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Abstract

Segregation in asphalt concrete pavements is a construction-related problem that has been of concern
for many years. However, no quantitative methods to assess segregation are found in any standard
specifications. This report shows the progress of a research project to develop an expedient test for
segregation. Nuclear density measurements were evaluated as possible indicators of segregation. Two
spreadsheet-based programs, MBITSEG1 and MBITSEG?2, were developed to perform statistical tests
to access the presence of segregation based on differences in density measurements. With this
approach, the presence of segregation can be expediently detected and the paving operation can be
adjusted. To verify and calibrate the expedient test, seven test sites were selected exhibiting various
types and degrees of segregation. Nuclear density measurements, laboratory density measurements
and aggregate gradation tests were made at these sites and statistical patterns were analyzed using the
programs. Results indicated that the observed trends for air-dry laboratory density and the percent
passing No.4 and No.8 sieves are generally similar to those for nuclear measured density. Regression
analyses show that nuclear-measured density values are not strongly correlated to lab values, but one-
minute nuclear density measurements correlate most closely with air-dry lab density measurements
for the surface course,

Key Words : segregation, nuclear density, asphalt pavements, statistical methods,
quality control, bituminous mixtures




Nuclear Density Grid Analysis
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Regression Analysis between
Nuclear and Lab Density
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ssg SC VS, nuct

SUMMARY QUTPUT
Regression Statistics j
Muitiple R | 0.736923
R Sguare | 0.543055
Adjusted | 0.538744
Standard | 1.665282
Observati 108
ANOVA
df S8 MS F ignificance F

Regressio 1] 349.3504| 349.3504] 125.9754] 9.78E-20
Residual 106 283.9552| 2773163
Total 107 643.3056

| |

Coefficient |andard Err|  t Staf P-value | ower 95%| pper 95%|wer 95.00 | per 95.00
Intercept | 58.61602| 8.101458| 7.235243| 7.63E-11] 42.55408| 74.67796| 42.55408] 7467796
X Variable | 0.623444| 0.055546| 11.22388| 9.78E-20] 0.513318| 0.73357, 0.513318| 0.73357

MSKRAN1.XLS
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air sc vs. nuct

SUMMARY OQUTPUT

Regression Stafistics

Multiple R | 0.718255
R Square 0.51588
Adjusted | 0.511323
Standard | 1.591973
Observati 108
ANCOVA
df SS MS F ignificance

Regressio 1] 286.2789! 286.2789! 112.9583| 2.14E-18
Residual 106| 268.6439! 2534376
Total 107| 554.9228

Coefficient |andard Errl t Stat P-value | ower 95%| pper 95%|wer 95.00 | per 95.00
Intercept | 67.62143| 7.744816| 8.731186] 3.98E-14] 52.26657| 82.97629] 52.26657| 82.976290
X Variable| 0.564367| 0.053101] 10.62819] 2.14E-18| 0.459089] 0.669645! 0.459080 0.669645

MSKRAN1.XLS
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ssd lc vs. nuc

SUMMARY OUTPUT

Regression Statistics

Muitiple R | 0.110221
R Square | 0.012149
Adjusted | 0.002829
Standard | 1.561053
Observati 108
ANOVA
df SS MS | F__ |ignificance F

Regressio 1] 3.176734) 3.176734| 1.303603| 0.256129
Residual 106 258.3101! 2.436888
Total 107| 261.4869

l

Coefficient |andard Err| ¢ Stat P-value | ower 95% pper 95%\wer 95.00 | per 95.00
Intercept | 141.0106| 7.594397  18.56771| 4.24E-35| 125.9539, 156.0672| 125.9539] 156.0672
X Variable| 0.058451 0.05207] 1.141754| 0.256129| -0.04378| 0.162684, -0.04378] 0.162684

Page 1
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air lc vs. nuc1

SUMMARY OUTPUT

!

