 

industry. 

Figures 3 and 4 have been extracted from an 

Alabama Research Report (6) to show indi- 

cated variation in density of compacted base 

and subbase materials. The standard devia- 

tions of 4.06 and 2.31 percent are in line with 

values reported by other States. Figures 5 and 

6 are from the same report; the data reported 
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Figure 9.—Percent compaction—research data. 

by California for compacted densities of em- 

bankment materials are corroborated by the 

data in figure 5, and variations in moisture 

content are shown in figure 6. The large 

variation in moisture content is probably a 

major cause of the large variation in density. 

From a research study performed by Purdue 

University for the State of Indiana in March 

1967 (7), information concerning average 

density, range, and standard deviation are 

shown in table 2 for three subgrade and three 

subbase projects. The data for the study were 

obtained after the projects had been accepted 

under normal acceptance prccedures. The 

specifications for the projects required a 

minimum density of 100 percent of standard 

laboratory maximum density. 

The wide ranges of results and large stand- 

ard deviations reported in table 2 are, in part, 

due to variability contributed by test methods. 

The differences between replicate sand cone 

density tests on the study projects are shown 

in table 3. The entire difference cannot be 
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attributed to test error as there may be actual 

differences in the materials or densities even 

when the tests are taken side by side as was 

done in this study. However, the results show 

the magnitude of differences when an effort 

was made to eliminate material differences 

within the limitations of practical construction 

conditions. 

Another contributing factor to the variation 

of test results is the difference in results of 

laboratory maximum-density and optimum- 

moisture-content tests. These differences for 

duplicate samples from Project S-1 of the 

Purdue University study are shown in table 4. 

The data obtained in the Purdue University 

study are shown in figures 7 and 8 which are 

histograms of the percent compaction for the 

six projects. 
Figures 9 and 10 were extracted from a 

report of a study conducted by the Engineering 

Experiment Station of North Dakota State 

University for the North Dakota State High- 

way Department (8). In figure 9 is shown the 

Figure 10.—Percent compaction—highway-department data 

| 

= , | 
SOmeg5 100 

PERCENT COMPACTION 
110 an 

, 

: 

variability of compaction in three embai 
ment projects previously accepted und 

current control and acceptance procedur) 

j 
f 
. 4 
f 7 

' 

figure. The mean hee the overall stam 

deviation, o; and the sampling and tes 

standard deviation, oa, of the distributions 4 
tabulated. These standard deviations must ¢ 
changed to variances in order to obtain 4 

relationship between the material and * 

sampling and testing variability, o?—07.=0, 
In figure 10, the information obtained durg 
routine control and acceptance testing on € 

same three projects is presented. Compa if 
of the results presented in figures 9 and 
emphasizes the advantages of random § 

pling in determining the true as-built ¢ 
tions of any construction project and co! 

ance with specifications. : 

Density-test results obtained with 
types of nuclear gages and two diffe 

test methods on Project No. 1 of the N 

— 

i 5 cadmas 

Se 

t 
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ota study are shown in figure 11. These 

a substantiate the results of the Utah 

eport in that the sampling and testing errors 

jor the nuclear devices are smaller than those 
jor the water-balloon method (fig. 9). It is of 

interest that the air-gap method indicates a 

ligher average density than the water- 

balloon or contact-nuclear method. A similar 

juclear study was performed on Project 2 

with parallel results. In these tests, the man- 
facturer’s calibration curves for the nuclear 

levices were verified before use. 

Variations in Material Properties 

“Tables 5 and 6 were extracted from a 

Jalifornia report (9) to show the variation 

f test results other than those of density 

ests. The data are from six projects selected 

s typical of material used for untreated base 

»jnd subbase by the California Division of 

dighways. Again the data were obtained from 

jandom samples taken after the materials 

fee materials were largely in substantial 

asults of the material properties, which may 

ompacted material. The study did not 

- ad been accepted as complying with the 
jpecifications for normal sampling methods. 

ompliance with the specifications; however, 

here was considerable variation in the test 

jecount for some of the variations in density 

nd supporting capacity exhibited by the 

iclude the determination of density variation 

f the in-place material. 

| 
| 
| 
} 

| 
Conclusions 

4 : The primary conclusion that can be drawn 

fom the data presented in this discussion is 

iat test results on base and embankment 

laterials exhibit significant variation. These 

ariations can be attributed to material vari- 
ines sampling variance, and testing variance. 

i Tany materials may be classified out-of-spec- 

ication because of sampling and testing errors 

her than failure of the material or con- 

Tuction to actually conform to specified 

 $quirements. 

It should be apparent that improvement of 

impling and testing methods must be a pri- 

‘ity research and development item if field 
easurements on samples are to be used to 

xcept construction materials and structures. 

