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Preface

Most concrete technologists are aware that concrete quality depends on the quality of 

the materials used, manufacturing, and testing. However, it is hard to find a book that 

is focused on the subject of improving concrete quality. In addition, quality measure-

ment is not prevalent in the concrete industry, and, as a result, quality investment is 

not seen as generating a positive return. Over the last few years I have written a series 

of articles on concrete quality in the National Ready Mixed Concrete Association’s 

Concrete InFocus magazine to address these issues. The positive comments that I 

received for those articles, many from strangers, encouraged me to develop this book.

The first chapter of this book discusses concrete quality measurement as well as 

the tangible and intangible benefits due to improved quality. Subsequent chapters 

discuss concrete variability due to material, manufacturing, and testing and suggest 

techniques to reduce them and thereby improve concrete quality. The chapter on basic 

statistics should provide all the background needed to understand the data analysis 

required for quality monitoring. Data analysis of test results and subsequent correc-

tive action are essential for improving quality; doing a test by itself is of little value.

Improving Concrete Quality will be of significant value to the quality personnel 

in the concrete industry. By reading this book, they will come away with practices 

or tools that can be immediately employed in their operation. This book will be 

of substantial benefit to architects and engineers as well. As owners’ representa-

tives, quality is very important for them, and this book provides suggestions for 

ensuring good concrete quality. Sections of this book will interest contractors and 

testing laboratories as well. I hope the book creates an interest among researchers 

and innovators because the potential value of consistent high-quality concrete can-

not be understated, and major strides still need to be made in this area. Even though 

this book was written with a U.S. audience in mind, the practices suggested can be 

easily understood and are universally applicable. Metric units are provided.

This book wouldn’t have been possible without the support provided by the 

National Ready Mixed Concrete Association (NRMCA). Much of the reference 

material is based on past research conducted at the association’s research labora-

tory. I thank the members of the NRMCA’s Research Engineering and Standards 

Committee, which is composed of technical personnel from the concrete indus-

try. My interactions with them over the past 10 years have helped shape my views. 

I thank Ken Day for the several interactions I have had with him, particularly on the 

CUSUM approach. I also thank my colleague Colin Lobo for reviewing my arti-

cles, and I thank Nicholas Carino for his assistance with Appendix B. I thank ACI 

and ASTM for allowing the use of some of the figures and my publisher Taylor & 

Francis/ CRC Press.
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1

1 How Good Is 

Your Quality?

Most people familiar with the concrete industry can readily identify good concrete 

quality practices. Regularly measuring aggregate moistures and correcting batch 

water is one such practice; regularly verifying accuracy of measuring devices is 

another. A large number of ready mixed concrete companies are making significant 

efforts in improving quality. However, there is always room for improvement. Most 

companies probably feel that they attain good concrete quality. But how does a com-

pany know for certain? For example, to evaluate a company’s operational efficiencies, 

there are several benchmarks such as yd3/hour (m3/hour), delivery costs for fleets, and 

safety statistics that a company can measure and compare to industry averages. There 

are similar financial benchmarks developed by the National Ready Mixed Concrete 

Association (NRMCA). Are there benchmarks specific to quality of ready mixed con-

crete? A start can be made by the company by annually monitoring the company’s cost 

that can be attributed to poor quality. For some companies, this may be a paradigm 

shift because they currently think only in terms of the cost of their quality program.

COSTS DUE TO POOR QUALITY

The cost due to poor quality may be measured by monitoring the following, typically 

over a 12-month period:

• Amount of rejected concrete (as a percent of the concrete produced) for 

noncompliance with project specifications such as slump, air content, den-

sity, and temperature, where applicable.

• Cost to repair, replace, or mitigate hardened concrete issues (cores, etc.) because 

concrete did not meet purchaser’s or specification requirements or expectations.

• Perception of company’s quality by customer through an annual customer 

survey (ranking as Excellent, Very Good, Good, Fair, and Poor).

• Number of quality- related claims.

• Variability in compressive strength as measured by standard deviation of 

the five top- selling mixtures.

The first two measures are fairly obvious. Rejected concrete, even if it is beneficially 

reused, is still money lost in terms of truck time and man-hours. However, returned 

concrete ordered in excess should not be included. Costs to repair hardened con-

crete can involve core tests, evaluating cracking, and so forth, and can become very 

expensive, even if the issues do not go to litigation. It is realized that concrete could 

be rejected or the producer could be asked to provide costs to address a hardened 
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2 Improving Concrete Quality

concrete issue for reasons that are not within the control of the concrete producer, 

such as delays in pour at the job site and job- site mixture adjustments. However, for 

the same contractor quality level, a better- quality producer is still likely to have a 

lower amount of rejected concrete and lower costs to deal with hardened concrete 

issues on an annual basis.

The third measure, which is the perception of a company’s quality in the eyes of 

the customer, is also very important and should be monitored annually by concrete 

producers. Companies should take all possible efforts in developing and safeguard-

ing their reputation. A customer’s perception of a company’s quality is formed by a 

number of factors, such as personnel and facilities. Typically, if customers believe 

that they will get a quality product with few worries, they may pay more for it. When 

the inevitable problems do occur, customers are likely to be more willing to look at 

their own operation, the testing laboratory, or other factors beyond the concrete pro-

ducer. The owner, engineer, and architect are more willing to trust and even to take 

the advice of the concrete producer when problems do occur. They may even consult 

and seek the help of the concrete producer on matters of specifications and desired 

concrete performance. The bottom line is a happier, satisfied customer, which will 

inevitably lead to more business and a higher profit.

The fourth measure is fairly easy to track, and the idea behind it is that every 

claim involves a cost simply to address it, even if it does not lead to the actual cost 

that can be tracked by the first two measures.

The final measure is extremely important in any manufacturing industry, and is 

discussed in the following section.

WHY IS IT SO IMPORTANT TO LOWER STANDARD DEVIATION?