Regression Statistics

Muitipie R | (.093544
R Square | 0.00875
Adjusted -0.0006
Standard | 1.567745
Observati 108
ANOVA
df SS MS F___ |gnificance

Regressio 1] 2.298857| 2.299857| 0.935729! 0.33558
Residuai 106 260.5293] 2.457823
Total 107] 262,8291

Coefficient andard Err| f Stat P-value | ower 95%| pper 95%|wer 95.00 | per 95.00 |
Intercept | 142.7724| 7.62695| 18.71947| 2.18E-35| 127.6513] 157.8936| 127.6513| 157.8936
X Variable| 0.050584| 0.052293| 0.967331] 0.33558| -0.05308| 0.15426] -0.05308| 015428

MSKRAN1.XLS
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avg ssd sc+le vs. nuct

SUMMARY OUTPUT
'?'\"egression Statistics
Muitiple R | 0.626018
R Square | 0.391898
Adjusted | 0.386161
Standard | 1.238527
Observati 108
ANOVA
df S8 MS F ignfﬁcance F

Regressio 1} 104.7886| 104.7886| 68.31293| 4.33E-13;
Residual 106 162.5986| 1.533949
Total 107{ 267.3872

|

Coefficient |andard Err|  t Stat P-value | ower 95% pper 85%|wer 85.00 | per 95.00
Intercept 99.8133] 6.025332| 16.56561] 3.51E-31| 87.86748| 111.7591] 87.86748] 111.7591
X Variable| 0.341447/ 0.041312; 8.265164] 4.33E-13| 0.259543| 0.423352| 0.250543 0.423352

MSKRAN1.XLS
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avg air sc+ic vs, nuct

SUMMARY OUTPUT
!
Regression Stalistics
Muitiple R | 0.596527
R Square | 0.355845
Adjusted | 0.349768
Standard | 1.204636
Observati 108
ANCVA
df 58 MS F ignificance F
Regressio 1| 84.97435| 84.97435| 58.55664, 9.6E-12
Residual 106! 153.8217] 1.451148]
Total 107| 238.796
3 .
Coefficient landard Err| t Stat P-value | ower 95%! pper 95%|wer 95.00 | per 95.00
intercept | 105.1969| 5.860456| 17.8503] 6.49E-34 93.578| 116.8159 93.578] 116.8159
X Variable| 0.307476| 0.040181] 7.652231| 9.6E-12| 0.227813| 0.387130| 0.227813 0.387139

MSKRAN1.XLS
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ssd sC vs. nucd

SUMMARY QUTPUT

l

T?egression Statistics

Multiple R | 0.674979
R Square | .455597
Adjusted | 0.450461
Standard | 1.817674
Observati 108
ANQVA
df S8 MS F ignificance F

Regressio 1] 283.0882| 293.0882| 88.70876! 1.14E-15
Residual 106] 350.2174| 3.303938
Total 107, 643.3056

| E E

Coefficient |andard Err{ t Stat | P-value | ower 95% pper 95%|wer 95.00 | per 95.00
intercept | 101.6532) 5.086055| 19.98664| 9.64E-38] 91.56056| 111.7368| 91.56056 111.7368
X Variable | 0.337074| 0.035788| 9.418533] 1.14E-15] 0.26612| 0.408028| 026612 0.408028

MSKRAN4 . XLS
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air sc vs. nucd

SUMMARY OUTPUT

!

-ﬁegression Statistics

Multiple R | 0.85171
R Square | 0.424726
Adjusted | 0.419298
Standard | 1.735405
Observati 108
ANOVA
daf SS MS F___ |gnificance F
Regressio 1] 235.6899! 235.6809| 78.25986] 2.2E-14
Residual 106, 319.2329| 3.011632
Total 107! 554.9228
I
Coefficient |andard Errl  t Staf P-value | ower 95%| pper 95%|wer 95.00 per 95.00
Intercept | 106.9869| 4.855859| 22.03254; 2.29E-41] 97.35960| 116.6141 97.35969! 116.8141
X Variable | 0.302271| 0.034169| 8.84646] 2.2E-14| 0.234529] 0.370014 0.234529; 0.370014

MSKRAN4.XLS
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ssd lc vs. nucd

SUMMARY OUTPUT

F

Regression Stalistics

Multiple R | 0.153261
R Sqguare | 0.023489
Adjusted | 0.014276
Standard | 1.552068
Observati 108
ANOVA
df SS MS F ignificance

