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INTRODUCTION

This report has been prepared to summarize statistical analyses that
have been conducted on various highway materials and construction procedures.
This summary is in accordance with a Bureau of Public Roads memorandum
from F. B. Farrell, Burcau of Public Roads Regional Engineer, to Division
Engineers in Indiana, Michigan,; and Wisconsin on January 13, 1966, titled
"Statistical Parameters - Quality Control Program.' The information gathered
to date on Phases I and II of the Department's H. P, R. program on Highway
Quality Control has been screened to present all available data requested in -
this memorandum.

Ha

The data in this report arise from two gsources: 1) random sampling of
past field oonstructl_on records of job control testing, and 2) a statistically
designed experiment on field testing of aggregate gradation conducted to
determine, if possibie, specific causes for testing variation. For the first
set of data, it was possible to obtain only the following statistical parameters
requested in the Bureau's memorandum: the number of test measurements,
the arithmetic mean and overall variance, and the overall standard deviation.
Thus, specific causes for variation cannot be assigned. For the second set
of data, deriving from the experimental program, some information was
available on sampling and testing variance due to different 1nSpectors and
different equipment (screening sieves). However, the experimental design
wasg not set up to differentiate between material and experimental variance.
In every case, the speéification requirements are illustrated or discussed
along with the data, and, therefore, the separate fransmittal of specifications
suggested in the Bureau's memorandum is deemed unnecessary.
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AGGREGATE GRADATION--RECORDS SURVEY - o

2

The chief sources of information were daily job control records of
aggregate field testing covering the period 1959 through 1961. About 120
highway projects were classified by finding, counting, and identifying daily
records; types of aggregate; and producers. The types of aggregate materials
involved in this study were limestone, gravel, and slag. Detailed analysis of
the data established proper sampling procedures and the computations required
for appropriate statistical evaluation. '

It should be noted that the data analyzed and shown in Table 1 did not
include the percents passing for all sieve size requirements of the specifi-
cations, but did include representative sieve sizes for each aggregate.

In addition, it should be noted that Table 1 consists exclusively of data from
accepted batches of material. The 4A, 6A, 6AA, and 10A aggregates are
used for coarse aggregate in portland cement concrete for either pavements
or structures; the 9A aggregate for bituminous base and binder courses; 20A
for bituminous aggregate surface course; 22A for aggregate base and surface
courses, aggregate shoulders, and aggregate resurfacing; 23A for aggregate
shoulders and aggregate approaches; 24A for selected subbase; 25A for bitu-
minous concrete wearing course; 26B for bituminous non-skid surface treat-
ment; and 2NS sand for portland cement concrete. These materials were
produced in accordance with then current Michigan specifications; however,
in the 1965 edition of the Michigan Standaxd Specifications, certain revisions
were made which changed the requirements for some of these aggregates,
and two classifications (10A and 26B) no longer exist.

Since the Table 1 data consisted only of results from accepted batches,
a study was subsequently made to determine the proportion of accepted-to-
rejected material, and how the inclusion of data from the rejected material
would influence the overall distribution. Aggregate type 22A was selected
for this study since from experience it was noted that this type generally has
a larger proportionate amount of rejected material than other aggregate types.
Data from 11 projects were studied with the results summarized in Table 2.
Approximately 3.7 percent of the material tested was rejected for one or more '
deviations from specification requirements. TFor the 104 rejected resuits, 4
42 pr 40. 4 percent) failed to pass No. 10 sieve within requirements, 22
(or 21.1 percent) failed to meet requirements on loss by washing, (No. 200
sieve), 8 (or 7.7 percent) failed to meet 3/8-in. sieve requirements, while
16 (or 15.4 percent) failed to meet the requirements for more than one

_sieve, and 16 (or 15.4 percent) failed for other reasons than gradation
‘requirements. :



TABLE 1
SUMMARY OF GRADATION TESTS ON ACCEPTED

MATERIAL OF DIFFERENT AGGREGATE TYPES

. Matorial Tpe 44
n.nz Mem Sieve Sizc and Bpee, Limils, % Losa by
Producer 2-1/2 1n. | 2in. | 1-1/2in. | iin. /2w, | ¥/8in. OW;":L“"%“
100 95-100 £5-00 10-40 0-20 - 0-5 -8 ' max.
Avg, OGraduation, 77.8 , 22,2 2,2 1.1
Std. Deviation,% B0 8.1 i.8 1.9
Gravel 4% of Testa: ' ‘
Producer A Within Specs., % 25,3 87.0 100,0 99,3
(300 Testa) Above,% 0.7 2.0 0.0 0.7
Below, % 4.¢ 1.e 0.9 0.0
Avg. Gradation,% 80,6 25.1 3.7 1.4
Std, Deviatlon,% 7.0 1.0 3.7 1.5
Gravel % of Teats:
Producer B Within Specs., % 81,6 95.1 100.0 6.7
{300 Teats) Above, B L7 3.3 0.0 3.3
Below, % 0.7 1.0 0.0 0.0
Avg. Gradation,% o o 74,7 23.8 0.7 -
8td, Deviatlon,% 3 ] 6.4 8.1 1.1 g
Gravel % of Tests: 3 T =
Producer C Within Speca., % E -] 96. 0 98.0 100.9 108.0 4
(300 Tests} Above,% - < 1.0 1.9 0.0 0.0 M
Below % z = 3.0 0.3 8.0 0.0 a
Avg. Gradation,% 75.5 29,8 6.2 1.8
5td, Deviation,% 7.9 8.8 3.8 1.7
' Gravel % of Tests:
Producer D wittiln Specs., % 82,3 93,0 99,7 94.3
{300 Tests) Above, % 1.7 7.0 0.3 5.7
. - Below, % 6.0 8.0 0.0 0.0
Avg, Gradation,’h 80.2 22,39 B.1 2.4
5td, Deviation,% 7.1 7.0 4.2 2.1
Gravel % of Testa:
Producer K Within Specs., % 95,0 9.4 99,0 92.3
{300 Testa) Above,% 3.8 2.3 1.9 .t
. Below% 1.1 K] a0 0.0
| 1
; : Type 4A (Cont,)
] Mn;::;ial Itera Sleva Slze and Spec. Limits, % Loss hy
! odacer 2372 In, | Zin.  |i-1/2im. | 1 la. /2 in. | a/8in. | ‘ashiog
- Produce 1.5 % max.
100 95100 85-90 10-40 0-20 0-5 ' .
i Avg, Gradation % 74.0 2.7 1.¢ 0.7
g ' Std. Devlstlen% 5.9 6.2 0.9 0.6
Stone % of Teats:
. Producer F Within Specs ., % 99,7 | . 99.7 100.0 100,90
' {300 Testa) Above, % 0.0 6.3 a.0 0.0
Below,% 0,3 0.0 0.0 0.0
Avg. Gradation,% T7.2 . 25.9 3.2 1.7
Std. Deviation,% 7.6 8.6 4.8 1.7
Stone % of Tesis:
Producer G Within Specs., % 97.0 96,7 100.0 95.0
{300 Tents) Above,% 3 3 0.7 2.3 0.0 5.0 3
Below,% 2 [ 2.3 L0 0.0 a.0 2
‘ 7 q g
Avg. Gradation,% < < 7.4 19.8 2.9 1.7 <
Std. Devlation,’ 8 3 7.2 1.3 2.6 2,5 2
5 2 .
Stone % of Tesla: = . =
Produser H Wilhin Specs., % 94.7 95,4 100.0 94,0
(300 Teats) Above,% 2.0 0.3 0.0 .0
Below, % 3.3 4.3 0.9 0.¢
h Avg. Gradation,% 16,1 21,8 1.2 1.3
) std. Deviation,% 7.0 4.7 1.2 0.8
:";ag 1 % of Tests: E
Producer Within Specs., % 9.3 99.7 160.0 100.0
{300 Toats) Above, 0.0 0.0 0.0 0.0
Below, % 3.7 0.3 0,0 0.0

NOTE: Methed of samplipg wae by proportional wliccntion of datly job control records of materlals which were secepted, Bizes of
anmplen as indloased in firat column for sach materinl and producer. Current Speclfications {3965 Edition} ave gifferent than those

shown, s followa:

4A-~Unchanged 8A--Changed
BA--Changed 10A~-No Longer Exlsta
§AA--Changed 20A--Changed

23A--Changed Somewhat
23A-~~Changed Slightly
24A--Changed

265A--Changed Significantly
26B--No Longer Exints
2NS--Unchanged




TABLE 1 (cont.)