Variability in compressive strength, as measured by standard deviation (S), is an 

excellent indicator of a company’s quality. The compressive strength standard devia-

tion should be carefully monitored by every company for at least its five largest- 

volume mixtures or the top two selling mixtures at each plant. Table 1.1, which is 

a reproduction of Table 4.3 from ACI 214R-11, shows that the standards of concrete 

control based on general construction testing can vary from Excellent (S < 400 psi 

[2.8 MPa]) to Poor (S > 700 psi [4.8 MPa]). This applies when specified compressive 

TABLE 1.1

Standards of Concrete Control ƒ′c ≤ 5000 psi (35 MPa)

Overall Variation

Class of Operation

Standard Deviation for Different Control Standards, psi (MPa)

Excellent Very Good Good Fair Poor

General construction testing <400 

(<2.8)

400 to 500 

(2.8 to 3.5)

500 to 600 

(3.5 to 4.1)

600 to 700 

(4.1 to 4.8)

>700 

(>4.8)

Source: Adapted from ACI Committee 214R, “Evaluation of Strength Test Results of Concrete (ACI 

214R-11),” American Concrete Institute, Farmington Hills, MI, 2011, 16 pp., Table 4.3.
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3How Good Is Your Quality?

strength is 5000 psi (35 MPa) or less. A low S is desirable because it will result in a 

lower required average strength (ƒ′cr) that a producer needs in a mix submittal for a 

specified strength (ƒ′c). Appendix A provides details about the methodology of cal-

culating the required average strength as well as the concrete strength- acceptance 

requirements in accordance with ACI 318-11. The requirements are slightly different 

when ƒ′c is greater than 5000 psi (35 MPa). A lower required average strength will 

reduce the material costs for each class of concrete.

Row 3 of Table 1.2, indicated as ƒ′cr (ACI 318), shows the required average strength 

calculated for ƒ′c = 4000 psi (27.6 MPa) for different standards of concrete control. 

Assuming that each 200 psi (1.4 MPa) increase in ƒ′cr results in an increase in con-

crete materials cost of $1/yd3 ($1.3/m3), the cost savings due to the lower ƒ′cr can be 

estimated as shown in Row 4 of Table 1.2. It is instructive to note that improving 

concrete quality, that is, reducing “S” from 750 psi (5.2 MPa) to 350 psi (2.4 MPa), 

can result in a savings of $3.9/yd3 ($5.1/m3) in concrete materials cost due to a reduc-

tion in ƒ′cr, from 5250 psi (36.2 MPa) to 4470 psi (30.8 MPa)! In general, it can be 

shown that every 100 psi (0.69 MPa) reduction in S will result in material cost sav-

ings of $1.33/yd3 ($1.74/m3) when S > 505 psi (3.5 MPa), and cost savings of $0.67/yd3 

($0.88/m3) for lower S. Another way to look at this is with poor concrete quality “S” 

of 750 psi (5.2 MPa) as compared to 350 psi (2.4 MPa), one may have to add more 

cement at a cost of $3.9/yd3 ($5.1/m3) to avoid low compressive strength test results. 

Unfortunately, that will result in highly unoptimized mixtures and therefore is not a 

cost- effective practice. Poor testing quality can also increase the “S.” There are ways 

to help improve testing quality, which is discussed in a later chapter. However, for the 

same level of testing quality, the producer with better quality will still have a lower 

“S” and is therefore still in a better position. Having a lower “S” also substantially 

reduces the chances of low- strength problems. Let us say a producer attained an 

average strength of 5250 psi for a 4000 psi specified strength level. By reducing the 

“S” from 750 psi to 350, the producer reduces the chances that a test result may fail 

the ACI 318 strength acceptance criteria from 1-in-100 to 1-in-3.3 million!

The benefit of lowering the S is even higher if one considers the traditional indus-

try practice of reducing producer risk. If a producer exactly attained the required 

average strength based on the ACI 318 equations and the assumed standard devia-

tion, there is a 1-in-100 chance that each of the two ACI 318 strength- acceptance 

TABLE 1.2

Cost Savings Due to Improved Quality for ƒ′c = 4000 psi (27.6 MPa)

Quality Standards 

(ACI 214R) Excellent Very Good Good Fair Poor

S, psi (MPa) 350 (2.4) 450 (3.1) 550 (3.8) 650 (4.5) 750 (5.2)

ƒ′cr (ACI 318), psi (MPa) 4470 (30.8) 4600 (31.8) 4780 (32.9) 5020 (34.5) 5250 (36.2)

Cost savings, $/yd3 ($/m3) 3.9 (5.1) 3.2 (4.2) 2.3 (3.0) 1.2 (1.5) 0.0 (0.0)

ƒ′cr (1-in-5000), psi (MPa) 4740 (32.6) 5090 (35.1) 5450 (37.5) 5980 (40) 6160 (42.4)

Cost savings (1-in-5000), 

$/yd3 ($/m3)

7.1 (9.3) 5.3 (7.0) 3.5 (4.6) 1.8 (2.3) 0.0 (0.0)
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4 Improving Concrete Quality

criteria is not met. Even though a 1-in-100 chance sounds low, what is the likelihood 

for at least one low test result during the course of a project involving several inde-

pendent tests? ACI 214R shows that for a project with five test results (i.e., n = 5) this 

probability is 7.3% and it rises to 53% for n = 50! So clearly for large projects involv-

ing many tests, there is a very high likelihood for at least one low test result, provid-

ing the producer exactly attained the required average strength based on the ACI 318 

equations and had no change in the assumed standard deviation. To reduce this risk, 

producers typically target a strength that is higher than the required average strength 

calculated by the ACI 318 equations. If one were to target a strength that will result 

in a 1-in-1000 chance of failing the ACI 318 acceptance criteria, it can be calculated 

that for n = 5, the probability for at least one low test result drops to just 0.75%, and for 

n = 50 it increases to a still acceptable 7.2%. However, for n = 250, it rises to 31.3%, 

which may be unacceptable. If one were to target a strength that will result in a 1-in-

5000 chance of failing the ACI 318 acceptance criteria, the probability for at least one 

low test result drops to 7.2% for n = 250. For a 1-in-5000 chance of failing the two ACI 

318 acceptance criteria, the required average strength when ƒ′c is 5000 psi (35 MPa) or 

less can be calculated as the higher of the following two equations:

 ƒ′cr = ƒ′c + (2.04 × S)

 ƒ′cr = ƒ′c + (3.54 × S) – 500 in psi or ƒ′c + (3.54 × S) – 3.5 in MPa

The required average strength calculated by the above two equations is higher than 

that calculated by the ACI 318 equations and is indicated as ƒ′cr (1-in-5000), that is, 

Row 5 of Table 1.2. The increase in required average strength, while substantially 

reducing the risk of low- strength test results, clearly results in higher material cost. 