Regressio 1 6.142012] 6.142012] 2.549702] 0.113202
Residual 106| 255.3448| 2.408914
Total 107| 261.48689

{

Coefficient |andard Err|  t Stat P-value | ower 95%| pper 95%|wer 95.00 | per 95.00
Intercept | 142.7493| 4.342850| 32.86989] 2.06E-57| 134.1392] 151.3505| 134.1302] 1513505
X Variable | 0.048786| 0.030559| 1.506779| 0.113292] -0.01179| 0.109382! -0.01179 0.109382

MSKRAN4.XLS
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air ic vs. nuc4

SUMMARY OQUTPUT

Regression Statistics

Multiple R | 0.127951
R Square | 0.016371
Adjusted | 0.007092
Standard | 1.561708
Observati 108
ANOVA
daf SS MS F ignificance F

Regressio 1] 4.302002; 4.302902| 1.76426| 0.186947
Residual 106; 258.5262| 2.438927
Total 107! 262.8291

Coefficient |andard Erri t Stat P-value | ower 95%!| pper 85%|wer 95.00 | per 95.00
Intercept 144.348, 4.36983| 33.03286| 1.28E-57| 135.6843| 153.0116| 135.6843] 153.0116
X Variable | 0.040842 0.030749| 1.328255| 0.186947| -0.02012] 0.101804] -0.02012 0.101804

MSKRAN4.XLS
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avg ssd scHc vs. nucd

SUMMARY QUTPUT

l

T?egressioh Statistics

Multiple R | 0.588259
R Sguare | 0.358111
Adjusted | 0.353065
Standard | 1.271478
Observati 108
ANOVA
df S8 MS F lignificance F

Regressio 1| 96.02165| 96.02165! 59.39524| 7.3E-12
Residual 106 171.3655, 1.616656
Total 107| 267.3872

Coefficient |andard Err,  t Stat P-value | ower 95%! pper 95%|wer 95.00 | per 95.00
intercept | 122.2012| 3.557738| 34.34802! 2.9E-58] 115.1477| 129.2548] 115.1477| 129.2548
X Variable| 0.192935) 0.025034| 7.706831] 7.3E-12| 0.143302| 0.242568| 0.143302| 0242568

MSKRAN4.XLS
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avg air sc+lc vs. nuc4

SUMMARY QUTPUT

Regression Statistics

Muitiple R | 0.563855
R Square | 0.317933
Adjusted | 0.311498
Standard | 1.239579
Observati 108
ANOVA
df SS MS F ignificance F

Regressio 1. 75.92108] 75.92106] 48.40887| 2.1E-10
Residual 106| 162.875| 1.536556
Total 107 238.796

Coefficient \andard Err t'Stat P-value | ower 95%| pper 95% wer 95.00 per 95.00
intercept | 125.6674; 3.468482| 36.23125] 1.57E-61| 118.7908] 132.544| 118.7908| 132.544
X Variable{ 0.171557| 0.024406| 7.029216] 2.1E-10| 0.123169| 0.219944| 0.123160| 0.219944

MSKRAN4.XLS
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MSKRAN1.XLS

SUMMARY QUTPUT

i

Regression Statistics

Muttiple R | 0.640365
R Sguare | 0.410067
Adjusted | 0.404502
Standard | 3.788976
Observati 108
ANOVA
df S8 MS F ignificance
Regressio 1} 10567.797, 1057.797 73.68152! 8.49E-14
Residual 1061 1521.772 14.35634
Total 107, 2579.569
H
Coefficient |andard Err| t Stat | P-value | ower 95% pper 35%\wer 95.00 | per 95.00
intercept | -16.1641) 18.43306| -0.87691| 0.38252| -52.7094] 20.38128] -52.7094| 20.38128
X Variable| 1.084846| 0.126383| 8583794 8.49E-14| 0.834279| 1.335413| 0.834279] 1.335413

nuciear 1 vs. 4




Density Data for Each Row
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Air-dry Lab Density Grid Analysis
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Gradation Plot for Rows and Columns