_ jlore tests results must be used in the decision 

‘ocess to increase the validity of decisions. 

pid sampling and testing methods, together 

ith random sampling and statistically valid 

*eision plans, will alleviate many of the 

“oblems in current acceptance of construction. 

'The data and charts of this presentation 

early indicate a difference between the test 

sults on random samples and those on repre- 

 ntative samples. A true estimate of the 

vtual quality of any material or construction 
‘1. be obtained only when every item of the 

has a chance of being chosen as part of the 

/mple. Sampling by choice cannot provide 

|mples that will permit evaluation of both 

vel and variability of material or construc- 
on. Randomizing sampling locations is a 

IBLIC ROADS © Vol. 35, No. 7 

simple matter and should cause no serious 

problems for the inspector, especially when 

rapid nondestructive test methods, such as 

the nuclear gage, are available. State highway 

departments should take immediate steps to 

implement random sampling in the control 

and acceptance of base and embankment 

construction. 
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The data reported here concerning the 
variations in base and embankment construe- 
tion should not be taken as an indictment of 
present construction. Although there is ade- 

quate information to indicate that improve- 

ment is needed in the testing and analysis of 

data, there is no specific information available 

to indicate that construction being accepted 

PERCENT COMPACTION 

Figure 11.—Percent compaction—nuclear-instrument data. 
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Table 5.—Summary of test results, untreated aggregate base 

Range of 
results 

Amount not 
Specification complying 
requirement with 

specification 

ROJECT 

R value 
Sand equivalent 
Percent passing #4 sieve 
Percent passing #30 sieve 
Percent passing #200 sieve 

81.9 
42.9 
50.9 
23.8 
6.0 

Percent 

PROJECT B-2 

Tih pT eee Pe A a 5) eee Ae 
Sand equivalent 
Percent passing #4 sieve 
Percent passing #30 sieve_____ 
Percent passing #200 sieve pean 

ROJECT w es 

Sand equivalent 
Percent passing #4 sieve 
Percent passing #30 sieve 
Percent passing #200 sieve 

121=Number of samples. 

2 X=Arithmetic mean. 

3 ¢=Standard deviation. 
4 Minimum, 
5 None. 

Table 6.—Summary of test results, untreated aggregate subbase 

Range of 
results 

Amount not 
Specification complying 
requirement with 

specification 

PROJECT 

R value 
Sand equivalent_______- = 
Percent passing #4 sieve _ 
Percent passing #200 sieve 

PROJECT 

R value 
Sand equivalent 
Percent passing #4 sieve 
Percent passing #200 sieve 

PROJECT S-3 

Percent passing #4 sieve _ _ 
Percent passing #200 sieve 

1 n=Number of samples. 

2 X=Arithmetic mean. 

‘¢=Standard deviation. 

‘Minimum, 
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ore c. vee Ae may 
“+ |-4R r 5 

rae 

under present procedures is not performing 

design expectations. However, if econon 

considerations do not allow an intensive eff 

to reduce sampling and testing variation 

well as actual variation in density and m 

ture content, it is imperative that recognit 
be given the variations occurring in presen 

construction and that current specification, 
be revised accordingly. D4 
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_ THE NATIONAL SYSTEM OF INTERSTATE AND DEFENSE HIGHWAYS = 
| 