, SUMMARY OF GRADATION TESTS ON ACCEPTED
: o MATERIAL OF DIFFERENT AGGREGATE TYPES

Materinl e 54
nﬁ; Itom Biove Size and Hpoo. Liwmlta, % Loasa by
Profuser 2-1/2 18, | 2. |i-1/2km | Lin. /2. | Wo. 4 OW:““"S
: 160 95-160 | 90-100 £0-30 25-55 0-8 -8 % mox.
! Avg, Oradation,B 99,8 7.3 37.3 0.9
! Gravel Btd. Deviatlon,% 0.1 6.3 6.9 0.7
Producer A % of Teata:
: {300 Teats) Within Specs., & 100.90 99.3 99,3 100.0
: Above, % [ 0.1 0.0 0.0
Below.% 0.0 0,0 0.7 0.0
’ Avg, Gradation,% g o 20,9 79,1 34.5 0.8 -
Gravel Std. Devlattan,% I 8 .4 6.4 7.1 [ N] a
+ Producer U % of Teals: bl ) El
(226 Tosts) Withla Speca., % E E 108, 0 39,1 85.8 1000 g
Above,h 2 o .0 0,5 0.9 0.0 -
Below, % =& = 6.0 8.0 3.5 0.0 -
Avg. Gradation,b . 98.8 72.4 33,7 4.5
Gravel Std. Deviatlon,h 1.6 7.5 7.4 1.6
Producer V % of Testa:
{222 Tests) Within Spece., % 100,60 96.8 84,6 100.0
Above,% 0.0 0.8 0.0 0.0 .
Below, % 0.0 2.3 5.4 0.0
Material i Type GAA
and Item Sieve Size and Spec. Llmits, % - Loss by
Washing
. Producer 1-1/2 in. 1 ln, 1/2 in, No. 4 0.8%
- 100 85-100 30-50 -8 -8 max.
Avg. Gradation,% g 89.9 47.4 3.5 "
Gravei Std. Deviation,% =) 6.5 5.2 1.6 g,;
Producer § % of Testa: E . 'TE'
{89 Teats) Within Spece., % 100.0 98.9 100.0 <
- Above,% 4 0.0 1,1 0.0 a3
Below,% - = 0.0 0.0 0.0 Z
0 .
1
Materiat Type 94
' and Item Sieve Size and Spec, Limlts, % Loss by
Producer A3 374w | e/4 . | a/¢ in. No. 4 | Washlng
100 4565 0-25 o-1p (3 ®Hmax.
Crushed’ Avg. Gradation,% B4.8 4,6 1.9
‘Gravel Std. Devlation,% 5.8 3.1 0.6
A Producer & | % of Testa:
, (147 Tests) Withln Speea., % 8.9 100.9 100.0
. . Above, % 0.7 0.9 0.9
- . Below, % 1.4 0.9. 0.0
4
ﬂ Avg, Gradation,% . BL.& 8.3 3.0 =
- Stone Std. Deviatlon,% g 6.3 4.7 1.8 8
o - Produeer Hi | B of Teatar w
N ' {108 Tests) Within Speca., % 90.7 | 100.6 | 100.0 !
¥ . Above,% o, 1.9 0.9 0.0 “
Below,% E4 7.4 0,0 0.0 &
Crushed Avg, Gradation,% 52.7 3.0 1.5
vl Std. Deviattom'h { B.5 1.9 1.0
Producer T % of Tests:
(80 Testa) Within Spece, % 85. 4 100.0 100, 0 f
- Above,% 0.0 0.0 0.0
Below, % 5.0 .0 0.0

kil
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TABLE 1 {cont.)
RADATION TESTS ON ACCEPTED
MATERIAL OF DIFFERENT AGGREGATE TYPES

vl Type 10A
Mater!
nzd Item Sieve Size and Spee, Limits, % :—;’“Lby
Producer 1-3/2 In. 1in. 1/2 In, No, 4 o ;‘; mnfx
108 85-1060 . 35-65 4-8 " *
Avg. Gradation,% 98. § 47.8 9.9
' Gravel ' §td. Deviatlon,% 1.6 8.3 9.8 .
Producer A % of Testa:
. (360 Testa) Within Specs., % 59,7 96,3 160,90
Above,% 0.9 1.9 0.9
Below, 1.3 2.7 0.9
Avg. Gradalion,% .+ 99,2 50.5 2.7
Gravel Std, Deviation,% 1.3 7.5 2.2
Froduger B | © °f Tests: .
(300 Tests) Within Spocs., % : 9.7 28.2 98.3
‘ Above,% g 0.6 0.7 1.7 3
Below, % 5 0.3 Lo 0.9 g.
q —
Avg, Gradation% = 95,6 50,9 3.2 s
Cravel | Std Deviationfh £ 1.0 81 2.4 2
Producer C %ot :I'eat.a:
(300 Tests} Within Specs., % 99.7 96,3 98.3
Above,% 8.0 2.0 1.7
Below, % 0.3 1.7 0.0 |
Avg. Gradatlon,% 97.9 46,4 1.8
Gravel Std. Deviation, % 1.7 T, 1.8
Producer | T of Tests:
. {300 Testa) Within Specs., % 96.3 96,7 106.0
Above, % LA 0.3 0.9
Below, % a7 3.0 0.0
T . Av.g. -Gradation,% 99.0 47.2
; Gravel Std, Deviation,% 1. 8.4
I Producer E % of Tef’"’s‘ '
! (300 Tests) Within Specs ., % 97. 6 82,4 160.0
B . Alove, 0.0 i3 5.0
Below,% 3.0 5.3 0.0
i
Type 10A (Cont. )
terinl
MHE:d Item Sleve Size snd Spec, Limils, % Losa by
' Producer 112 la. 1ln, 1/2 In. Mo, 4 Washing
100 95-100 3555 p-p  fi-3 Hmax,
Avg. Gradation% 89.99 44,4 2.2
Stone Std, Deviation% 0.1 73 1.7
Producer F | B of Teats:
{219 Testa) Within Speca., % 190.0 100.9 99,6
Above,% 9 6.0 0.0 1.4 g
. Below, % 3 6,0 0.0 0.0 %
! 5
' Avg. Gradatlon,% % 99.5 47.5 3,4 f
Stone ;‘ﬂ-{ I;evi:tlon.% 2 1.1 8,3 1,9 ]
Producer G ol Leals:
(300 Tests} Within Specs., & 99. 7 95,7 98.0
Above, % 8.0 2.6 2.0
Below,% 0.3 4.3 9.0
Avg. Gra.datlon,% 98.7 45.5
Slag Sid. Deviatlon,'h 1.2 6.7
Producer 1 | % of Testa:
(271 Teatn) Within Specs., % 99,6 98.2 99,8
Above,% 4.0 -0 0.4
Below, % .4 1.8 0.0
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\ ‘ . TABLE 1 (cont.)
_ SUMMARY OF GRADATION TESTS ON ACCEPTED
| - MATERIAL OF DIFFERENT AGGREGATE TYPES
3, . o,
Materlal : Type 204
and Ttom Sleve Stze and Spee. Limits, % Lass by ’
Preducar 3/4 in, a/8 fa, No, 10 Ho. 40 Na, 200 W(')aash%lg
100 60-50 40-50 15-30 0-5 -
Avg. Cradalion,% 5. G 44,2 22,6 3.1
] : Graval Std. Deviation,% 4.1 3.0 3.7 0.7
Produger K | © Of Tests:
(140 Tests) Wlthin Speca., % 90.0¢ .6 95.8 99.3
Above, % 10.0 10.7 1.4 0.7
Below, % 0.0 5.7 0.0 0.0
L
Avg. Gradatlon,% i 71.9 437 17,1 4.1 -
Gravel Std. Deviation,% 8 2.5 3.3 2.6 0.8 [
: [ S
¢ Producer N % of Testa: @ =
: {172 Tests) Within Speca., % & B7.8 80.7 93.0 95,3 Ed
i Above, % 3 12.2 8.1 0.4 4.7 .
| Below,% = 0.0 1.2 7.0 0.0 z
Avg. Grodation% | 77.0 43.5 17.8 4.1
Gravel std. Devlation,h 3.0 3.8 2.6 0.5
Producer G % of Testa: .
(193 Teate) Within Specs,, % 1.7 85.5 96,4 86,4
‘ Above,% 8.3 3.1 0.0 3.%
’ Below, % 0.0 11.4 3.6 0.0
'
Type 22A
Ma:;llal Item Sleve Size and Spec. Limits, % Loss by
Producer 1 34, | 3/80n. | Na, 10 | Weshing
: 100 90-100 | 65-85 30-45 3T %
. Avg. Gradation,% 96.5 1.7 40,8
Gravel | Std. Devlation,% 2,1 4.5 -4.3
‘ Producer ¢ | T of Teata: ) i
{300 Tests) Within Specs., % 160.0 M. 7 87.3
Above,% 0.4 0.9 1.7
; Below.h e.0 5.3 1.9
: Avg. Gradation,% 96.5 72.8 38.6
Gravel Btd. Devlatien,% 2.6 4.6 a7
° 7 ] %.of Teats:
f‘.‘ﬁ)‘;d‘;‘ce?;s) - Within Spece. % 98.9 9.0 9z.4
" Above,% 8.0 0.0 7.3
Below,% 2.0 3.0 0.3
Avg. Gvadation,% - 96.2 A 706 42. 1 o
ay
Gravel | 8. Deviatont g 27 |41 ° g
Producer M - .
{300 Teste) Within Specs., % 5 98.7 $5.3 9%.7 g
Above,% - 0.0 0.9 7.3 -
Below, % z 0.3 4,7 0.9 =
. Avg. Gradation,% 97.3 7i.8 38,3
. Gravel Std. Deviation,% 2,2 5.4 5.1
. Producer P | % of Teats: ’ .
B . {300 Teste) Within Speca., % 100.¢ 9L 7 91,7
Above, % b 0.2 . 4.3
B Below, % 9.¢ 8.0 4.0
: Avg, Gradatlon,® . 98.0 70,4 28.9
; Gravel Std. Deviation,% 2.2 4.5 4.1
Y Producer R % of Tef“‘“: .
{300 Tests) Within Speca, & 100.0 93,3 56.0 .
Above,% 0.4 0.0 3.0
Below,% 0.0 6.7 1.0