But it is interesting to note that reducing S leads to even more cost savings now. 

Reducing “S” from 750 psi (5.2 MPa) to 350 psi (2.4 MPa) can result in a savings of 

$7.1/yd3 ($9.3/m3) as opposed to $3.9/yd3 ($5.1/m3) in concrete materials cost.

For specified compressive strengths greater than 5000 psi (35 MPa), the stan-

dards of concrete control based on general construction testing are set on the coef-

ficient of variation (V) instead of the standard deviation and can vary from Excellent 

(V < 7.0%) to Poor (V > 14.0%). This is depicted in Table 1.3, which is a reproduc-

tion of Table  4.4 from ACI 214R. Table  1.4 shows the required average strength 

TABLE 1.3

Standards of Concrete Control ƒ′c ≥ 5000 psi (35 MPa)

Overall Variation

Class of Operation

Coefficient of Variation for Different Control Standards, as %

Excellent Very Good Good Fair Poor

General construction testing <7.0 7.0 to 9.0 9.0 to 11.0 11.0 to 14.0 >14.0

Source: Adapted from ACI Committee 214R, “Evaluation of Strength Test Results of Concrete 

(ACI 214R-11),” American Concrete Institute, Farmington Hills, MI, 2011, 16 pp., Table 4.4.
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5How Good Is Your Quality?

calculated for ƒ′c = 8000 psi (55 MPa) for different standards of concrete control. 

Making the same assumption as before that each 200 psi (1.4 MPa) increase in ƒ′cr 

results in an increase in concrete materials cost of $1/yd3 ($1.3/m3), it can be esti-

mated that improving concrete quality, that is, reducing “V” from 15% to 6%, can 

result in a savings of $11.8/yd3 ($15.4/m3) in concrete materials cost due to a reduc-

tion in ƒ′cr from 11,070 psi (76.3 MPa) to 8700 psi (60.0 MPa)! Reducing the coeffi-

cient of variation effectively results in reducing the standard deviation, thus resulting 

in lowering the required average compressive strengths.

IS IT WORTHWHILE NOT TO INVEST IN IMPROVED 

QUALITY UNDER CERTAIN CIRCUMSTANCES?

Let us say a company primarily supplies to applications where there are no job- 

site testing and acceptance test requirements. Then, the amount of rejected concrete 

related to testing will be negligible. Even though there will be no strength results to 

deal with, the cost to repair will be slightly higher for the producer at a lower level of 

quality as he will incur greater call- back costs due to aesthetics such as cracking. He 

is also likely to have more quality- related claims. Compressive strength is not even 

measured, so there is no advantage in reducing standard deviations. Companies with 

an excellent quality perception are likely to command a better profit.

So if the company primarily supplies to applications where there are no job- site 

testing and acceptance requirements, then the value of improved quality may not 

be so high. But even then certain basic quality functions, such as maintaining con-

crete yield, are bound to pay off. Further, if that company starts supplying to projects 

involving job- site testing and acceptance requirements, then they are likely to start 

seeing significant costs resulting from their lower level of quality.

2010 NRMCA QUALITY MEASUREMENT 

AND BENCH MARKING SURVEY

The NRMCA Quality Measurement and Bench Marking Survey, initiated in 2010 to 

develop quality- related metrics or benchmarks for the industry, includes four of the 

previously given measures as part of the survey. Selected survey results are provided 

as follows, and the complete survey details are available elsewhere (Obla 2011).

TABLE 1.4

Cost Savings Due to Improved Quality for ƒ′c = 8000 psi (55 MPa)

Quality Standards 

(ACI 214R)

V,%

Excellent

6

Very Good

8

Good

10

Fair

12

Poor

15

ƒ′cr, psi (MPa) 8700 (60.0) 8960 (61.8) 9390 (64.7) 9990 (68.9) 11070 (76.3)

Cost savings, $/yd3 

($/m3)

11.8 (15.4) 10.5 (13.7) 8.4 (11.0) 5.4 (7.1) 0.0
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6 Improving Concrete Quality

 1. The volume of rejected concrete (as a percent of the concrete produced) for 

noncompliance with project specifications was reported as 1% by 45% of 

the respondents and less than 0.5% by 45% of the respondents.

 2. The average cost to repair, replace, or mitigate hardened concrete issues 

because concrete did not meet purchaser’s or specification requirements or 

expectation was reported as $0.42/yd3 ($0.55/m3).

 3. The weighted average “S” for all company respondents was calculated as 

505 psi (3.5 MPa).

 4. Fifty percent of the companies reported a quality perception that was rated 

Excellent, Very Good, or Good. The remaining 50% of the respondents did 

not track their customer’s perception of their quality level.

 5. The average number of employees with quality/ technical function, includ-

ing field and laboratory technicians, was one person per 62,000 yd3 (47,400 

m3) of production.

 6. The average quality costs expended by the company, including labora-

tory costs and all quality staff salaries, but not including costs due to poor 

quality, was $1.14/yd3 ($1.49/m3).

 7. On average, companies reported that they had one laboratory with at least 

one strength- testing machine for 295,000 cubic yards (225,000 m3).

 8. On average, companies reported that they conducted internal concrete 

strength tests about once/ week.

HOW CAN A CONCRETE PRODUCER IMPROVE QUALITY?

Based on the discussion thus far, this question can be rephrased as, How do inter-

ested producers go about reducing their standard deviation? To answer this question, 

we have to gain a good understanding of the sources of concrete strength variation. 

The sources of strength variation can be broadly categorized into three parts: mate-

rial, manufacturing, and testing. Under each category, there are many possible rea-

sons for concrete variability, and some of the important ones are listed in Table 1.5. 

So, to reduce the strength standard deviation, the material, manufacturing, and test-

ing variations need to be lowered. The following chapters will discuss the variation 

due to each category and suggest methods to reduce it.

TABLE 1.5

Sources of Concrete Strength Variation

Material Variations in characteristics of cement, SCMs, fine aggregate (silt, grading), coarse 

aggregate (dust/ bond), admixtures

Manufacturing Variations in ingredient weights (water, cementitious, admixture), mixing, 

transporting, delivery time, temperature, workability, air content

Testing Sampling, specimen preparation, initial/ final curing of specimens, transporting, test 

procedures, equipment
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7

2 Variation in Concrete 

Strength Due to Cement

This chapter discusses concrete strength variability due to variations of cement from 

a single source.