IMPROVEMENT STATUS OF SYSTEM MILEAGE AS OF DECEMBER 31, 1968 

TABLE I 

WORK IN PROGRESS OPEN TO TRAFFIC 

IMPROVED TO 
STATE STANDARDS STATE 

UNDER TOTAL TOLL ADEQUATE FOR 
R les ‘es 

OR RIGHT-OF- | CONSTRUCTION UNDERWAY FACILITIES 

ALABAMA 6 ; ALABAMA 
ARIZONA ap) 22 
ARKANSAS 6 9 

CALIFORNIA 0 “7 

COLORADO 6 9 COLORADO 
‘CONNECTICUT ie! “al CONNECTICUT 
DELAWARE 25 6 DELAWARE 
FLORIDA 9 Bar FLORIDA 

GEORGIA 9 CEORGIA 
dAWAIL anil HAWAII 

TDAHO 2) IDAHO 
ILLINOIS oat ILLINOIS 

CNDIANA 
COWA 

FUOAQ|!oONFO 

.0 6. LOUISLANA 
alt 99. MAINE 
fo 70. MARYLAND 
.0 Pile MASSACHUSETTS 

-6 4, 8 MICHIGAN 
oh 0. 4 MINNESOTA 

MISSISSIPPI 9. 58: MISSISSIPPI 
{SSOURI .6 160. 1 AS .9 MISSOURI 

{ONTANA .6 1,186.0 MONTANA 
TEBRASKA 9 479.5 NEBRASKA 
TEVADA .6 NEVADA 

wl: NEW HAMPSHIRE EW HAMPSHIRE 

fEW JERSEY 
[EW MEXICO 

_ IEW YORK 
{ORTH CAROLINA FOUN |] BLOW BOR 

MwWoO”O OWkK fF 

ORTH DAKOTA 
JHIO 
)KLAHOMA 
'REGON Sree xen) Se OR A ° NWW Oo NFO] w Era 

WwW 

een hetire ra uite im Tenide FNrRO |[WMOrF®D 

ENNSYLVANLA 5 8.3 PENNSYLVANIA 
HODE ISLAND et 10.9 RHODE ISLAND 
\OUTH CAROLINA $3 15.1 SOUTH CAROLINA 
OUTH DAKOTA .6 60.3 SOUTH DAKOTA 

'ENNESSEE .8 90.5 
EXAS 12 85.9 
TAH 0 22.6 

| ERMONT 4 an VERMONT 

IRGINIA 44.9 VIRGINIA 
| ASHINCTOR 196.0 WASHINGTON 
EST VIRGINIA 0.3 WEST VIRGINIA 
| ISCONSIN 2.7 WISCONSIN 

| YOMING 177. 30. 3 WYOMING 
‘|ISTRICT OF COLUMBIA 9. 2.9 DISTRICT OF COLUMBIA 
"PENDING PENDING 

pa 12, 655.9 3,209.9 

ENGINEERING UNDER ADEQUATE 
OR RIGHT-OF-WAY CONSTRUCTION TOLL} PRESENT 

IN PROGRESS TRAFFIC 

COMPLETED TO FULL OR 
ACCEPTABLE STANDARDS 

ee eee 

‘ 

PRELIMINARY 
STATUS OR NOT 
YET IN PROGRESS 

65% 

TOTAL OPEN TO TRAFFIC 

i ieesnies all routes and route segments added to the system under the 1,500 mile expansion authorized by the Federal-Aid Highway 
: of 1968, 
\ Excludes the 17.2 mile Century Freeway (I-105) which was added to the system under the "Howard Bill." . 

Excludes the 34.4 mile Trenton-Asbury Park Spur (I-195) which was added to the system under the "Howard Bill" but includes that 

Portion of I-278 mileage (7.0) deleted under the same bill. 
' Consists of mileage which has not been assigned to any specific route and is a reserve for final measurement of the system. 

| 3 

| 
, 
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A list of the more important articles in PuBLic Roaps and title 

sheets for volumes 24-34 are available upon request addressed to 

Bureau of Public Roads, Federal Highway Administration, U.S. 

Department of Transportation, Washington, D.C. 20591. 

} The following publications are sold by the Superintendent of 

Documents, Government Printing Office, Washington, D.C. 20402. 

Orders should be sent dircct to the Superintendent of Documents. 

Prepayment is required. . 

Accidents on Main Rural Highways—Related to Speed, Driver, 

and Vehicle (1964). 35 cents. 

Aggregate Gradation for Highways: Simplification, Standardiza- 

tion, and Uniform Application, and A New Graphical Evalua- 

tion Chart (1962). 25 cents. 

America’s Lifelines—Federal Aid for Highways (1966). 20 cents. 
= Sem ERA A a ET AN UI 

Capacity Analysis Techniques for Design of Signalized Intersec- 

tions (Reprint of August,and October 1967 issues of PUBLIC 

_ ROADS, a Journal of Highway Research). 45 cents. 

Construction Safety Requirements, Federal Highway Projects 

(1967). 50 cents. 

Corrugated Metal Pipe Culverts (1966). 25 cents. 

Creating, Organizing, & Reporting Highway Needs Studies 

(Highway Pianning Technical Report No. 1) (19638). 15 cents. 

Federal-Aid Highway Map (42 x 65 inches) (1965). $1.50. 

Federal Laws, Regulations, and Other Material Relating to High- 

Vays (1965). $1.50. 

Federal Role in Highway Safety, House Document No. 98, 86th 

Cong., Ist sess. (1959). 60 cents. 

Freeways to Urban Development, A new concept for joint 

development (1966). 15 cents. 

| Guidelines for Trip Generation Analysis (1967). 65 cents. 

ndbook on Highway Safety Design and Operating Practices 

(1968). 40 cents. 
Highway Beautification Program. Senate Document No. 6, 90th 

Cong., 1st sess. (1967). 25 cents. 

Highway Condemnation Law and Litigation in the United States 

(1968) : 

Vol. 1—A Survey and Critique. 70 cents. 

ol. 2—State by State Statistical Summary of Reported High- 

way Condemnation Cases from 1946 through 1961. $1.75. 