TABLE 1 (cont.)
SUMMARY OF GRADATION TESTS ON ACCEPTED
~ MATERIAL OF DIFFERENT AGGREGATE TYPES

Material Type ZiA
and Tlem Slove S{ze and Spec, Limits, % | Loasby i
Producer 1 in. 3/8 in, No. 10 | Washing .
190 50-85 25-50 | T8 %
Avg, Gendutlen,% 70.3 41,2 ‘
Gravel 5td, Devlalion% -B.7 7.5 -
Produger ¢ | B of jr“'““”' '
{282 Teats) Within Specs., % 98, 6 90,0
Above, % 0.6 8.9
Below, % i.4 i1
Avg, Oradstion% | o 748 46,3 o .
Gravel Std, Deviation,% K 4.4 4.4 &
Progucer J % of Tefat‘s: ‘%!1 . |
(300 Testa) Within Specs., % E 99,7 86, & a.
Aboveh 3 0.3 4.0 2
Below,% 2 0.0 oo Z
Avg. Gradation,% 78.2 43.5
Gravel Std. Deviatlon,'h 4.9 5,1
Producer L | o of Testa:
(300 Tests) Within Specs., % 93.3 88.0
Avove,% 6.7 14,0
Below, % 9.0 0.0
1
Type 24A
Malex;jln]. Tlem Sicve Size nnd Spee. Limils, % Logs by
an
Produger iin, 3/8 in. No. 10 | Washing
100 60-85 30-50 1%
Ayg, Gradotion,% 75.2 43, 6
Std. Deviatlon,% 4.9 4,0
protueer g | % of Testa: :
(300 Testa) Within Speca., & 99,4 85.7
Above,'f (1] 43
Below, % 0.3 0.9
Avg. Gradatloa,% - 74,5 44. 3 .:._.,
Gravel 5td. Devlation,% E 6.1 5.3 g 1
Producer K % of Tests: q d
{300 Tests) Withln Spees., % 2 08. ¢ 80,39 a
Above,% 2 2.0 3.0 3
Below,% = 0.0 6.7 ]
Avg. Gradation% 68.6 414 ,
Gravel Std, Deviatlon,'R, 5.2 5.6
Producer M. . % of j!‘est-a: .
(300 Teats)': Within Specs,, % 96.3 96,0 N
- Above,% 0.0 2.3
' Below, % 1.7 1.7
j
Material Typs 234
and flem Sicve Slze and Spee, Limils, % Loss by
Producer 5/81n. | 1/2im. | 3/8m. | No, 4 To. 10| Washing
190 90-100 50-80 10-25 0-10 3 % max,
sushad Avg, Gradation,% 96.6 80.9 16.2 4,0
Crus o Std. Devlation,% 1.8 6.7 2.6 1.5
(323\'9 A % of Teals:
1;1(',0 ;"9‘;8 Wilhin Specs., % 99.7 98.0 99, 4 1609
(300 Testa} Abave, % 9.0 0.0 0.3 0.0
Below.% 4.3 2,0 9.3 0.0
Avg. Gradation,% o 4.6 68.3 i14.0 2.6 - o
a Std, Deviatlon,% ‘?;" 2.2 8.2 3.3 1.1 8
ong el
% of Teata: = ] :
Producer G Withln Specs., % E 98,5 99,2 86, 2 100,98 i
1133 Tests) Above,% 2 0.0 0.0 0.0 0.0 =
' Below,% F4 1.5 0.8 3.8 0.0 b=
Avg. Gradatlon,% 92,5 61.5 14,7 2,5 R
Std, Deviation,'t 2.1 d.1 3.2 1.0
Stone % of Tests:
Producer Q Within Speca,, % 97,6 99,2 94.8 100.0
(248 Tests) Above,% 0.0 0.0 0.0 0.0
Below, % 2.4 0.8 1,2 0.0
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TABLE 1 (cont.)

SUMMARY OF GRADATION TESTS ON' ACCEPTED

MATERIAL OF DIFFERLNT AGGREGATE TYPES

Mnterial Typo 268
aod Tlem Sieve Size und Speo. Limits, % L““T‘:’Y
Producer 5781, | 1/EIm. | 378 @m. | Ne. 4 | MNo. 1¢ ;"%"m:f
100 50-100 £0-85 10-35 8-10 "
) Avg. Gradation,% 97.7 70.9 17.0 2.t
Gravel std. Deviation,% 1.8 7.7 4.5 1.3
:Prudu‘éer A % of Teata:
57 Tosts Within Speca., % 100, ¢ 92, 4 97,5 160.¢
{157 Tests) Above, % 0.0 0.6 0.0 0.0
Below, % 0.0 7.0 2.5 0.4
Avg, Gradatlon,% - 2.6 T2.7 20,2 4.4 o
Gravel §td. Deviation,% “i 1.3 8.2 5.9 2.5 §
Producer B % of Testa: 4 E
151 Toots ‘Within Speca, % E] 100.0 9. 99,2 - 95.4 E]
{131 Testa) Above,% = 0.0 0.9 0.5 4.6 5
Below, % “ 0,0 2.3 0.0 0,8 E
Avg. Gradatlon,% 97.2 75.3 22.6 1.8
Std. Deviation,'s 1.9 7.4 6,3 i.9
Gravel % of Teata:
Producer C Within 5 % 100.0 90,1 95.2 160,0
163 ‘Testa} POCB- : : : :
¢ Above,% 0.9 T.4 1.2 0.0
Below, % 0.0 2.5 0.6 .9
. Type 2NS
Mn:fr;ui Item Sieve Size and Spec. Limits, % Lass by
Pro;ucar 3/6 in. No. 4 No. 8 No, 16 § No. 30 No, 50 No. 160 | Washlog
100 95-100 6505 85475 20-56 10-30 0-10 3 % max,
Avg. Gradatlon,% B6, 4 69,3 18.9 . 2.8
Sand Sid. Deviation,% 26 2.2 45 1.2
f Tests:
Producer A | P ©
{300 Tosta) Within Specs, % 100.¢ 99.9 100.0 100.0
Above,% 0.¢ 1.0 0.0 0.0
Below, % 0.0 0,0 0.0 a.0
Avg. Gradation,% 86. 43 £1,3 16.1 3.2
Ssnd Std. Deviation,% - - 4,3 3.5 3,2 0.9
Producer B % of :i'euta: :
{300 Tests) Within Specs’, B 180,0 100,0 99,9 160.0
A Above,% 0.0 Q.0 0.9 0.0
Below,% 9.0 0.0 1.0 0.0
Avg. Gradatlon,% - o 80,6 55.9 o 3.5 2.7 -
Std. Deviation,’ ] H 3.4 £.3 3 a4 0.9 4
Sand i EY Y =
Producer C % of Teata: k) v§
{300 Tests) Within Spacs., % L) 100, 0 160.0 98,7 100,0 k:|
Abave,% “ “ 0.0 0.0 2 0.3 0.0’ 2
Below, % 4 = 0.0 0.0 = 1.0 0.0 =
Avg. Gradatlon% 80,7 66.1 13.3 3.2
Sand std, Deviation,% 2.8 a.2 2.8 1.2
. Produgerp | % of Tents:
(300 Teats) Within Specs., % 100.0 100.90 98.3 100.9
Above,% 0.0 0.0 0.0 0.0
Below, % 6.0 0.0 L7 0.0
! Avg. Gradation,% 89,6 59,4 18,6 3.3
dand Std. Deviatlon,% 2.5 3.4 2,9 0.8
Producer E | P of Tesls: 100.0
(300 Tests) Within Speca., % 100.6 98.0 100, ¢ .
Above,% 0.0 1,0 0.0 0.0
Below,% 0.0 0.¢ 0.0 6,0




! TABLE 2
; SUMMARY OF ACCEPTED AND REJECTED
22A AGGREGATE BATCHES

E ] Number of Test Resulis
: Project :
l Total . Accepted Rejected
. 1 311 307 4
2 319 306 13
, 3 338 319 19
' 4 313 313 0
. 5 245 210, 35
> 6 136 136 0
/ 7 79 79 0
8 207 202 5
! 9 169 166 3
10 461 454 7
} 11 246 228 18