CEMENT FROM A GIVEN SOURCE VARIES BETWEEN SHIPMENTS

It is well understood that there are significant differences in strength of Type I cements 

from different sources. How variable is the strength of different cement shipments from 

the same source? One of the most exhaustive studies to address this question was con-

ducted by Walker and Bloem (1958) at the NRMCA/ NSGA (National Sand and Gravel 

Association) Joint Research Laboratory. Cement samples were secured from each of five 

sources every 2 weeks from October 1955 to October 1956 and stored in sealed contain-

ers. A sixth cement, consisting of a blend of five cement brands from the Washington 

area, was thoroughly mixed at the start of the program and stored in sealed containers 

for use as a control. Three principal series of tests were conducted at different times. 

The first series involved standard mortar strength tests (ASTM C109) on all samples; 

the second, concrete tests on selected samples; and the third, concrete and mortar tests 

on selected samples. In the first series, five mortar batches were made on different days 

with each cement sample, including the control; each round, including all sources, was 

made on the same day. All work was performed by the same operator. Nine cubes were 

molded from each batch for strength tests in triplicate at 3, 7, and 28 days of age. So, 

for a given cement sample at each age, 15 mortar cubes were broken (3 from each of 

5 batches mixed on different days). The series involved testing of approximately 7000 

2 in. (50 mm) mortar cubes. In the second series, concrete batches with a cement factor 

of 517 lb/ yd3 (307 kg/ m3) and mixed to a constant slump of 3 to 5 in. (75 to 100 mm) 

were made using samples of cement that had produced the highest, median, and low-

est mortar strengths from each of the five cement sources in Series 1. For each cement 

sample, three concrete batches were made on different days. Concrete cylinders of size 

4 × 8 in. (100 × 200 mm) were tested in triplicate at 3, 7, and 28 days. Only Series 1 and 

2 are discussed below. Series 3 findings were in line with Series 1 and 2.

Figure 2.1 shows the percentage distribution of mortar strengths about the aver-

age for all three test ages. The percentage strengths at each age have been arranged 

in order of descending magnitude. If the different shipments from the same source 

were absolutely identical and the cement was essentially uniform, one should observe 

a perfectly horizontal line at 100%. Source 1 (control) approaches that, and the small 

variability is primarily due to variation attributed to testing. All the cement sources 

showed a greater variation than the control, with some of them better than the others. 

Table 2.1 summarizes some of the statistical data of the 28-day mortar strength test 
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FIGURE 2.1 Percentage distribution of mortar strengths above average. (Reprinted with 

permission from Walker, S., and Bloem, D. L., “Variations in Portland Cement,” Proceedings, 

ASTM International, West Conshohocken, PA, Vol. 58, 1958, pp. 1009–1032.)

TABLE 2.1

Statistical Summary of 28-day Compressive Strength Tests of Mortar

Source 1

(Control) Source 2 Source 3 Source 4 Source 5 Source 6

Average, psi 

(MPa)

5198 (35.8) 5355 (36.9) 4950 (34.1) 3674 (25.3) 5434 (37.5) 4582 (31.6)

s1, psi (MPa)  133 (0.92)  132 (0.91)  125 (0.86)  79 (0.54)  137 (0.94)  111 (0.77)

s2, psi (MPa)  119 (0.82)  131 (0.90)  127 (0.88)  81 (0.56)  137 (0.94)  114 (0.79)

s3, psi (MPa)  123 (0.85)  339 (2.34)  362 (2.50)  244 (1.68)  520 (3.59)  245 (1.69)

ν1,% 2.6 2.5 2.5 2.1 2.5 2.4

ν2,% 2.3 2.4 2.6 2.2 2.6 2.5

ν3,% 2.4 6.3 7.3 7.3 9.6 5.3

Source: Adapted from Walker, S., and Bloem, D. L., “Variations in Portland Cement,” Proceedings, 

ASTM International, West Conshohocken, PA, Vol. 58, 1958, pp. 1009–1032.

Note: Data represent 26 samples taken every 2 weeks over a year: s1, s2, and s3 are, respectively, stan-

dard deviations in psi (MPa), within batch, batch- to- batch, and sample- to- sample; ν1, ν2, and ν3 

are corresponding coefficients of variations.
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9Variation in Concrete Strength Due to Cement

results of the five sources. On the basis of sample- to- sample coefficients of variation 

(V) over the duration of the shipments, all five cement sources showed considerably 

greater variability than the control, as should be expected. These values of V ranged 

from 5.3 to 9.6% as compared with only 2.4% for the control; the values of V for 

the various sources were even higher with early- age strengths. The average 28-day 

sample- to- sample standard deviation for the five sources of cement was 342 psi. ACI 

214R states that a good standard of concrete control for general construction testing 

is a standard deviation of 500 to 600 psi. Even though the cement- strength standard 

deviation may not translate directly to a concrete- strength deviation of the same 

magnitude, cement variation plays an important role in concrete- strength variability, 

and it should be clear that variation in the strength- producing property of cement 

from a single source cannot be ignored.

Figure 2.2 shows that C109 mortar strengths correlate very well with concrete 

strengths from the Series 2 work for all sources. This confirms that for a given 

source variation in cement strengths between shipments causes variations in con-

crete strengths. For the 28-day tests, the average concrete strengths of the five 

sources ranged from a high of 4880 psi (33.7 MPa) to a low of 4060 psi (28.0 MPa), 

an overall range of 820 psi (5.7 MPa). The least variable cement source resulted in a 

28-day concrete- strength range of 555 psi (3.8 MPa), while the most variable cement 

resulted in 1205 psi (8.3 MPa). The range in 28-day concrete strength can be related 

to the mortar strength standard deviations as follows:

 Range in 28-day concrete strength = 2.3 × mortar- strength standard deviation
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FIGURE 2.2 Relationship between compressive strength of constant- slump concrete and 

C109 mortar for control and the 5 cement sources. (Reprinted with permission from Walker, S., 

and Bloem, D. L., “Variations in Portland Cement,” Proceedings, ASTM International, West 

