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Quality control for portland cement concrete (PCC) pavements and 
their component parts was statistically studied in a field project ap
proximately 8 mi long. Standard field tests on fresh concrete and 
standard laboratory tests on hardened concrete, coarse and fine ag
gregate, and cement were run on an adequate number of samples. 
Ninety-five pavement thickness measurements were taken, and 400 
concrete cylinders were tested. For all the other characteristics, 
such as slump, air content, gradation, durability , Los Angeles loss, 
sand equivalent, fineness, and percent passing No. 200 sieve, 200 
observations were made. The typical statistical parameters, i.e., 
testing, sampling and material variances, standard deviation, and 
arithmetic mean, were calculated, and frequency distribution curves 
were drawn. 

In nearly all cases , the arithmetic mean of the measured char
acteristic complied well with the specifications. However, the 
relatively high values of standard deviation and of the testing vari
ance should raise serious questions about the philosophy underlying 
the existing acceptance-rejection procedures in PCC pavements. 
Upper and lower control limits, especially those based on average 
values, show conclusively that unfit material is sometimes accepted. 
Also, large values of the testing varianc e crt suggest that standard 
tests need some refinement, if not a complete modification, to re
duce their inherent variance. 

•THE application of statistical quality control procedures to the production of portland 
cement concrete (PCC) pavements has been the subject of recent studies (1, 2, 4, 5). 
The ultimate goal in these studies is to review critically specification writing in-this 
area and to determine modifications, if any, which should be introduced in the 
acceptance-rejection procedure in the field. 

The present paper is a part of this investigation undertaken by the School of Civil 
Engineering at the University of Oklahoma. It is being funded jointly by the Oklahoma 
Department of Highways and the U. S. Bureau of Public Roads. The opinions, findings, 
and conclusions expressed are those of the authors and not necessarily those of the 
funding agencies. 

METHOD OF INVESTIGATION 

Theoretical Considerations 

The expansion of the highway industry has been massive; the manufactured product
the highway-has assumed an unparalleled growth; yet, testing and control methods 

Paper sponsored by Committee on Construction Practices-Rigid Pavement and presented at the 46th 
Annual Meeting. 
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TABLE 1 

PROPERTlES OF PCC PAVE MENT TESTEDa 

Pavement 

Thicknessb 

Plastic 
Concrete 

b 
Slump b 
Al.r content 
Cylinder 

compressive 
strength 

Coarse 
Aggregate 

Grading 
Durability 
Passing No. 200 
Deleterious 

materials 
Los Angeles 

loss 

~ASTM @)or the equivalent AASHO @)procedures used for testing. 
On-'"lte testing; the rest laboratory tests. 

Fine 
Aggregate 

Grading 
Fineness modulus 
Passing No. 200 
Sand equivalent 

for accepting this product have remained relatively static. The application of statis
tical concepts to the highway industry will enable the engineer to produce an economi
cally feasible , better quality material and to evaluate more reliably the finished prod
uct. This new approach may possibly lead to a revision of specifications and to a 
better understanding of the variability in construction materials which, in turn, will 
render possible the correlation of expected performance and actual behavior. 

To arrive at a stage in which application of statistical concepts is effective, it is 
imperative to draw on information relating to the distribution characteristics of the 
materials involved. More specifically , for PCC pavements the following must be 
studied: 

1. The overall variance in the various components of concrete and the type of 
distributions; 

2. The components of the overall variance, aT, attributed to testing, at, sampling, 
CJ8 , and inherent variability resulting from the process cap bility of the producer O'a, 
such that aT

2 = oa2 + at 
2 + 0 8

2
; 

St.a. n 

Slump Air content Cy 1 inder Cylinder 

Figure l. Random sampling of fresh concrete. 



TABLE 2 

STATISTICAL PARAMETERS FOR THE PCC PAVEMENT 

Number of Testing Sampling Material Overall Overall 
Arithmetic 

Characteristics Observations Variance Variance Variance Variance Standard 
Mean Specification 

(n) (at') (as') (aa2) (i:rT') 
Deviation (xl Provision 

(aT) 

(a) Pavement 

Thickness (in.) 95 0.1 8. 9 9. 0 in. 