2824 2720 104
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Figures 1, 2, and 3 show the effect of rejected material on frequency
distributions of percents passing the 3/4~ and 3/8-in., and No, 10 sieves,
respeciively. :

Although tests were studied for 104 lots of 150 tons each of rejected
material {out of 2824 lots), the plotting of the distribution of percents
passing certain sieves was confined to 60 samples selected at random
from the 104. This reduction was made to maintain the approximate
proportions of accepted and rejected material. The three graphs show
that inclusion of rejected material in the statistical analysis at the rate
of approximately 3.7 percent, as encountered for 22A aggregate, would
not significantly alter the averages or standard deviations given in
Table 1. Thus, for at least this one case the overall distribution is
not significantly changed by this inclusion of rejected material,

Figure 4 shows the distribution of non-conforming tests by type of
aggregate, producer, and various sieve sizes for gravel, stone, and slag.
The non-conforming tests shown are those only within the population of
- accepted material--that is, the same data given in Table 1. For 4A
aggregate and 2N8 sand, the distribution of the percents passging is
indicated for various sieve sizes. Tor 4A aggregate (Figure 5), the .
distribution of percent passing the 1/2- and 3/8-in. sieves tends to
be close to the lower specification limit. For 2NS sand (Figure 5),
the distribution of percents passing the Nos. 8 and 16 sieves bunch
toward the upper specification limit, for the No. 50 it is pretty well
centered, but for the No. 100 sieve the results definitely bunch toward
the lower specification limit of zero. Table 1 illustrates the inherent
distribution characteristics within the specification limits for the other
type aggregates. ‘
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Figure 1. Distribution of percent passing 3/4-in. sieve for accepted material,
rejected material, and the combination for 22A aggregate.
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Figure 2. Distribution of percent passing 3/8-in. sieve for accepted material, .

rejected material and the combination for 22A aggregate.
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FINENESS MODULUS -

Fineness modulus of either fine or coarse aggregate i a measure of
the degree of uniformity of its grading.” It is used as an index of coarse-
ness ov fineness--the bigher the modulus, the coarser the aggregate, In

Michigan, fineness modulus is computed only for sand, by adding the cumu- .

lative percentages by weight of the material retained on the 3/8 in., Nos. 4,
8, 16, 30, 50, and 100 sieves, and dividing the sum by 100. The base fine-
ness modulus for each pit is determined from the average of a continued
period of production of acceptable fine aggregate. The specifications for
gradation of fine aggregate (2NS sand) require control of grading so that

the fineness modulus of representative samples should not vary more than

+ 0,20 from the average fineness modulus of all samples previously taken
from the same source. '

From daily records of aggregate field testing, covering the period of
1962 through 1963, ten projects were sampled at random to study relative

“variability of the fineness modulus of 2NS sand. Approximately 20 samples

of 2NS gradings were randomly selected from each of the ten to compute
the modulus according to specifications. The results of these computations
are swnmarized in Table 3,

In addition, Fig. 6 shows several daily fineness modulis averages on
na‘tural (2NS) sand, plotted in chronological order. These samples were
all taken from one belt. Starting with Report No. 9, a base modulus of
3.06 was established using the running average of the first six tests, with
limits of +0.20 (indicated by the darker shading at center). The average
of the entire group is 2. 98, However, a clear downward trend is evident
after Report No. 13 and again affer Repori No, 14, with the material
becoming progressively finer through Report No. 23; production was -
stopped for the winter afler Report No. 25. Of interest here is the wide
variation in daily resulfs from a given pit.

Corresponding information from a different pit is shown in Fig. 7 for
samples taken from one stockpile. Considerably more uniformity is evident
here. A base of 2. 81 was established from resulis of the first 13 reports,
which were taken prior to the tesis graphed in Fig. 7.

15~
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| TABLES _
SUMMARY OF TEST RESULTS ON FINENESS MODULUS -
" FOR GRADATION OF 2NS SAND

% ' : Number . Fineness
| Project No, of Modulus
and Date Tests Standard
: ; AVerage | poviation
47014, C8 S
(11-15-61 to 9-6-62) 20 2.8% 0.11
33084, C5 " Y ur -
(1-25-62 to 8-29-62) - 87 .
63081E, C10 L ) -0 .
(4-20-62 to 10-11-62) 79 .
81074, C1 ” ) o "
(6-23-62 to 10-18-62) : .9 | 0.
63173, C4 2o ) 5 o os
(6-27-62 to 7-18-62) . 0.
47013, C8 o1 s 25 o 5
7-17-62 to 10-1-62) 2 :
49025, C18 . 20 ) 5o .
(10~5-62 to 8-19-63) 1 : .
47065, C1
(10-13-62 to 10~18-62) 20 5.3 0.12
41027A, C
(10-18-62 to 6-3-63) 20 2.88 0.08
1014, C1
6310 o - o oo

(10-19-62 to T-2-63)

-16-
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. FLEXURAL STRENGTH OF CONCRETE BEAMS

Flexural strength of concrete beams was studied from field records -

of all 1959~1961 Michigan projects using Grade A concrete for both pave-
ment and bridge construction. Hundreds of field tests found in project

files were condensed on special form sheets and punched on data cards -

for computer processing. Frequency distributions were grouped and
analyzed for both road and bridge concrete beam specimens 7, 14, and

28 days old. The analysis involved computing the mean value or sample
‘average X, the sampling varfability or standard.deviation S, and the

relative variability or coefficient of variation V. The relative variability
here was computed by the expression
S
V =100 = . {1)

which is useful for indicating the degree of uniformity in flexural strength
tests on concrete beam specimens. From these computations the percentage
of tests below the specified minimum limits (fraction defective) was estimated.
The estimated values were checked against actual defective values-found
from the cumulative frequency distributions.

The results covering approximately three years of construction work
under varying weather conditions are summarized in Table 4 for both
pavement and bridge projects. Variations in strength within single beams
were computed by multiplying the average range of several groups of two
breaks per beam by a constant of 0, 8865, as given in the literature.
Results are summarized in Table 5 for both pavement and bridge projects.
For this table, within-test relative variation Vj was computed as follows:
v, =71'00-§—}~ and S = . @)

X . dg :

- where
8, = within~test standard deviation,

1/dy = 0. 8865 from statistical tables,
R= average range of groups of two breaks per beam and

—

X = average strength.
According to present specifications for flexural strength (modulus

of rupture), the steel molds in which the beams are cast are nominally
6 by 6 by 36 in. A set of four beams is made on alternate days when

ﬁlg_
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 TABLE4 !
SUMMARY OF FLEXURAL STRENGTH TESTS
ON 1959-561 CONCRE'I!‘E BEAM SPECIMENS

Average Vnluea of Minimum Valuea Within
1tem Tndividual Valuen . Two Breaks per Benma Two Dreaks per Beam
Spring l Summaer I T Fall ; Bpring l Bummer I * Fall Spring * Summer-_ Fall
Number of teats 713 1904 701 354 42 345 Tas4 942 345
= | &| Average strength, pal 654.9 552..7 644.8 £8465.3 458.3 545.3 832, 7 63L.9 619.6
A : .
a2zl & . -
§] 2|5, Relative variation, 12,9 139 15.5 1.9 1.1 14.7 i2.0 13.2 15.3
o} | g percent = \
, g :- ‘I-
-
%1 Pexcent leas than 8.0 9.9 16,5 8.8 7.0 15.0 11,0 11.9 22.0
. er = 556 pal “
Hi w
o .
. = w v
i ¢ .
a :§ Number of tests 603 1604 596 aod 742 294 300 T2 204
5
ﬁ é Average streagth, psi T49. 3 750.4 T40. 6 49,8 TEL. 2 741.9 726.9% 729.3 T14.6
3| & :
g . .
E | f| Relative vaviation, 12.3 18.1 15.5 1.6 17,7 4.7 2.2 7.8 15.5
813 percent
g
5
Percent less than 8.0 5.5 1.5 2.5 4.5 10.9 6.5 9.6 15.0
600 psi
. . Average Values of Minireum Values Within
Ttem Individunl Values Twe Breaks per Beam o Two Breaks per Beam
Sprivg ISummer l Fall I Winter | Spring ISummer l Fall l Winter | Spring I Summer] Fall l Winter
Rumber of teats 635 778 © 474 1831 s 317 388 236 B9 v J88 236 B3
] m | Average strength, pei 654.1 661, 7 620,7 §590.9 654.3 66i.7 620.1 593, 0 $33.4 639.5 500.5 565.7
m v
]
alB N : . .
S| | Relative variation, 3.8 150 142 252 | 131 -14.3 . 18.2 241 | 13.4 142 1385 Z50
2148 percent . 3
i
% ¥ | percent leas than 1 5 , 28 A 4 2 .
E 550 poi 10 i 34 11 9 21 E 1 7
a .
w
uH Number of teats 508 742 467 . 156 304 371 233 78 304 EipY 233 38
8 .
E; = | Average strength, pai 814,2 802,90 177.9 726.3 814, 2 462,90 ‘777.9 27,0 793. 4 T78.1 754.6 700, 3
s | &
Relati iation,
8| B | g teinfve vamiation 13.3 3.6 17.2 | 128 13,2 130 18,4 | 13.0 185  13.4 166
2l 8|8 percent .
8 8|5
(=] o)
8 2 .
&1 Percent feas than
@ 650 pal 5 8 10 20 1] B k] i9 8 ] 13 25
-
T
A
Number of teats 294 459 264 153 14% 221 130 78 147 221 130 76
kS 2| Average strength, psi §14,8° 626, 8 591.9 571.4 615.1 §28.8 691.8 576, 4 592.9 607, 1 572, 4 549. 3
o E ’ - .
ﬁ - Relaiive variation, - .
81 &l percent 1.2 ‘13,8 18,9  2ab | 143 131 163 2.0 | 141 135 156  23.3
2w .
g Parcent less than o 34 50
‘: 550 pal 23 18 29 ar 2] 13 . 28 3 . 28 22 )
w
W X T
] Number of testa Z83 462 252 174 141 231 iz28 a7 141 231 126 87
o
= .
] 33 Average atrength, pal 795,89 762,56 768.6 709.2 798,86 782,85 T66. 6 708, 2 11,8 T41,1 T34, 2 684. 48
gle
g1 s, | Helative variatlon, -
. ) 2
3 ‘g percent 13.6 13.6 13. 8 16.4 13.9 13,1 13.2 i6.6 13.3 13.3 15 i6
:{ .
Percent laas than : ’
650 ])Bi‘ 1] . 16 16 28 [} 13 15 26 12 19 19 . 23
NOTE:

There are normally two breaks pex beam, In this survey, an occaalonal report gave only one break, or only one was legible, resulting in slight discrep-

ancles belween eclumna. Reaulis are prosented in this way so thai the reader may select the information of intereat,

=20=
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| TABLE 5 | | | |
WITHIN-TEST RELATIVE VARIATIONS FOR FLEXURAL STRENGTH
1959-61 Concrete Beam Specimens

Item ’ Spring Summer Fall Winter
o T )
;1 Number of tests 100 160 100 ————
73] . .
o ; E Avg. strength, psi ' 655.3 663.3 645.3 ——
-2 ’ .
g o § Average range, psi 42.5 38.4 51.8 —
ol ~
9| 91 7| Relative variation,
Ol n| = 5.7 5.2 7.1 -——
2w percent
g W . .
o) n| Number of tests 100 160 160 S
| | &l B .
Bl E1 81 Average strength, psi 749.6 751,32 741.7 sonim
N 4 . -
. g g’ Average range, psi 44.0 46.5 58.4 -—=
& 3'4' Relative variation, - :
! 8 percent 5.2 5.5 7.0 -—-
ﬂ B , | Number of tests 100 ° - 100 100 89
o ‘ >
, 8 g,g Average strength, psi 654.3 - 6617 620.1 593.0
. 5 ,
g' B Average range, psi 39.9 39.9 .39.8 54.3
A : " ’ :
§ o Relative varlatlon,_ 5.4 5 3 5.7 8.1
percent
[~2]
10 ,
Pt o1 Numberoftests . . | 100 100 100 . . 100
[#] = )
E E?; Average strength, psi 814.2 802.0 777.9 " R27.0
» E’ Average range, psi 37.4 45.9 39.7 . 51.4
o] & S
2 I . s .
3 % @ Relative .w_.r_?rlatmn, 4.1 5.1 4.5 6.3
g1 o ‘percent
Q
O _ _
B >| | Number of tests 100 100 100 76
" - .
% : ; E@ Average strength, psi 615.1 628.8 | 591.8 570.4
o o | Average range, psi 46.0 39.8  42.7 C41.0
50 A
[3) . . p2 .
80 i Relative variation, 6.6 5.6 G4 6.4
. percent
w
i )
5 - o1 Number of tests 100 100 100 1090
- . .
E § Average strength, psi 796.6 ,  762.5 756.6 709.2
2 =1 Average range, psi 49.0 47.4 46.1 48.6
T | /A ‘
b1 1 . . s
5 © Relative variation, 5.5 5.5 5.4 6.1
&) percent




pavement is placed; for concrete structures, one set of beams is made
from the first concrete pour at the job site, and a set for each succeeding
200 cu yd poured.” For pavements, two beams are tested at 7 and 14 days,
and for bridges, two beams are tested at 7 and 28 days. Michigan uses
the cantilever type of loading, with two breaks per beam.

The minimum values (lower acceptance limits) required for flexural
strength when concrete specimens are properly cured under moist con-
ditions at 60 to 80 F are 550 psi at 7 days, 600 psi at 14 days, and 650

psi at 28 days for cement factors of 5.5 or 5.9 sacks per cu yd of concrete.

Two facts were noted in connection with the resulting frequency dis—
tributions. First, the grouped data from both pavements and bridges fol-
lowed closely symmetrical distributions. Second, the grouped data re-
flected the influence of seasonal testing conditions. This can be explained
in terms of fluctuations of relative variation for individual and average
values of two breaks per beam as shown in Table 4. Values for percent
* of nonconforming tests, for example, were significantly higher in fall
than in spring for pavement projects and higher in winter than in spring
for bridge projects, as shown in Fig. 8. Some generalizations may be
made from Tables 4 and 5 regarding efiects of the flexural strength aver-
age, the relative variation, and {he specified lower acceptance limits re-
quired in flexural strength tests:

1. Strength tests for pavement concrete in seasons other than spring,
with approximately the same average value but greater relative variation
than those recorded in spring, show a greater proportion of Va,lues falling
below the lower limit.

2, TFluctualions in. relatlve variations within single beams reflect
the influence of seasonal curmg condltmns :

-22-
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THICKNESS OF CONCRETE PAVEMENTS

The study of thickness of portland cement concrete pavements was
based on 15 projects sampled at random from field records covering the
period 1959-1961. From these data, 656 tests were grouped and analyzed
to estimate standard statistical parameters as well ag the percentage of
tests outside the specified limits. Specifications require that thickness of
the completed pavement be controlled so that the average depth of each
concrete core should not he more than 1/2-in. under the design thickness.
One core is taken at random from each 1000-ft length of pour in accord
with plan stationing, The depth of each core is found using a depth-gage
from the center of the upper end of the specimen and from eight other ‘
points equally spaced around the center. The individual measurements
are recorded to the nearest 0. 05 in. , and the average of these nine
measurements expressed to the nearest 0.10 in. is considered the core
depth.

The frequency distribution of measured pavement thickness as obtained
from the average depth of each of 656 concrete cores is shown in Figure 9.
While the nominal pavement thickness in 9 in., the average depth measured
was 9.2 in. and one standard deviation was + 0.28 in. The distribution is
quite symmetrical and approximates a normal distribution. Only two cores
out of 6566 were below the minimum specﬁlcatlon depth of 8. 5 m , OT approxi-
mately 0.3 percent.

24
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Figure 9. Frequency distribution of concrete pavement thickness: 1959-61.
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AIR CONTENT OF FRESH- PAVEMENT CONCRETE

Analysis of field data dealing with air content of fresh pavement
concrete was based on 60 projects sampled at random from files covering
the period 1959-1961. From the selected projects, 4065 tests were grouped
and analyzed to estimate important characteristics of the data, such as the
degree of normalily, average, and standard deviation of the test results.
Michigan requires an average air content between 4 and 7 percent for con-
crete pavement. Periodic tests for air content of freshly mixed concrete
are made at the job site by the standard pressure meter method,

As ghown in Figure 10, the frequency distribution shows acceptable
normality for this condition of symmetrical control limits, and the average
of 5. 65 percent is very close to the midpoint of the specification (5.5 percent).
Slightly over 90 percent of the tests fall within the specification limit, with
2.9 percent below and 6. 3 percent above the lower and upper limits, respectively. -

-26-
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MOISTURE AND DENSITY OF
AGGREGATE BASE COURSE AND SAND SUBBASE

Field data dealing with moisture content and density of subbase for
pavements were analyzed, covering the 1961 and 1962 construction periods
on the basis of 132 projects sampled at random from the files. In Figure 11,
frequency distributions of moisture content for aggregate base course and
sand subbase are shown. TFor the former, the average moisture content is
5.1 and for the latter 6.3 percent, while standard deviations are + 1.6 and
+ 2.6 percent, respectively. In both cases, a slightly unsymmetrical dis-
tribution may be noted with the long tail always at the higher end of the
moisture content,

For aggregate base course and sand subbase, the Michigan Cone Test
is used to obtain the maximum unit weight of the material and the Rainbart
test is used routinely to determine actual density of the material as placed
and compacted on the grade, Department specifications require a minimum
of 100 percent of the maximum unit weight for aggregate base course and 95
percent for sand subbase. Routine inspection procedure calls for testing at
locations giving evidence of being the least compacted. If the test indicates
that the compaction does not meet the particular specification requirement
(95 or 100 percent of the maximum unit weight) then further compactlon of
the area is required and a second test is made.