Conshohocken, PA, Vol. 58, 1958, pp. 1009–1032.)
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10 Improving Concrete Quality

This variability in concrete strengths will necessitate an increase in cement content 

to achieve the higher target strength to accommodate this variability. Contrary to 

this, Weaver et al. (1974) reported that, for the same cement source as shipments 

changed, there was no correlation between the C109 mortar strengths and corre-

sponding concrete strengths. Gaynor (1993) conducted an exhaustive study of past 

NRMCA research and found that variations associated with testing of C109 mortar 

strength, as well as with concrete strength, are not insignificant. When the cement 

was very uniform and real cement strength variations were small, the testing varia-

tion was large enough to mask the variability that can be attributed to variation of 

the cement source. Additionally, when only single batches of mortar or concrete 

were tested, correlations between these strengths were not obvious because of test-

ing variability. However, good correlations were obtained (Walker and Bloem 1958; 

Walker and Bloem 1961; Scott 1981) if several batches of mortar and concrete were 

prepared from the same sample, or enough consecutive samples (5 or 10) are aver-

aged. Gaynor concluded that there was indeed an excellent correlation between C109 

mortar strengths and concrete strengths made from the same cement sample.

Walker and Bloem (1958) attempted to attribute the cause for the variability in 

mortar strengths of the five cements’ sources. Barring two instances for cement source 

5, the mortar mixing water contents remained fairly constant and therefore could not 

explain the reasons for the variability in mortar strengths. Mortar sand grading was 

repeatedly checked and was found to be consistent as well. Good correlation between 

cement tri- calcium silicate contents and mortar compressive strengths was noted for 

sources 2–5. For source 6, such a correlation was not observed but the fineness was 

found to vary significantly. The authors concluded that variation in the tri- calcium 

silicate (C3S) content was a primary factor that can be attributed to variability in mor-

tar strengths between shipments from a given source. The authors did not notice any 

correlation between cement strength performance and the changing seasons.

A 1961 study by Walker and Bloem looked at 14 cements sources with two dif-

ferent operators and came to similar conclusions as the earlier study. In 1976 over 

100 cement plants in the United States and Canada participated in a year long grab 

sample testing program. Cement companies collected 10 grab samples every month 

from shipment containers. Grab samples better represent the cement received by 

the concrete producer. The data from the 1976 study were statistically evaluated 

(Davis 1975; Klieger 1976) by a joint NRMCA/ PCA (Portland Cement Association) 

Technical Liaison Committee and led to the development of ASTM C917, Standard 

Test Method for Evaluation of Cement Strength Uniformity from a Single Source, 

in 1980. In a later article, Gaynor (1986) analyzed the data and reported the varia-

tion in the monthly moving average strength (10 sample moving average) during the 

course of the year. This is reproduced in Table 2.2. A typical overdesign for concrete 

furnished under the ACI 318 Building Code is about 20%. Table 2.2 shows that about 

40% of the cement plants experienced changes in strengths exceeding 15% during 

the course of the year. Half of these plants had an increase in strength. This again 

confirms that that variation in the strength- producing property of cement from a 

single source cannot be ignored.
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11Variation in Concrete Strength Due to Cement

ASTM C917

ASTM C917 is the standard test method for Evaluation of Cement Strength Uniformity 

from a Single Source. C917 is typically done on the predominant cement sold at a 

cement plant. Random grab samples of cement are taken from normal delivery units, 

either trucks or railcars or some other point of the loading/ unloading process. ASTM 

C183 describes grab samples as those taken in one operation. Multiple grab samples 

taken at prescribed time intervals may be combined to form a composite sample rep-

resentative of the cement produced during that period of time. Grab samples reflect 

the properties of cement as shipped and will more closely explain what true variation 

is likely from shipment to shipment. On the other hand, composite samples may be 

used to develop cement mill test reports.

Typically, 10 test samples are collected in a month. All samples are tested for 

7- and 28-day mortar compressive strength in accordance with ASTM C109 on stan-

dard 2-in. (50-mm) cubes. The test report includes number of samples tested, average 

strength, total standard deviation, standard deviation corrected for testing, and the 

moving average of the five most recent test results. The report will contain test data 

that covers a period of 3 to 12 months. At their discretion, a cement manufacturer 

may decide that a consistent change in the strength- producing property of cement 

has occurred and may start a new set of calculations; in such a case, the values cal-

culated before, as well as after, the change should be reported.

The appendix of C917-05 has plots that summarize test data collected from 

87 cement plants in the United States and in Canada in 1991. It shows that some 

TABLE 2.2

Changes in Cement Plant Monthly Moving Averages 

of Mortar Strengths

Percentage Change in 

10 Samples 28-Day Strength

Percentage of Plants 

Exceeding 15%

 5 97.1

10 86.4

15 38.8

20 17.5

25  4.9

30  1.0

Source: Adapted from Gaynor, R.D., “Cement Strength Variability 

and Trends in Cement Specifications in the U.S.,” Eighth 

Congress of the European Ready Mixed Concrete 

Organization (ERMCO), Rome, Italy, May 1986, 8 pp.

Note: In 1976, 100 cement plants participated in year long grab sam-

ple program at 10 samples every month.
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12 Improving Concrete Quality

cement plants can produce more consistent strengths than others. About 10% of 

the plants had a 28-day standard deviation (corrected for testing error) of more 

than 380 psi (2.62 MPa); 10% of plants had a 28-day standard deviation less than 

180 psi (1.24 MPa); the median standard deviation of all plants tested was 280 psi 

(1.93 MPa). Figure  1 in ASTM C917 shows that a typical cement with a 28-day 

standard deviation of 310 psi (2.14 MPa), showed 28-day mortar strength varying 

between 5300 psi (36.6 MPa) and 6800 psi (46.9 MPa) over a period of 1 year of 

manufacturing. This author has reviewed a number of C917 reports and found that 

a 1450 psi (10 MPa) range in 28-day compressive strength is not unusual among 

cement plants. Some cement plants displayed 28-day compressive strength range 

below 1000 psi (6.9 MPa), and these plants also had standard deviations less than 

225 psi (1.55 MPa).

HOW SHOULD A READY MIXED CONCRETE 

PRODUCER USE ASTM C917?