(b) Plastic Concrete 

Slump (in.) 200 0.13 0.02 0. 45 0. 60 o. 8 1. 5 0. 5-3. 5 in. 
Air content (%) 200 0. 08 o. 12 0. 46 0. 67 o. 8 4. 6 3-6% 

(c) Cured Concrete 

Cylinder strength 
(psi) 400 264, 694 0.0 254, 848 519, 543 721 3803 

(d) Coarse Aggregate 

Grading (% passing) 
a a a a a a 2% in. 200 - - - - - - 100% 

2 in. 200 2. 6 0. 3 0.0 3.0 1. 7 97. 9 95-100% 
1Y2 in. 200 26. 4 17. 9 29. 4 73. 7 8. 6 84. 2 70-95% 
1 in. 200 69. 2 50.4 68. 7 188. 3 13. 7 62. 1 50-85% 
% in. 200 64. 5 44. 8 47. 3 155. 9 12. 5 45. 4 -
'l'2 in. 200 33. 5 20. 5 19. 6 73. 6 8. 6 20. 8 15-40% 
o/a in. 200 14. 0 6. 7 12. 4 33. 1 5. 8 9.3 -
No. 4 200 1. 1 0.4 1. 6 3.1 1. 8 2. 2 0-5% 
No. 8 200 0.5 0. 0 1. 0 1. 5 1. 2 1. 8 

Durability 200 37. 5 3.0 21. 9 62. 4 8. 0 63. 0 
Percent Passing No. 200 200 1. 9 0.4 0.2 2. 5 1. 6 1. 7 2% max. 
Los Angeles loss 200 12 .2 0. 1 5. 4 17. 6 ~02 ::02 40% max. 
Deleterious material 200 _b _b _b _b b 

(e) Fine Aggregate 

Grading (% passing) c c c c c c o/a in. 200 - - - - - - 100% 
No. 4 200 0.1 0.0 0.1 0. 2 o. 5 98. 7 95-100% 
No. 8 200 0. 3 0. 3 0.5 1. 7 1. 3 93. 6 -
No. 16 200 1. 4 0. 7 2.8 4. 9 2. 2 80. 2 45-85% 
No. 30 200 6. 7 0.9 19. 0 26. 4 5.1 54. 6 -
No. 50 200 4.0 0.0 10. 9 14. 9 3.9 12. 3 5-30% 
No. 100 200 0. 1 0.0 0. 2 0.4 0.6 1. 2 0-7% 

Fineness modulus 200 0. 01 0.00 0. 01 0.02 0.15 2. 60 -
Percent Passing No. 200 200 0. 2 0.1 0. 2 0.5 0. 7 1. 1 3.0% max. 
Sand equivalent 200 0. 7 0.0 0.1 0. 8 0.9 97. 6 

: s cmples finer than 2~ in. 
Viiiuol observation indicated comple~e absence of deleterious materials. 

eSornples finer than o/. in. w 
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3. The present sampling and testing procedures; and 
4. The practicality of present specifications and any possible changes. 

Field Problem 

To test the applicability of the statistical concepts, a PCC pavement project in 
Oklahoma was selected. It was 7. 9 mi in length; the contractor used two slip-form 
pavers and the same source of materials throughout. To keep the operator effect 
constant, both field and laboratory crews were kept the same throughout the entire 
project. The properties tested are indicated in Table 1. Where testing of the finished 
product (concrete) was involved, a set of 50 stations was selected to sample for slump 
and air content and another set to sample for concrete cylinder preparation. No two 
stations coincided (Fig. 1); their selection was based on the standard random table. 

Aggregate materials were sampled from the stockpiles and bins at the central plant. 
After the dry aggregate was weighed at the bin site and the cement added, it was 
hauled by trucks to the roadside where the concrete was prepared and laid. As ran
dom stations could not be set at the plant, it was assumed that the aggregate materials 
were being processed from the stockpile into the bins at a continuous and uniform 
rate. At specified intervals of time, samples were taken at a point in the stockpile 
nearest the bins. This, in effect, means that, with regard to time, random stations 
were used. 