It should be noted that the frequency distributions shown in Figure 12
for aggregate base course and sand subbase are only for final or accepted
tests—-that is, tests meeting the specification and representing accepted
compacted areas. The average density values for 1961 and 1962 construc-
tion seasons were nearly identical, being 102.2 and 102.1 percent, respec-
tively, for 1961 and 1962 aggregate base course, and 98.2 and 98. 4 percent
for sand subbase for 1961 and 1962. Standard deviations for sand subbase
were nearly identical in 1961 and 1962, being 2. 16 and 2. 14 percent. How-
ever, the standard deviation for aggregate base course increased from
2. 05 percent in 1961 fo 2. 62 percent in 1962.  Both materials and each
year of construction presented frequency distributions with theé long tail
at the high end of the compaction ranfre o

The preceding data wexre based on accepted tests only, and therefore,
for a more complete picture of the total density distributions likely to be
experienced, some additional density data were analyzed from a 1965
construction project near Lansing. On this project, 502 initial density
measurements were made on the clay embankment, with 143 being below
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the 95-percent density requirement and 359 tests acceptable (95 percent or
greater). This density distribution is illustrated in Figure 13. For all grade
areas represented by unacceptable test results, additional compaction was
required until further testing indicated that the grade was compacted to the
minimum 95 percent of maximum unit weight. TFigure 13 also illustrates
similar density distributions of initial test results for selected subbase and
sand subbase. For selected subbase, 2.9 percent were initially unacceptable,
and for sand subbase 3. 05 percent.

On this same project some random density tesis were made of the gelected
subbase and sand subbase on grades already accepted on the basis of standard
sampling and testing procedures. Figure 14 illustrates that the density dis-
tribution for accepted selected subbase varied from 90.8 to 103. 8 percent of
maximum unit weight, with approximately 20 percent of the random tests
falling below the minimum requirement of 95-percent compaction. A gimilar
distribution of random tests from previously accepted sand subbase grade is
also illustrated in Figure 14, where approximately 34 percent of the test
results were below the specification requirement of 95 percent of the max-
imum unit weight. '
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AGGREGATE GRADATION--FIELD EXPERIMENT

The field records survey for aggregate gradation indicated that sampling
and testing procedures now in use for acceptance or rejection of such materials
allow many possibilities for introduction of deviations.

A field experiment was carefully planned to determine what part aggre-
gate inspectors, screening sieves, and sampling methods play in the uniformity
of gradation results. This required an experimental design which may be
discussed in terms of the following mathernatical equation:

X:G+I+M+S+IM+IS+MS+IMS+E {3)
Where

X = an individual test,

G = the overall mean,

I, M, 8 = etfects due to inspectors, sampling methods, and

. screening kits, respectively,
IM, IS, MS, IMS = effects due fo various interactions, and
‘E = random error.
|

Based on this model and other algebraic identities the following variances may
be determined: ‘ :

V; = overall variance of the gradation results ‘

V= variance attributable to different aggregate inspectors

Vo = variance attributable to different screening sieves

Vg= variance atiributable to different sampling procedures

V4= variance attributable to inherent material and experimental
deviations

In planning the experimental work, consideration was given to the
availability of manpower and testing equipment, and the type and location
of aggregate materials being produced, thus largely limiting the experiment
to a fixed statistical model.

The experiment was expected to indicate:
1. Whether aggregate inspectors require further training in sampling
and testing of aggregate materials, :

9. Whether testing equipment requires periodic calibration or more
careful mnaintenance.
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3. Whether improved precigion is feasible in gradation analysis.

4. Whether significant interactions {i.e., combined effects produced
by several factors, exceeding the total of their individual effects) are
occurring in the experimental work.

Expérimental Procedure

A portable plant was selected, producing 22A aggregate for base and
surface courses near Maple Rapids, Michigan. For this type of material
the 1963 specifications required the following grading limifs:

Sieve Size ' Percent Passing
(cumulative)

1~in. : 100

3/4-in. 90 to 100

3/8-in. 65 to 85

No. 10 30 to 45

No. 200* 3 to 10

* i.e., loss by washing

The experimental design required three aggregate inspectors selected
from a number of well-trained persomnel from different locations, and three
screening kits also selected from sieves available from the Testing Laboratory
Division.

Each of the three aggregate inspectors used each screening kit equally
often, and sampled and tested 60 samples for about four weeks of aggregate
production. During the course of the experiment, a regular aggregate
inspector informed testing personnel as to the status of the material being
produced, The specifications require as a standard one complete gradation
analysis for each 150 tons of coarse dggregate, Four or five tests per day
cover the production from an average gravel plant. The regular inspector
takes a representative sample by sampling from different areas ofthé stock-
pile and combining into a composite sample of about 100 1b of aggregate
material, The composite or average sample is then reduced by quartering
to a size suitable for testing for loss by washing (or passing No. 200) and
sieve analysis. These field operations are illustrated by flow chart in Figure 15.
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STOCKPILE BEING SAMPLED
. (i50 TONS OF 22A AGGREGATE!}

ONE 100- LB SAMPLE SELECTED.
SEPARATELY BY METHODS M AND
Mas FROM VARIOQUS POINTS OF A

STOCH PILE

SAMPLE WASHED OVER A NO. 200
SIEVE

&
\
COMPOSITE SAMPLE‘ REDUCED TO WASHED AGGREGATE DRIED T0 A
APPROX,., 4000 GRAMS BY THE QUAR- CONSTANT WEIGHT
TERING METHCD )
A

4000 —GRAM SAMPLE DRIED TO A
CONSTANT WEIGHT

SIEVE ANALYSIES

AGGREGATE RETAINED ON EACH
SIEVE SIZE 1S WEIGHED AND
RESULTS COMPUTED TO ONE
DECIMAL PLAGE ’

Figurels‘ Flow chart for sampling andrscreening coarse aggregates.
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In addition, the three inspectors performing the experimental testing
obtained, their samples froin the same stockpile tested by the regular in-
spector. Both groups of inspectors took their samples prior to any addi-
tional production being placed on the stockpile. The inspectors perform-
ing the experimental testing obtained their samples by the standard sam-
pling procedure {(shown schematically in Figure 16) and also by selec—
ted random sampling so that each sampling location from the stockpile
would have an equal likelihood of being included in the composite samples.
A random sampling pattern involving ten locations is also shown in Figure
16. Values for length X and width Y of the stockpile were computed from
a table listing random numbers in decimal fractions and on actual stock-
pile dimensions of 150 by 24 ft. In both cases, the dotted lines show paths
followed by the inspectors over the sampling areas.

Thus, two different sampling methods were included as part of the
experimental design. To avoid unnecessary delay during the field testing,
necessary space, equipment, and materials were furnished in a mobile-
laboratory truck parked near the project site. The experiment was con-
ducted on accepted 22A aggregate without interference with the regular
inspector's duties nor with aggregate plant operations. After following
the sampling and testing procedures outlined in the design, the selected
inspectors recorded their field observations on special form sheets. At
the bottom of this form, coding letters were provided for the inspector's
name, testing equipment used, location of the material being sampled, the
time of sampling, and the date. Then the data were punched on cards for
computer processing.

Selection of Samples

Cost, labor, facilities, and time available all limited the sample
size to 10 gradation tests for each combination of ingpector-screening
kit-sampling method, as shown in Figure 17, where

M, = regular or standard method of sampling,

Mg = random method of sampling,

I,, Ig, I3 = three aggregate inspectors chosen at random from a large
' group,

S1, 89, Sg = three screening kits, also chosen from several that were
available, and

n = 10 gradation analyses per cell.

_ Survey records covering 22A aggregate indicate that for a randomized
- survey sample size of 10 gradation tests, a 20-percent risk of failing to
" detect genuine changes in the average value passing the 3/8-in. sieve was

tolerated, with a 5-percent chance of erroneously recording nonexistent changes.
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On the other hand, for the same sample size, the risks of missing genuine
changes in the average values passing Nos. 10 and 200 were close to 5 and
12 percent, respectively, with a probable error of 5 percent in recording
nonexistent changes. ’

The experimental results are summarized below separately for each of
the three sieve sizes involved. In all cases, extensive use was made of
analysis of variance, a statistical technique for estimating how much of the
total variation in gradation results can be significantly attributed to aggrepate
inspectors, screening sieves, sampling methods, or their interactions. The
remaining variation due to other relatively non-significant causes is classed
a5 residual variation, made up of inherent material and experimental variation.