Muskegon Random Gradation Dafa

Mrourvi s

N

fite:mreurvi s

Row 1 Percent passing
Sieve Sieve opening | Sample
size (mm) | *45 11x 12 13x 14x 15x 16x Avg |Std Dey| Max Min Diff
3/4 inch 19.00 376 10000 10000 10000 100.00 100.00 100.00] 100.00 0.00{ 100.00 100.00 0.00
1/2 inch 12.50 312 8838 8B43 9358 9245 9318 B7.87] 9060 2.50] 9358 8787 5.71
3/8inch 9.50 275 6879 6960 7706 7705 7746 6998 7327 383 7716 6879 8.38
No. 4 475 202 4715 4715 5430 5438 5386 4958| 5107 3.22| 5438 4715 1.24
No, 8 237 147 3645 3650 4174 41.7t 41.31 38.08] 39.30 235 41.74 3645 528
No. 16 1.18 108 2746 2742 3065 3047 2878 2810{ 2898 1.36| 3065 2742 3.23
No. 30 0.60 079 2047 2034 2226 2214 2164 2074 21.27 078 2226 2034 1.82
No. §0 0.30 058 11.60 11.94 12,63 12.36 12.82 12563 12.31 0.42 12.82 11.60 1.22
No. 100 Q.15 0.43 4.86 478 4.40 4.76 4,92 5.18 482 0.23 5.18 4,40 0.78
No. 200 0,08 0.31 3.09 3.08 286 3.08 312 3.32 3.08 0.13 3.32 2,86 0.48
100.00
90.00 ot
|
80.00
\ii
70.00 -
P N\ -
w» 60.00 LAY average
“ \\\ — = aimum
2 sooo AN — = = minimum
£ AN
2 4000 L
@ R
o N
20.00
20,00
10.00 \
0.00 -
100.00 10.00 1.00 0.0 0.0
size (mm)
100.00
80,00 <0
P/
80.00 L {
70.00 . 5
o ) = / Pt
£ 5000 L /’,/, 7
2 s gl “ —4}— average
8 som D i = = maXimum
g Dt o~ = «minimum
g 40.00 P el m
a - - r
30.00 P -
I
20,00
10.00 /
.00 2
0.00 .50 1.00 1.50 2.00 2,50 200 as0
size {(mm)} 0.45 power

Mrcurvi xis



\Mrcurvz.xls

Muskegon Random Gradation Data file:mrcurv2 xls

Row 2 Percent passing
Sieve Sieve openin: Sampile
size (mm} i * 45 21x 22% 23x 24x 25x% 26x Avg {StdDev| Max Min Diff

3/4 inch 19.00 3.76 10000 100.00 100.00 100.00 100,00 100.00f %00.00 0.00{ 100.00 100.00 0.00
1/2 inch 12.50 312 8184 B1.27 8546 B569 8387 8661] 8412 199 B661 8127 5.34
3/8 inch 8.50 275 6143 5815 6544 6787 6350 6582 6370 3.18] 6787 S5B.15 .71

No. 4 4.75 202 3938 3617 4314 4531 4208 4188 4133 290 453% 3617 9.14
No. 8 237 147 34t 2897 3396 3575 3344 3290| 32.74 212 3575 2897 6.78
No. 16 1.18 1.08 2462 2284 2583 2728 2568 2530] 25.26 136 2728 2284 4.45
No. 30 0.60 079 1844 1728 1916 1987 1873 1858 18.68 6.78| 1987 17.28 259
No, 50 0.30 058 1080 t0.41 1136 115t 1055 10.76] 10.90 0.40f 1151 10.44 1.10
No. 100 0.15 0.43 4564 4,32 4.60 456 4,29 4.44 4.48 0.13 4,64 429 0.34
No. 200 0.08 0.31 2.5 277 2.99 3.03 269 2.88 2,88 0.42 303 269 0.34
90.00
80.00 Ei
\
70.00 I
%
o 60.00 ! \‘.
5 \\\ —{—average
# 5000 A - = — . MAXITUM
3' \\\\s = a— — «iminimum
§ 40.00 = \-._‘
5 (NN
2 ag00 hiS __.\\
\&‘i‘\\
20.00 SN
10.00 \
0.00 o
100.00 10.00 1.00 0.10 0.01
size {mm)
$0.00
5
80.00
' r//’
v d'
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_ Mrcurv3.ds