No. Thickness, in f 7. Cum io n 95 

1 8. 8 7 7 . 4 7 . 4 specs 9.0 
2 8 . 9 30 31. 6 39 .0 
3 9 . 0 33 Jf1 , 8 73 .8 x 8. 9 

4 9. 1 10 L0. 5 84 . 3 (l"'T 0.1 
5 9 . 2 13 l ,. 7 98 .0 
6 9 . 3 1 1. 0 99 .0 v 2. 2· 
7 9 . 4 1 1. 0 100 . 0 

-
30 ,_ 

Frequeocy 20 

-
10 ,_ -

I I I r-r-i 
8. 5 9 0 9. 5 

Thickness. inch 

Figure 2. Thickness distribution . 



No . 

1 
2 
3 
4 
5 
6 
7 
8 

Frequency 

Slump Range f '· Cum '70 

0-0 • .5 16 8 . 0 8.0 
0 .6 -1 .0 43 21. 5 29. 5 
1. 1- 1. 5 52 26.0 55. 
1.6 -2 . 0 54 27 . 0 82. 
2.1 - 2.5 16 8.0 90. 
2 .6-3 .0 9 4 .S 95.0 
3. l -3 .5 3 l. S 96. 
3.6-4.0 7 100. a 

200 100 .0 

--so -
-40 

30 -
20 - - ,.._ 

10 .... 

11--n 
0.0 1. 0 2.0 3. 0 4.0 

Slump , inch 

n 200 
0 . 5-

s pec . 3. 5 

x 1. 5 

c(T 0. 8 

o't a 4 

<l's 0.1 

<r'. 0. 7 

v 53 . 37. 
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The cement was sampled 
from the cement truck before 
being added to the mixer at 
intervals of time following the 
procedure outlined for the 
aggregates. 

DISCUSSION OF DATA 

The accumulated data from 
each observation were tabulated 
and run on the OSAGE com
puter for the determination of 
the various statistical param
eters as given in Table 2. 

Pavement Thickness 

The thickness of the pave
ment was measured behind the 
paver immediately after place
ment. Ninety-five random 
observations yielded results 
similar to truncated normal 
distribution with an average of 
8. 9 in. and a standard devia
tion of 0.1 in. (Fig. 2). The 
tolerance permitted in pave
ment thickness is within Y4 in. 
This is based on average values, 
and it constitutes a weak point 
of the specifications because 
the extent of variability is not 
specified. 

Slump Test 

The analysis of the data ob
tained from 50 randomly se-

Figure 3. Statistical properties for slump. lected stations indicates that 
the results fit the log normal 
distribution better than the nor

mal distribution (Fig 3.). At each station 4 observations were made, and each point 
in Figure 4 represents the average of these 4 observations, thus giving a total of 200. 
Furthermore, this figure depicts the upper control limit (UCL) and the lower control 
limit (LCL) based on both single and average values (observations). Those based on 
average observations gave numerical values equal to the arithmetic mean, x, ± the 
Standard deviation, c. This was obtained from x ± 2c//ii where the number of observa
tions n equals 4. Unless the batch was very wet, the reproducibility was fairly good. 

The test is quick, and requires a small amount of concrete. However, immediate 
identification of the factors conducive to an off-specification slump are not possible 
because of their variety. Gradation, surface area, and cement content are only a few 
of the factors which, in addition to water, are accepted as influencing the variability 
of slump. If this project is an indication of the capabilities of good contractors, it is 
expected that 90 to 95 percent of the time the slump will be x ± 1. 6 in., and therefore 
the possible adjustment of specifications should be considered. 
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3.0 ~----+4>--1~-------------------'U'-'C.;L.:..• x + ui (single) 

UCL (avg) 

Slump, inch 1. 5 

0.0 
LCL, x - 2(1' (single) 

10 20 30 40 50 

Sample No ~ 

Figure 4. Slump distribution quality control chart. 

-

Air Cont. 
No. Ranoe 17,.) f ,_ 

Gum. '~ n 200 

l -3 .0 4 2. 0 2.0 specs 3-6% 
2 3 .0-3. 5 3 1. 5 3. 5 
3 3. S-4 . o 27 13. 5 17 .0 x 4.6 
4 4.0-4. 5 76 38.0 SS. 0 a'T 5 4,5 -5. 0 54 27 .0 82. 0 0. B 
6 s.o-s. 5 21 10. s 92.S cf, 7 5.S -6 .0 6 3. 0 95. s 0.2 
8 &.0 - 6. 5 4 2. 0 97. 5 a's 0.1 
9 II. 5- s 2. 5 100. 0 

if a o. 7 
200 100.0 

v 17. 67. 