Aggregate Passing 3/8-in. Sieve

The results of the analysis of variance (Table 6) indicate that the main
effects of both M and I are highly significant--at the 1-percent level--but -
that there is no significant effect due to S, The results also ghow that the
interaction MIS is significant at the 5-percent level. The possibility that
this interaction might really occur is guestionable since the 3/8-in. sieves
seemed identical in physical appearance before and after cleaning in the
field. On the other hand, the results may be interpreted better in terms
of main effects M and [ as summarized in Table 7 and shown graphically
in Figure 18. All three inspectors obtained higher values when using the
regular sampling method, but Inspector Iy was fairly stable with both methods,
since he showed the smallest deviation from the grand average of 70.13
percent passing. This is reasonable because Ig was the most experienced
inspector of the three involved in the experiment. ' :

Thus, inspectorsand methods of sampling independently affected

the gradation results passing the 3/8-in. sieve. A possible explanation
for obtaining a lower average with a random sampling method is that a
more representative sample can be expected by using this method as

compared to regular sampling. Statistical theory states that a randomized
" sarpling procedure increasecs the likelihood of getting samples represen-
tative of the lot, thus reducing or eliminating sampling as a source of bias.
The investigation indicates that the bias is more likely to be on the higher
gide of the average when the standard sampling procedure is used. On the
other hand, since both main factors M and I proved to be highly significant,
interest would then center on how much of the overall variation in gradation
results is due to discrepancy between the sampling methods and how much
is due to discrepancy among different inspectors. An analysis of components
of variance gave an estimated value of 6 percent of the total variance

40~



TABLE 6 .
TABLE OF ANALYSIS OF VARIANCE FOR PASSING 3/8 IN, SIEVE

Nature Source sSum Degrees | variance - F Tests
: of of of . of Estimate -
effect Variance | Squares | Freedom . FO0.06 { 0,01

162.64 15,00%% | 3,90 6.81

Main M 162, 64 1 |
" I 106,64 2 53,82 1 4,92%k 3.06 4,75
Factors !
- 8 . 21,20 2 10.60 | 0.98 - 3.06 4,75
Interactions MiI 60..23 2 30.11 2,78 3.06 4,75
- Among MS 28,14 2 14.07 1.30 3.06 4,75
' IS 76.96 4 19, 24 1.77 2,43 3.45
Factors ‘ ,
: MIS 124.96 4 31,24 2.88% 2,43 . 3.45
Replication | Residual 1756,14 162 10,84 '
Total 2336,92 179 13,06 .
gend: Significant'nat the 1 and 5-percent levels (highly significant)

ok

* Significant at the 5-percent level
M Sampling Methods

I Aggregate Inspectors

S Screening Kits

. NOTE: Deviations are significant when they are large enough to make the assumption of
equal performance unlikely. They are significant when the number in the "F" column. is
larger than the corresponding number in the-"F 0. 05" subcolumn, and highly significant
~when larger than the corresponding number in the "F 0. 01" subcolumn.
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TABLE 7

SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING 3/8-IN. SIEVE

Regular Method

Random Method

I t It
DSpecior e of Sampling, My | of Sampling, Mg
. No. of Tests | 30 30
it} Avg. Gradation, % 70.52 67.57
Std. Deviation, % | 3.42 3. 52
No. of Tests 30 _ 30
L Avg. Gradation, % 71.79 69.33
Std. Deviation, % 2.82 3.41
No. of Tests 30 30
Ig Avg, Gradation, % 70. 92 70.83
Std. Deviation 3. 09 4.00
Total No. of Tests 20 g0
and Avg, Gradation, % 71.08 69.17
Average Std, Deviation, % 3.18 3.83
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attributable to sampling methods, and about 4 percent attributable to different
inspectors. The remaining 90 percent of the total variance was due to residual
variations including inherent material variation and experimental variations.
Assuming that discrepancies of sampling methods and by inspectors could be
eliminated or reduced by teaching better sampling procedures or developing
more rigorous training programs, these estimated values indicate that much
could be gained by such action. '

Agoregate Passing No. 10 Sieve

The results of the analysis of variance (Table 8) indicate that the
presence of interaction effects is sipnificant enough to reduce the accuracy
of the main effect comparisons. Here, the analysis must be supplemented
by a detailed examination of the nature of such interactions. The combined
influence (interaction) of inspectors with screening kits, significantly affect-
ing the gradation results, is shown in Table 9 and Figure 19. Some com-
binations of the two factors (inspectors and screening kits) were better or
worse than would be expected under existing conditions. Thus, from Figure
19, it appears that each inspector found a different kit that gave results with
smallest deviation from the grand average of 43.20 percent passing. In fact,
for better results, screening kit S; could have been assigned to inspector
Io, kit Sg 10 inspector 13, and kit 83 to inspector 1. However, under exist-
ing conditions, little could be gained by taking the trouble of assigning parti-
cular screening kits to particular inspectors.

Possible reasons for such interactions might include: a) the inspector's
practice of rearranging aggregate particles retained on the No. 10 sieve so
they may pass; b) inspector's fatigue caused by shaking aggregate test samples
by hand under field operating conditions; c¢) serious discrepancies in sieve
openings over the same screening area caused by improper care of testing
kits as used in the field.

On the other hand, the difference between the two sampling methods
M, and M, was of sufficient magnitude in some cases to be of practical
importance. As shown in Table'10 and Figure 20, relative performance
of aggregate inspectors was not consistent for all kits, particularly when
the two sampling methods are compared. For example, the best com~
binations were I] My 8y, Ip Mg Sy, I1 Mg 82, and Ip Ms Sg because these
were closest to the grand average of 43. 20 percent.

When interactions are significant, the standard procedure for an-

alyzing the components of variance is carried out for each factor separate-
ly. The results are as follows:

.. .



TABLE 8

TABLE OF ANALYSIS OF VARIANCE FOR PASSING NO. 10 SIEVE

Screening Kits

-45-

Nafure Source Sum, Degre-es Variance F Tests
-of of of of Estimate ¥
- effect Variance | Squares | Freedom ‘ F0.05 | F0,01
S M 97.98 1 97,98 | 10.67% - 3.90 6.8l
- Factors 1 39,10 2 19.55 2,12 3.06 4,75
S 14.06 2 7.03 0.77 3.06 4,75
Toteractions MI 25,29 2 12,64 1,38 3,06 4.75
: _ Among MS 3.61 2 1,80 0.20 . 3.06 4.75
Factors Is 280,20 4 70.05 7.63%% © 2,43 3.457
: MIS 983 81 4 - 24,70 - 2,69% 2,43 3.45
Replication  Residual 1487, 32 162 9.18
Total . 2046.36 o179 11,43
egend: **  Significant ‘at the 1 and 5-percent levels (hlghly s1gmflcant)
K Significant at the 5-percent level
M . Sampling Methods
I Aggregate Inspectors
g _



. TABLE §
SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING NO. 10 SIEVE

Screening Kits

Inspector Items
S1 So 53

No. of Tests 20 20 20
Iy Avg. Gradation, %  41.27  43.88 42.55
8td. Deviation, % 3.72 3.21 3.03

_ No. of Tests 20 20 20
Iy Avg. Gradation, % 43.96 41.91 45,09
Std. Deviation, % 2,52 4,12 3.08

No. of Tests 20 20 20
Iy Avg. Gradation, % 45.40  42.79 42,07
Std. Deviation, % 2,01 3.10 3.22

Total No. of Tests 60 60 60
and Avg. Gradation, % 43,54 42, 86 43,23
Average Std. Deviation, % 3.28 3.54 3.34
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AGGREGATE PASSING NO. 10 SIEVE, PERCENT
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kits-inspectors) affecting gradation results.
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_ _ l TABLE1O ]
SUMMARY OF GRADATION TESTS |

ON 224 AGGREGATE PASSING NO. 10 SIEVE,
USING TWO SAMPLING METHODS

'

Screening Kits

Sapling | pspector Item
Lﬂethods Sl SZ . 83
No. of Tests - 10 10 10
Iy Avg. Gradation, %  43.27 43.97 43.68
Std. Deviation, % 3.50 3.43 2.97
Regular | No. of Tests 10 10 10
Sampling Ip Avg. Gradation, %  44.47 42,20 47.05
Method Std. Deviation, % 2.46 3.62 - 1.78
M
No. of Tests 10 10 10
Iy Avg. Gradation, %  45.31 44, 02 41.56
Std. Deviation, % 2.12 1.81 3.56
No. of Tests . . 10 10 10
Iy Avg. Gradation, %  89.27 43.78 41.42
Std. Deviation, % 2.84 3.16 2.79
Random .7 No. of Tests 10 10 10
Sampling L, Avg. Gradation, %  43.44  41.62  43.12
Method Std. Deviation, % 2.61 4,74  2.88
' No. of Tests 10 - 10 10
I3 Avg. Gradation, %  45.48  41.56 42.57
\ Std. Deviation, % 9.00 3.68 2.93
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Source of Variance IlInsp Iegctgrs : 1,
Sampling Methods, percent 8 6 -
Séreening Kits; percent | - 7 11. : | 18
R;sidual Deviations, percent 85 83 82

Total 100 100 | 100

For example, Inspector I}, always using the same calibrated kit and
always sampling and testing in the same manner, might get gradation re-
gults with a constant\bias, but the total variance of individual readings
would be reduced by 15 percent. On the other hand, Inspector Iy, being
the most experienced, by always using the same calibrated kit mlght re-
duce the total variance by 18 percent. These estimated values would in-
‘dicate how much might be gained by better calibration of screening kits

or remedial training of aggregate inspectors selected for this experiment.