Muskegon Random Gradation Data file:mrcurv3.xls
Row 3 Percent passing
Sieve Sleve opening | Sample
size {mm) | 445 11x 12x 13x 14% 15x 16x Avg |StdDev| Max Min Dif
34 inch 19.00 376 100.00 100.00 10000 10000 100.00 100.00[ 106.00 0.00] 100.00 100.00 0.00
1/2 inch 1250 312 8470 B795 B8B76 BB7S B699 B7.15 8738 1.38| 8876 8470 4.08
3/8 inch 9.50 275 6244 7035 7274 7274 6842 6695] 63.94 389 7274 6244 1030
No. 4 475 202 4126 4738 4857 4857 4548 4344 4578 271} 4857 4126 7.30
No. 8 237 1.47 3328 3749 3789 3789 3631 34.82 36.28 1.72 3789 3328 4.60
No. 16 1.18 1.08 2602 2820 285% 2851 2774 2658f 27.59 0.97] 2851 2602 249
No. 30 0.60 079 1895 203t 2046 2046 1951 19.07f 18.71 064] 2031 1865 137
No. 60 0.30 058 1067 1154 1105 1105 1054 1058| 10.90 035 1154 1054 0.89
No. 100 0.15 0.43 4,58 4.78 450 450 4.36 4.89 4.60 0.18 4,89 435 0.83
No. 200 0.08 0.31 2.96 3.09 283 293 2.85 2.85 2.94 0.08 3.09 2.85 0.24
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\
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Mreurv3.xds



Muskegon Random Gradation Data

Mreourvd xis

file:mrcurvd.xis

Row 4 Percent passing
Sieve | Sieve openin Sample
size {mm} | 45 31x 3 33 34x 3I5x 3I6x Avg [Std Dev| Max Min Diff
3/4 inch 19.00 376 100.00 100.00 100.00 100.00 10000 100.00 0.00] 100.00 100.00 0.00
142 inch 1250 312 8361 8470 8383 87.05 B8699] 8524 150 87.05 8361 344
3/8inch 9.50 275 6282 6045 65.80 6474 ©69468| 64.67 3.00f 6946 6045 9.01
No. 4 4,75 202 4122 3931 4368 4323  4556] 42.60 215 4556 39.31 6.24
No. 8 237 147 3379 3238 3486 3439 3576] 3424 1.13] 3576 3238 3.38
No, 16 1.18 108 2549 2545 2652 2627 2708 2611 070 2709 2515 1.94
No. 30 0.60 079 18.73 1829 1937 1840 19.47| 18.85 048 1947 18329 1.18
No. §0 0.30 058 1075 1035 11.3% 929 1097] 10.53 0.70] 11.31 9.29 2.02
No. 100 0.15 0.43 5.05 453 489 4.3 487 4.73 0.27 5.05 4.3 0.74
No. 200 0.08 0.31 313 2.84 298 271 3.05 2.94 0.15 313 27 042
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Mrourva.xis