BO 

~ 

70 -
60 -

-
50 

Frequency 40 -

30 
~ 

20 -
10 -

n- n-n 
3.0 4.0 5.0 6.0 7. 0 

Air Content, % 

Figure 5. Statistical properties for air content. 
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UCL x + 2 IJ' 

6.0 

5. 5 

5.0 

Air Content, % 4.5 

3. 5 
LCL, avg 

LCL x - 2<f 

10 20 30 40 50 

Sample Number 

Figure 6. Air content distribution quality control chart. 

n 400 

specs none 

~ 3803 

(fT 721 

a't 514 

ds 0 

t. 504 

v 18. 7% 

20 

15 

Frequency 

10 

1500 2500 3500 4500 5500 

Compressive Strength, psi 

Figure 7. Distribution of the 28-day cured cylinder compressi ve strength. 
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28-day Cured 
Cylinder 

4800 

4300 

Strength, psi 3803 

28-day Cured 
Cylinder 

3300 

2800 

4800 

4300 

Str ength, psi 3803 

3300 

2800 

28-day Cured 
Cylinder 

0 

70 

4800 

4300 

Strength, psi 3803 

3300 

2800 

10 

80 

140 

- - _ - ___ __ _______ __EC!:_.S~"._ __ 

20 30 40 so 60 70 

Sample Number 

UCL 5244 

LCL 2360 - -- - - - - - - - - - -

90 100 110 120 130 140 

Sample Number 

UCL 5244 

150 160 170 180 190 200 

Sample Number 

Figure 8. Quality control chart cylinder strength. 
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Air Content 

The air content of plastic concrete was measured, employing a Y4-CU ft standard 
air meter. Using 50 stations and 4 measurements per station, a total of 200 observa
tions were made. The results (Fig. 5), indicate that variations within the batch, as1, 
are by far less than those between batches. Thus, it appears that there is a variance 
inherent in the operation of the air compound mechanism rather than in the mixing 
process. Also, the data x ± 1. 6 percent indicate that it is possible to conform to cur
rent specifications, 3 to 6 percent. Each of the 50 points in Figure 6 represents the 
average of 4 observations, as is the case with the slump, and the UCL and LCL based 
on average values, although numerically equal to x ±a, are actually x ± 2a//'ii, where 
n::: 4. 

The Chase air meter was used sparingly as a secondary control. The limited ob
servations which are not reported herein showed tendencies for good correlation be
tween the two methods; however, the chance of hitting a high or low air concentration 
spot with the Chase air meter is always high. Therefore, this particular limitation 
should be considered whenever the Chase air meter is used. 

Cylinder Compressive Strength 

The data in Figure 7 relate to the compressive strength of 200 duplicate cylinders 
(400 total) which were sampled over a period of two weeks and cured for 28 days at 
95 percent relative humidity. A very popular test, the 28-day compressive strength, 
is believed to reflect the quality of concrete; however, insofar as quality control 
practice is concerned, it is ineffective because the results are available at a time 
when immediate corrective measures, if required, cannot be taken and rejections, if 
necessary, are impractical. 

A skewed normal frequency distribution with a coefficient of skewness of 0. 42 was 
obtained. Tests for normality showed good fit of the population; however, some dif
ficulties were experienced with the extreme values. 

Passing 
% 

12 18 25 37 

No. 4 3/8" 1/2" 3/4" 1" 1 1/2" 

Figure 9. Gradation analysis of coarse aggregate. 

50 Diameter, nun 

2" Sieve size 
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A large part of the total variation seemed to result from the handling, curing, and 
testing methods. This is evident when the testing standard deviation, O't = 514 psi, is 
compared with the inherent standard deviation, O'a = 504 psi. To reduce O't, it is nec
essary to modify the foregoing testing time. 

Figure 8 shows that the mean value x = 3803 psi and the UCL and LCL were cal
culated from x ± 217//Il where n = 1, as each point represents the average of 2 readings. 

Coarse Aggregate 

The coarse aggregate, which consisted of crushed limestone, was tested for grain 
size distribution, including percent passing U.S. standard sieve No. 200, durability, 
Los Angeles loss, and presence of deleterious materials. The latter was effected by 
visual examination of the samples and was found satisfactory. Although the mean of 
the percent passing No. 200 was 1. 7 and seemed satisfactory because it was below the 
maximum permissible limit of 2, the overall standard deviation, 17T, of 1. 6 indicates 
that there are cases where the specification has been violated. 