Agerecate Passing No. 200 Sieve

The analysis of variance (Table 11) indicates that highly significant
interactions occurred between inspectors and kits during the experimental
work. In fact, the combination of these two factors markedly affected the
uniformity of gradation results as shown in Table 12 and Figure 21. The
interpretation of these interrelated factors is somewhat similar to the
results for material passing the No. 10 sieve. For example, it appears
that some particular combinations (such as Sg Iy, 81 I, and Sg I3 or
83 I3) were better than others under experimental conditions. These
mteractmns might o¢cur for two principal reasons:

1. The difficulty in obtaining uniform effective sieve openings after
the No, 200 mesh has been normally used in field work.

2, Variation among individual i:aspecto_rs in theixr procedure of
agitating and washing an aggregate test sample over a No. 200 sieve.

_50_.l
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A TABLE 1l
TABLE OF ANALYSIS OF VARIANCE FOR PASSING NO. 200 SIEVE
Nature Source } Sum || Degrees ] Variance T Tests
of of i of \ 7 of a . F
) : i ] Bstimate
Effect Variance | Squares, ;Freedom. F0.05 | Fo.01
Main M 2.45 1 2.45 2,21 3.90 6.81
Factors I 6,77 2 3.39 3.056 3.06 4.75
0.26 2 0.13 0,12 3.06 4,75
Iﬁteractions MI f 0,02 2 0.01 0.01 3.06 4,75
Among Ms 5.57 2 2.79 2,561 3.06 4,75
Factors I8 j 62,35 4 15.59  14.04%* 2,43 3.45
MIs 2.95 -4 0.74 0.67. 2.43 3.45
Replication - Remdua} 1179, 82 162 111
Total 260,19 179 1.45
Legend: ~ ** Slgmﬁcant ‘at the 1 and & percent levels (highly 31gm£10ant)

M  Sampling Methods .
Aggregate Inspectors
Screening Kits

T
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TABLE 12 .
SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING NO, 200 SIEVE

. Screening Kils
Inspector Items _
51 52 S3

No. of Tests 20 20 20
I1 Avg. Gradation, % - 7.58 9. 07 7.93
- Std. Deviation, % 1.08 0.91 1.33

No. of Tests 20 20 20
Ip Avg. Gradation, % 8.28 8.34 9.38
Std. Deviation, % 1.06 1.38 0.73

No. of Tests 20 20 20
Iy Avg. Gradation, % 9.27 7.99 7.92
Std. Deviation, % 0.72 1.11 0.98

Total  No. of Tests 60 60 60
and Avg. Gradation, %. 8.37 . 8.46 8.41
Average Std. Deviation, % 1.18 1.22 1.24
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The nature of these interactions may be examined in detail in Table 13
and Figure 22 for each separate kit. Here, the best combinations were
I, M2 53, I3 M; Sg, and Iy My Sy, because they were closest to the grand
average of 8,40 percent passing the No. 200 sieve. In addition, these
gituations reveal that variations in sampling procedures were not signifi-
cant, and thus such variations could be expected under typical field
conditions. '

Since interactions were significant in this case, the procedure for
analyzing the components of variance are exactly the same as for ag-
gregate passing the No. 10 sieve. The results are as follows: .

Source of Variance : Insp (;ctors ;
1 2 3
Sampling Methods, percent - —_—
Screening Kits, percent 23 15 28
Experimental Deviations, percent 7 7‘ 85 72
Total 100 100 100

These estimated values would indicate how much more precision in
gradation results might be attained by training inspectors to work alike,
or by more careful calibration and maintenance of testing sieves.

Control Charts for 22A Aggregate

For detecting process variation during continuous production of 22A
aggregate, control-charts for a regular inspector and three inspectors
who worked under experimental conditions are shown in Figure 23. The
regular inspector and the inspectors performing the experiment obtained
their samples at the same time from the same stockpile. Since the No.

10 sieve occasionally causes trouble to producers, this sieve was selected
to illustrate relative performance of the inspectors in relation to accept-
ability of the material. The control charts show daily average results
passing the No. 10 sieve during 11 consecutive days of acceptable aggre-
gate production. These charts disclose the following:

1. Daily average values fell consistently above the specification mean.
In addition, all four charts show an increasing trend, suggesting that pro-
duction conditions were changing and that an investigation of production
problems might well be justified at this point.

-54 -~




| TABLE 13

SUMMARY OF GRADATION TESTS .
ON 22A AGGREGATE PASSING NO. 200 SIEVE,

USING TWO SAMPLING METHODS

Screening Kits

Sampling Inspector Item
Methods Sy So Sq
No. of Tests 10 10 10
I1 Avg. Gradation, % 8.06 8.99 7.90
Std. Deviation, % 1.06 0.76 1.30
Reg‘ul.ar No. of Tests 10 10 10
Sampling I, Avg. Gradation, % 8.6 8.18 9.46
Method Std. Deviation, % 1.28 0.88 0.62
M7 _
No. of Tests 10 10 10
Ig ‘Avg. Gradation, % 9.49 8.24 7.79
- Std. Deviation, % (.76 0.93 0.85
No. of Tests 10 10 10
Iy Avg. Gradation, % 7.09 9.14 7.95
Std. Deviation, % 0.91 1.07 1.44
Random No. of Tests 10 10 10
Sampling Ip Avg. Gradation, %  7.89  8.49 9.29
Method Std. Deviation, % 0.63 1.79 0.85
Mg
No. of Tests 10 10 10
I3 Avg. Gradation, % 9.04 7.74 8. 04
0.64 1.26 1.13

Std. Deviation, %




SPECIFICATION -SPECIFICATIOI
L MEAN

DAILY AVERAGE VALUE (5 OR 8 TESTS), PERCENT. PASSING NO.I10 SIEVE

2

DAYS

LEGEND
I5 = REGULAR INSPECTOR
I,,I5,I3= EXPERIMENTAL INSPECTORS
O = STANDARD SAMPLING PROCEDURE (M;)
O = RANDOM SAMPLING PROCEDURE (Mz2)

_Figure 23 Relative performance of aggregate
inspectors using standard and random sampling
methods, '
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2. Because of this increasing trend, Inspectors Iy, Iz, and Iz pro-
pably would have rejected about 20, 40, and 10 percent, respectively, of

the total aggregate material already accepted by the regular inspector

" Iy. Here, definite decision rules might be desirable regarding the ac-

ceptability of material whenever successive average values show in-

creasing or decreasing trends on the same side of the gpecified mean.

3. In general, lower average values were obtained with the random
sampling method than with the standard procedure. TFurthermore, the
difference between the two sampling methods was remarkably consistent
for Inspector 1. This finding supports the results of the analysis of
variance, as previously explained. ‘

Results of the Field Experiment

Briefly, the results of the field study are as follows:

1. Inspectors and methods of sampling independently affected grada=
tion resulis passing the 3/8-in. sieve. An analysis of components of
variance gave an estimated value of 4 percent of the total variance at-
tributable to different inspectors, 6 percent attributable to sampling
methods, and the remaining 90 percent atiributable to inherent material
and experimental deviations.

2. The test data on passing No. 10 sieve showed the presence of
significant interaction effects among the main factors involved in the
experiment. Analysis of components of variance was carried out for
each inspector separately with the following results:

‘a. Variance due to different ways of selecting the sample ranged
- from 0 to 8 percent.

b. Variance due to different screening sieves ranged from 7 to
18 percent.

¢. The remaining variance of 85 percent is attributable to inherent
material and experimental deviations.

3. Similarly, the test data on passing the No. 200 sieve were af-
fected by significant interactions between inspectors and kits during the
experimental work. Analysis of components of variance was carried out
for each inspector separately with the following results: . '

L




a. Variance due to different screening kits covered 15 fo 28
percent. :

b. Variance due to inherent material and experimental deviations
was T2 to 85 percent.

¢. Variations in sampling procedures were not significant.

4. Control charts for 22A aggregate disclosed at least four signi-
ficant features not covered by current conventional records-keeping
methods, but nevertheless important in an efficient sampling acceptance
procedure:

a. Daily average values fell consistently above the specified
mean.

b. Daily average results showed a gradual upward trend.

c. Test inspectors would have reached different decisions on
acceptance or rejection of the material already accepted by the regular
inspector. '

d. In genersl, higher values were obtained with the standard
method of sampling than with the random sampling procedure. Also,
" Inspector I appeared to maintain a consistent difference between
the two sampling methods. ‘ ‘
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