Ready mixed concrete producers rarely test cement, and even if they do, the results 

are typically obtained after the concrete containing that cement has been manufac-

tured and utilized. Therefore, it is important for the ready mixed concrete producer 

to monitor the C917 reports and use them as described in the following text. This 

will also encourage the cement producer to pay attention to their quality practices 

and reduce the cement variability, which in turn will lead to lower concrete strength 

variability and lower materials cost.

Cement ChoiCe

Cement- strength uniformity (ASTM C917 test data) can be considered in cement 

purchase decisions by the ready mixed concrete producer. Apart from ASTM C150 

mill test reports, concrete producers should request to see ASTM C917 test reports 

over the past 12 months. Everything else being equal, a cement that has a lower stan-

dard deviation as measured by ASTM C917 will be more uniform and will generally 

result in a lower concrete- strength standard deviation. Based on the discussions ear-

lier, cement with a C917 standard deviation of 380 psi (2.62 MPa) can be estimated 

to result in a 28-day concrete strength range of 874 psi (6.03 MPa) or ±437 psi (3.02 

MPa) from the average. On the other hand, cement with a C917 standard deviation 

of 200 psi (1.38 MPa) can be estimated to result in a 28-day concrete strength range 

of 460 psi (3.17 MPa) or ±230 psi (1.59 MPa) from the average. Choosing the latter 

cement can result in a 200 psi (1.38 MPa) lower target average strength that can help 

attain a cost savings of $1/yd3 ($1.3/m3).

Better Understand ConCrete VariaBility and lower it

ASTM C917 test data can be used to lower overall concrete variability and hence 

improve quality. If, periodically (once a week), standard concrete mixtures (com-

monly sold mixtures at a given plant, for example) are cast and strength properties 
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13Variation in Concrete Strength Due to Cement

evaluated, it becomes possible to correlate the cement- strength variation with the 

concrete- strength variation. Figure 2.3 shows how a concrete producer (Scott 1981) 

tracked the five- test moving average of C109 mortar cube strengths from the C917 test 

report. Superimposed is a five- test moving average of concrete cylinder test results 

made from a standard 450 lb/ yd3 (267 kg/ m3) cement factor, 3000 psi (20.7 MPa) 

concrete mixture. Both the mortar and concrete- strength curves show a downward 

trend from mid- March to mid- June, followed by a sharp increase. A typical 2- to 

5-day time lag for rail shipments to the ready- mix plant would explain some of the 

apparent shift in peaks. A good understanding of the concrete- strength variation due 

to cement- strength variation is a first step in understanding the causes of the overall 

concrete- strength variation. Such an understanding can help find ways to lower the 

concrete variability, reduce cement factors in concrete, and attain improved quality.

redUCe low- strength ProBlems and oPtimize mixtUre ProPortions

This can help the producer lower costs. If a process variable in cement manufactur-

ing has changed and the cement strength is trending upward, timely communication 

from the cement manufacturer can help the concrete producer optimize concrete 

mixture proportions. On the other hand, if the cement strengths are trending downward, 

mixture proportions may have to be changed to prevent low- strength test results. 

To be effective, communication should occur as soon as 7-day mortar test results 

are available or even earlier if process changes have occurred at the cement plant 

that are known from past experience to change the strength- producing property of 

cement in a certain manner. In periods of high volume use, it is also possible that 

cement producers might switch the cement source shipped to the concrete producer.

It is important not to be alarmed by a single low or high cement 7- or 28-day 

strength test result. The 7-day test result is preferable as it provides a quicker opportu-

nity to make changes as needed. A single low strength could be because of testing or 

genuine material variation. However, if there is a pattern of low- strength results, then 

it suggests a step change, that is, the average strength has reduced; and that reduction 
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FIGURE 2.3 Running five- test average of C109 mortar cubes (C917 Report) versus run-

ning five- test average of concrete cylinders tested at 28 days. (Reprinted with permission 

from Scott, B. M., “Cement Strength Uniformity—A Ready- Mix Producer’s View,” NRMCA 

Publication No. 165, NRMCA, Silver Spring, MD, December 1981.)
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14 Improving Concrete Quality

in cement strength has to be managed by changing the concrete mixture proportions 

to avoid low concrete strengths. The step change could be due to a testing bias but 

that is generally unusual and the cement manufacturer can rapidly investigate that. 

Most likely, the step change is due to a genuine change in the strength- producing 

property of the cement itself. Control charts of moving averages of 3 or 5 consecu-

tive test results and CUSUM charts (ACI 214R; Day 2006) can help understand if 

a step change has occurred. Moving average control charts and CUSUM charts are 

discussed in more detail in the chapter on Basic Statistics. If a moving average of 

five consecutive test results is plotted on a control chart, statistically there is only 

a 2% chance that test results will fall outside X St± ×1 042. , where St is the total 

standard deviation of the cement strength and (X ) is the average 7-day strength, both 

of which are reported in a C917 test report. Example: For X  = 4600 psi (31.7 MPa), 

St = 270 psi (1.86 MPa). Limits for the 2% chance can be calculated as 4600 ± 281 psi 

or 31.7 ± 1.94 MPa.

troUBleshoot low- strength ProBlems

When C917 data are available, concrete producers can also use it to troubleshoot 

low concrete strengths in evaluating whether the cause for the low concrete strength 

can be attributed to a reduction of the cement strength. Other factors, such as mix-

ing water, air content, batching errors, and testing errors, should also be considered. 

Concrete producers should also keep 5 lb (2.25 kg) samples of cement from each 

shipment in sealed containers so that these can be tested if necessary. It is advisable 

to retain cement samples for 3 to 6 months from the date the shipment was received.

HOW SHOULD A CEMENT PRODUCER USE ASTM C917?

Cement manufacturing is an intensive process of using naturally available (variable) 

resources and manufacturing process variables. The cement manufacturer clearly 

has a goal of minimizing variability and has access to various tools and methods 

to monitor cement variation. A large cement producer can look at the strength vari-

ability measured according to C917 at various cement plants and try to better under-

stand the reasons for lower variability at certain plants and duplicate them elsewhere. 

Sometimes, the higher strength variability attained at a plant is because of a wider 

variability in the raw materials of the cement itself. This was referred to by a cement 

producer (Floor Discussion of paper 1958) while discussing the 1958 research study. 

He says that some plants had a wider variation of silica content in their raw materials. 