The gradation analysis (Fig. 9) indicates that the mean values x fell within the 
specification limits. Howeve r , the UCL and the LCL which represent the x ± 20'T 
values at 95 percent confidence level fall outside the specification limits. The results 
of the Los Angeles abrasion test are satisfactory, primarily because a rather high 
value of 40 percent is specified as the limit. In this case the inherent variability de
pends entirely on the quaility of raw material and its location in the quarry. 

The durability of the coarse aggregate, as indicated by the data obtained from the 
California test (1), gave a mean of 63 and a aT = 8. Visual examination of the samples 
revealed no presence of deleterious material. 

Fine Aggregate 

Riv er sand, washed and screened, was used as fine aggregate in this project. 
Gradation specification provisions, including UCL and LCL and passing No. 200 sieve, 
were satisfactorily met (Fig. 10) mainly because of the control exercised during the 
initial production stage. Although this project did not include provisions for fineness 
modulus and sand equivalent, the values obtained (Table 2) seem logical and satisfactory. 

Passing 

'· 

100 

80 

60 

40 

20 

100 

o. 297 

50 

/ 
/. 

'I / / t L. Spe- . 1 imi t 
<+ - / 

,,r>" 

0. 595 1.19 

30 16 

/ 
/ 

Figure 10. Gradation analysis of fine aggregate. 

/ 
/ 

/ 

2. 38 4. 76 Diame
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4 Sieve 
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Assuming that this may be the case always, it is conceivable that the fineness modulus 
test may suffice as a single control as long as the same source of fine aggregate is used. 

Cement 

Tests on cement (air content, strength, alkali content) are incomplete and there
fore statistical parameters could not yet be evaluated. However, from the data ob
tained it may be tentatively concluded that specifications will be met. Improved 
manufacturing methods have given cement uniformity and a quality which can be closely 
controlled during its manufacture. 

GENERAL OBSERVATIONS 

During this study a considerable amount of field and laboratory data have been ob
tained. Using the information developed, it is possible to approach the problem of 
quality control in PCC pavements from a general point of view, although the study, 
with the exception of the standard tests, was limited to localized conditions. 

The basic problem of quality control is whether the test methods employed actually 
do reflect the quality of the product involved. In many instances it was felt that the 
tests used in this study are somewhat irrelevant although they have become standard, 
and it may be argued that they are service related. However, what cannot be argued 
and questioned is the variability involved in standard testing procedures as meai;;ured 
by the testing variance O't. A prime example of this is the cylinder strength where O't 
was large enough to be significant. The possibility of reducinglarge values of at should 
be investigated before any application is made to quality control methods. Relevant to 
this is the exploration of new testing methods such as the employment of nondestructivP 
tests in the area of quality control. 

One of the problems involved in the acceptance or rejection of aggregates, both 
coarse and fine, is the complication which arises in a situation where only one of the 
sieves is out of specification. Another problem arises in the case where an average 
point falls within, but very close to, the specification limit. This means that the 
variability -reflected by the standard deviation, aT, is such that some observations 
(more than the ones predicted by the confidence level) may have to fall outside the 
specification limits. Likewise, a zigzagging curve within the specification limits is 
not qualitatively the same as a smooth curve which is coincident with the average 
specification line. Thus, it appears that specifying the upper and lower limits of the 
gradation curve is not adequate to produce uniform results. Tighter specifications 
do not seem to be the plausible answer. Therefore, some thought should be given to 
the possibility of incorporating in the specifications some realistic maximum deviation 
from the mean of the upper and lower limits. This is of great significance because 
the design of satisfactory concrete mixes is partly based on the gradation of the 
aggregate ( 6). 

Currently, specifications are based on average (mean) values, and rejection
acceptance methods follow this philosophy without any consideration of variance. This 
possibly leads to gross errors between actual quality and presumptive quality. Also, 
it may pave the way for uneconomical designs if complaince of simple observations 
and measurements with safest limits are strictly enforced. 

Finally, it is gratifying to see that people in the highway industry are deeply con
cerned with quality control which utilizes statistical tools to evaluate both the product 
and its components. 
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