Highway Cost Allocation Study: Supplementary Report, House 

Document No. 124, 89th Cong., 1st sess. (1965). $1.00. 

Highway Finance 1921-62 (a statistical review by the Office 

of Planning, Highway Statistics Division) (1964). 15 cents. 

Highway Planning Map Manual (1963). $1.00. 

Highway Research and Development Studies. Using Federal-Aid 

Research and Planning Funds (1967). $1.00. 

Highway Statistics (published annually since 1945) : 

1965, $1.00; 1966, $1.25; 1967, $1.75. 
(Other years out of print.) 

Highway Statistics, Summary to 1965 (1967). $1.25. 

way Transportation Criteria in Zoning Law and Police 

ower and Planning Controls for Arterial Streets (1960). 35 

Ways and Human Values (Annual Report for Bureau of 

Public Roads) (1966). 75 cents. 
Supplement (1966). 25 cents. 

ways to Beauty (1966). 20 cents. 

Ways and Economic and Social Changes (1964). $1.25. 

Hydraulic Engineering Circulars: 

No. 5—Hydraulic Charts for the Selection of Highway Cul- 

verts (1965). 45 cents. 

PUBLICATIONS of the Bureau of Public Roads 

No. 10—Capacity Charts for the Hydraulic Design of High- 
way Culverts (1965). 65 cents. 

No. 11—Use of Riprap for Bank Protection (1967). 40 cents. 
Hydraulic Design Series: 

No. 2—Peak Rates of Runoff From Small Watersheds (1961). 

30 cents. 

No. 38—Design Charts for Open-Channel Flow (1961). 70 
cents. 

No. 4—Design of Roadside Drainage Channels (1965). 40 
cents. 

Identification of Rock Types (revised edition, 1960). 20 cents. 
Request from Bureau of Public Roads. Appendix, 70 cents. 

The 1965 Interstate System Cost Estimate, House Document No. 
42, 89th Cong., 1st sess. (1965). 20 cents. 

Interstate System Route Log and Finder List (1963). 10 cents. 

Labor Compliance Manual for Direct Federal and Federal-Aid 

Construction, 2d ed. (1965). $1.75. 

Amendment No. 1 to above (1966). $1.00. 

Landslide Investigations (1961). 80 cents. 

Manual for Highway Severance Damage Studies (1961). $1.00. 

Manual on Uniform Traffic Control Devices for Streets and High- 

ways (1961). $2.00. 

Part V only of above—Traffic Controls for Highway Construc- 

tion and Maintenance Operations (1961). 25 cents, 

Maximum Desirable Dimensions and Weights of Vehicles Oper- 

ated on the Federal-Aid Systems, House Document No. 354, 

88th Cong. 2d sess. (1964). 45 cents. 

Modal Split—Documentation of Nine Methods for Estimating 

Transit Usage (1966). 70 cents. 

National Driver Register. A State Driver Records Exchange 

Service (1967). 25 cents. 

Overtaking and Passing on Two-Lane Rural Highways—a Litera- 

ture Review (1967). 20 cents. 

Presplitting, A Controlled Blasting Technique for Rock Cuts 

(1966). 30 cents. 

Proposed Program for Scenic Roads & Parkways (prepared for 

the President’s Council on Recreation and Natural Beauty), 

1966. $2.75. 

Reinforced Concrete Bridge Members—Ultimate Design (1966). 

35 cents. 

Reinforced Concrete Pipe Culverts—Criteria for Structural De- 

sign and Installation (1963). 30 cents. 

Road-User and Property Taxes on Selected Motor Vehicles 

(1964). 45 cents. 

Role of Economie Studies in Urban Transportation Planning 

(1965). 45 cents. 

The Role of Third Structure Taxes in the Highway User Tax 

Family (1968). $2.25. 

Standard Alphabets for Highway Signs (1966). 80 cents. 

Standard Land Use Coding Manual (1965). 50 cents. 

Standard Plans for Highway Bridges: 

Vol. I—Conecrete Superstructures (1968). $1.25. 

Vol. II—Structural Steel Superstructures (1968). $1.00. 

Vol. 1V—Typical Continuous Bridges (1962). $1.00. 

Vol. V—Typical Pedestrian Bridges (1962). $1.75. 

Standard Trafltic Control Signs Chart (as defined in the Manual 

on Uniform Traffic Control Devices for Streets and Highways) 

22 x 34, 20 cents—100 for $15.00. 11 x 17, 10 cents—100 for 

$5.00. 

Study of Airspace Utilization (1968). 75 cents. 

Traffic Safety Services, Directory of National Organizations 

(1963). 15 cents. 

Typical Plans for Retaining Walls (1967). 45 cents. 
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