If those plants attempted to control their composition of raw mixes by just the analy-

sis for the carbonate portion, they could end up with wide variations in tri- calcium 

silicate contents. The cement producer can target a lower variability as measured 

by ASTM C917 by identifying the key strength- producing characteristics, such as 

tri- calcium silicate content, fineness, gypsum content, and so forth, and attempt to 

control them. It has been suggested that ASTM C150 itself should have limits on the 

extent to which some of these properties can vary (Floor Discussion 1958; Peters 

1980; Mather 1975). In 1975, then- president of ASTM Bryant Mather while dis-

cussing the lower- limit- only cement strength specifications stated: “We need to do 

www.EngineeringEbooksPdf.com
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something about the variability. We need to put into the ASTM standards some way 

by which the user can require not just compliance with the minimum, but an assur-

ance of some degree of uniformity.” An attempt at this was to incorporate a cement 

strength range concept in ASTM C1157, but it was dropped because of significant 

confusion on how cement could be ordered.

As discussed in the previous section, as soon as the 7-day moving average of five 

consecutive C917 strength test results fall outside previously agreed upon control 

limits, the cement producer should communicate that to the concrete producer so 

that suitable actions can be taken. Communication can even be earlier if process 

changes have occurred at the cement plant that are known from past experience 

to change the strength- producing property of cement in a certain manner. Timely 

communication can reduce low- strength problems in the field and the accompanying 

investigating costs.

SUMMARY

 1. The strength- producing property of cement from a given source varies 

between shipments.

 2. The cement strength as measured by mortar cubes has been correlated with 

concrete strength. To reduce the effect of testing variability, it is impor-

tant to prepare several batches of mortar and concrete from the same 

cement sample or compare moving averages of 5 to 10 consecutive sample 

test results.

 3. ASTM C917 is the standard test method for the evaluation of cement 

strength uniformity from a single source. C917 is typically done on the 

predominant cement sold at a cement plant.

 4. Concrete producers should monitor ASTM C917 test reports and use them 

to make purchasing decisions, attain lower variability concrete, and prevent 

and/ or troubleshoot low- strength problems.

 5. Cement producers should use C917 test reports to compare cement plants, 

better understand reasons for the strength variability, and attempt to lower 

it. If there are process changes at the cement plant or if the 7-day C917 

strength test results fall outside agreed upon control limits, the cement pro-

ducers should communicate that to the concrete producers so that they can 

take effective action.

 6. It is important that the concrete producer and the cement manufacturer 

work as a team as it is in the best interest of both that concrete of good 

quality with low variability and reduced low- strength problems is made and 

placed. A good understanding of cement strength variations through effec-

tive use of ASTM C917 is essential in this regard.
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3 Variation in Concrete 

Strength Due to Water 

and Air Content Variation

This chapter discusses concrete strength variability due to variations in mixing water 

and air contents.

MIXING-WATER CONTENT VARIATION AND ITS EFFECT 
ON COMPRESSIVE STRENGTH VARIATION

Compared to other ingredients, there are several sources (and potential errors) by 

which mixing water is incorporated in a concrete mixture. These sources and ways to 

ensure that the batchwater is within tolerance of the designed amount are discussed 

in a later chapter. ASTM C94 and ACI 117 state that the total mixing water should 

be within ±3% of the quantity required by the mixture proportion. ASTM C94 also 

requires that the added water should be within ±1% of the design total mixing water. 

These standards do not establish accuracy requirements for individual sources of 

water, such as for water added from the water tank on the concrete truck. The NRMCA 

Plant and Truck Certification inspection process has accuracy requirements for water 

measurement in the plant and for water tanks that are based on target quantities.

For the purpose of this discussion, it is assumed that for plants and construc-

tion practices operating under a good standard of control, the mixing water content 

can vary within ±5% of the required quantity 95% of the time. In other words for 

a concrete mixture with a design mixing water content of 250 lb/ yd3 (148 kg/ m3), 

the actual water content can vary by ±12.5 lb/ yd3 (7.4 kg/ m3). During a field eval-

uation conducted by the NRMCA, the mixing water content calculated from the 

batch records and other reported sources of water was found to range from 227 to 

256 lb/ yd3 (135 to 152 kg/ m3), with an average of 243 lb/ yd3 (144 kg/ m3). This was 

determined from 12 loads of the same mixture. From this evaluation, 94% of the 

values were within the range of ±12.5 lb/yd3 (7.4 kg/m3). One could also consider the 

ASTM C94 and ACI 117 allowable slump tolerance of ±1.5 in. (38 mm) for concrete 

of slump greater than 4 in. (102 mm), with all else being equal, as roughly result-

ing from a ±5% variation in water content. As part of a different study, the author 

received project test data from several concrete producers. Each project test data 

consisted of slump, air content, temperature, and 7- and 28-day strengths measured 

on the same concrete sample over a period of several months. Some of that data are 

summarized in Tables 3.1–3.3. Table 3.1 shows that barring Producer C, the remain-

ing four data sets met the slump requirement within tolerance exceeding 95% and 
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averaged 96.3%. So, the assumption that plants and construction practices operating 

under a good standard of control have a mixing water content variation of ±5% of the 

required quantity 95% of the time seems reasonable.

For a concrete mixture at a given w/ cm, a ±5% variation in mixing water will have 

the same effect on the w/ cm as a ±5% variation in the cement content. A commonly 

used rule of thumb is that 1 lb of cementitious material equates to a compressive 

strength between 8 and 12 psi (or 1 kg of cementitious material equates to a compres-

sive strength between 0.12 to 0.18 MPa). This is a simplistic assumption that is valid 

only for w/ cm around 0.50 to 0.60 or for concrete with 28-day compressive strength 

ranging from 4000 to 5000 psi (27.6 to 34.5 MPa). For lower w/ cm concrete, a pound 

or kilogram of cement contributes lesser to compressive strength as compared to 

higher w/ cm. (See Appendix B for more discussions.) This means that a ±5% varia-

tion in cement content will result in a ±5% compressive strength variation. Based on 

the discussions in Appendix B, this is valid only for w/ cm around 0.50. If the mixing 

water content varies by ±5% of the target value 95% of the time, the effect is that 

the resulting compressive strength variation should be within ±5% of the average 

strength 95% of the time.