Muskegon Random Gradation Data fiie:mreurvs. xis
Row § Percent passing _
Sieve Sieve opening | Sample
size {mm} { *45 S51x 52x 53x 54x 55x 56x Avg |Std Dev{ Max Min Dift
3/4 inch 19.00 376 10000 100.00 100.00 400.00 100.00 100.00] +00.00 0.00] 10000 100.00 0.00
1/2 inch 12.50 312 91,20 B88.88 89.14 89.20 8837 90.80! 89.62 105 9120 8837 283
3/8 inch 8.50 275 7555 6985 7185 7165 6960 7368 7206 208] 7555 6950 595
Ne. 4 475 202 50589 4747 S009 4837 4663 4983 48.83 1.456 5059 4863 3.88
No. 8 237 147 3880 3680 3850 3764 3594 37.94] 3764 0.89] 3880 3594 298
No. 16 118 108 2853 275t 2825 2795 2662 2752 21.73 062{ 2853 2662 1.91
No. 30 0.60 079 2097 2026 2061 2038 1953 1996| 20.28 0.46 2097 1953 144
No. §0 0.30 0.58 1236 11.41 1160 1052 1042 11.58| 11.32 0.67] 1236 1042 194
No. 100 015 0.43 4,53 5.00 4.43 3.66 4.48 436 441 0.38 5.00 3.66 1.34
No. 200 0.08 0.31 3.03 3.09 2.87 245 2.83 2758 2.84 0.21 3.09 2.45 0.64
100.00
80,00
80.00
70.00 h__
g %
s G000 VY ——D—naverge
a \\\ = o= = -maximum
.2' 50.00 = = = :minimum
% 40.00 LN
g \
20.00
Q|
20.00 Py
10.00 : x\-‘
0.00 mis
100.00 10.00 1.00 0.10 0.0
size (mm)
100,00
50.00 2},4-
P,
850.00 s ]
o L
s
70.00 =L
” /"
o el
£ e0o0 - /,/, s
ﬁ_ 5 - :/’ —O—average
& Soo0 — = — smaximum
& 40.00 il = = = minimum
] B
Z Cad
30,00 vad
20.00 f
12.00
0.00 o
0,00 0,50 1.00 1.50 2.00 2.50 3.00 350
size (mm} 0.45 power
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Muskegon Random Gradation Data

. Mrcurvé xis

file:mrcurv xis

Row 6 Percent passing
Sieve | Sieve openin Sample
size (mm) | ~45 61x 62x 64x 65x 66x Avg | Std Devi Max Min Didt
3/4 inch 19.00 376 10000 100.00 100.00 10000 100.00 100.00[ 100.00 0.00f 100.00 100.00 0.00
1/2 inch 1250 312 8609 8455 9128 9316 8850 8712 8845 296] 9316 8455 8.81
3/8 inch 9.50 275 6864 6336 7468 7780 7011 66.08] 70.11 480§ 7780 6336 1443
No. 4 475 202 47068 4170 5222 5300 4727 4450 47.62 3.99F 35300 4170 1130
No. 8 237 147 3619 3273 4015 4051 3630 3448 3673 281 40351 3273 7.78
No. 16 1.18 1.08 2691 2470 2883 2944 2665 2563] 27.03 1.66| 2944 2470 478
No. 30 0.60 079 19893 1846 2083 2150 1959 1897} 19.88 104 2150 1846 3.04
No. 50 0.30 058 1186 1095 1216 1298 1170 1065 1172 0.77{ 1298 1065 233
No. 100 0.15 0.43 487 453 4.58 5.29 483 438 475 0.30 5.29 438 092
No. 200 0.08 0.31 313 292 2.89 333 3.09 2.84 .03 0.17 333 2.84 0.48
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mrcolumn-curve.ds a/41/97

Muskegon Random Gradation Data for Each Column fite:mreolumn-curve xs
Sieve Sieve opening Percent passing
size (mm} | %45 " jeolumn 1 column 2 cotumn 3 coltmn 4 column 5 cowmn Bl Avi S5td Dev| Max Min Diff
3/4 inch 19.00 376 10000 100.00 100.00 100.00 100.00 100.00[ t00.00 0.08| 100.00 100.00 0.00
112 inch 12.50 312 8597 B591 8867 8985 8799 8777 8770 140] 8885 8591 3.83
3B inch 950 275 6663 6531 7128 7342 6892 6866 69.04 271 7342 6531 8.1
No. 4 4.75 202 4444 4320 4867 4993 4642 4580 4641 231 4993 4320 6.73
No. B 237 1.47 3500 23416 3785 3870 3628 3566 36.28 167 3B70 3416 4.54
No. 16 1.18 1.08 2651t 2597 2810 2873 2742 2670| 27419 085 2873 2597 276
No. 30 0.60 079 1958 1916 2040 2081 1958 1947 15.83 0.68] 2081 18.16 1.86
No. 60 0.30 038 1134 1110 1168 1168 1089 1118 1131 0.30; 1168 10489 0.80
No, 100 0.15 043 475 4,66 457 455 453 4.69 463 0.08 475 453 0.22
No, 200 0.08 0.31 3.04 297 292 297 2.88 2.95 2.96 0.05 3.04 288 0.18
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Data
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Gradation Grid Analysis
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