AIR CONTENT VARIATION AND ITS EFFECT 
ON STRENGTH VARIATION

ASTM C94 and ACI 117 state that for air- entrained concrete, the tolerance is ±1.5%. 

Table 3.2 has only two data sets with air- entrained concrete. Both the data sets show 

that there is a higher compliance with air- content tolerances compared to slump 

tolerances. Based on that data, one could conservatively assume that for plants and 

TABLE 3.1

Statistical Summary of Project Slump Test Results Sent by Five 

Concrete Producers

Producer 

ID

Percent of 

Measurements

Average Slump, 

in. and mm

Slump Range, 

in. and mm

Percent in Compliance with 

C94 Tolerance of ±1.5 in. 

(40 mm)

A 305 5.2 (132) 1.75–6.75

 (45–170) 98.0

B  57 6.9 (175) 5.00–8.00

(125–205) 94.7

C  41 7.6 (193)  3.50–10.50

 (90–265) 73.2

D1 304 4.8 (122) 2.00–8.00

 (50–205) 97.4

D2  62 8.4 (213) 6.25–9.50

(160–240) 95.2
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19Variation in Concrete Strength Due to Water and Air Content Variation

construction practices, operating under a good standard of control, the air contents 

of air- entrained concrete can vary within ±1.5% of the average 95% of the time. 

Table 3.2 has three data sets with nonair- entrained concrete. ASTM C94 and ACI 117 

do not state tolerances for nonair- entrained concrete. The air content variations in 

nonair- entrained concrete are expected to be lower than in air- entrained concrete. 

Assuming a tolerance of ±0.75%, the three data sets show that for plants and con-

struction practices operating under a good standard of control, the air contents of 

nonair- entrained concrete can vary within ±0.75% of the average 95% of the time.

A common rule of thumb is every 1% increase in air content will reduce the con-

crete compressive strength by 5%. So the air content variation of ±1.5% will result in 

a ±7.5% compressive strength variation. In the case of air- entrained concrete, since 

the air content is within ±1.5% of the average value 95% of the time, the resulting 

compressive strength variation should be within ±7.5% of the average strength 95% 

of the time.

COMBINED EFFECT OF WATER AND AIR CONTENT 
VARIATION ON STRENGTH VARIATION

It is assumed that mixing water content, air content, and the resulting compressive 

strength are normally distributed.

So far we know the following:

95% of the time the water content is between 0.95W and 1.05W, where W is 

the target mixing- water content. Assuming a normal probability distribu-

tion, this would result in

97.5% of the time the water content is less than 1.05W and as a result,

97.5% of the time, the strength is greater than 0.95
–
X, where 

–
X is the average 

compressive strength.

TABLE 3.2

Statistical Summary of Project Air Content Test Results Sent by Five 

Concrete Producers

Producer 

ID

Number of 

Measurements

Average Air 

Content, 

%

Air Content 

Range (%)

Percent in Compliance with C94 

Tolerance of ±1.5%

A 302 5.6 3.4–6.9 99.7

B  57 5.4 3.9–7.1 96.5

C  41 2.9 2.2–4.0 90.2a

D1 302 2.0 1.0–4.5 92.1a

D2  17 1.0 0.8–1.4 100a

a Nonair- entrained concrete does not have C94 air content tolerances. So ±0.75% was assumed.
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In the same way, it can be concluded that

97.5% of the time, the air content is less than (A+1.5), where A is the target air 

content and as a result,

97.5% of the time, the strength is greater than 0.925
–
X (1 – 0.075).

Combining the water and air content probabilities we can state that

95% (0.975 × 0.975) of the time the water content is less than 1.05 W, and the 

air content is lesser than (A+1.5) and as a result,

95% of the time, the strength is greater than 0.875
–
X (1 – 0.05 – 0.075)

This is somewhat of a conservative approach since this approach assumes that 

high slump and high air content are mutually exclusive events, whereas in reality, 

a high water content is likely to lead to a high air content and vice versa.

Let us assume the compressive strength test results are normally distributed with 

a standard deviation (S). So, for the 95% probability it follows that:

 –
X – 1.64S = 0.875

–
X. 

Simplifying, we get

 S = 0.0762
–
X

If the average measured compressive strength (
–
X) is 5000 psi (34.5 MPa), then 

S = 381 psi (2.63 MPa). ACI 214R states that S < 400 psi (2.76 MPa) would denote 

an excellent standard of concrete control for general construction testing. However, 

it is important to realize that the value of S calculated here (albeit, conservatively) is 

solely due to variation in the water and air contents. Variation due to cement, supple-

mentary cementitious materials (SCMs), aggregates, admixtures, mixing, transport-

ing, delivery time, temperature, curing, and testing is likely to significantly increase 

this value.

DISCUSSION

The above analysis can be used to illustrate why nonair- entrained concrete has a 

lower variability in compressive strength. It was shown that nonair- entrained con-

crete typically has an air content variation of ±0.75%, which can result in a ±3.75% 

variation in compressive strength. When this is added to the water content variation 

as in the above example, it results in S = 267 psi (1.84 MPa) for the average measured 

compressive strength of 5000 psi (34.5 MPa). However, there are instances where 

in the combinations of some admixtures and cementitious materials (even nonair- 

entrained concrete mixtures) may attain high air- content variations, thus leading to 

potentially higher strength variations. For example, Table 3.2 shows that for produc-

ers C and D1, the air contents of their nonair- entrained concrete mixtures exceeded 

±0.75% of the average about 10% of the time.
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Table 3.3 is a statistical summary of project test results sent by the five different 

concrete producers. The coefficient of variation of slump, air content, temperature, 

density, and standard deviation of 7- and 28-day strengths are provided. The follow-

ing observations can be made:

 1. The standard deviation of 7-day strength is higher and correlates well with 

the standard deviation of the 28-day strength.

 2. The standard deviation of the 28-day strength varies from 438 psi 

(3.02 MPa) to 1258 psi (8.68 MPa).

 3. The variability of slump and air contents correlates with the measured 

variability of the 28-day strength. The predicted 28-day strength standard 

deviation is calculated from the percent in compliance with slump and air- 

content tolerances, as discussed in the previous section. The slump varia-

tion is converted to a water content variation. The predicted 28-day strength 

standard deviations suggest that producers A and D1 have the lowest vari-

ability, followed by producer B and finally producer C. Producer D2 does 

have a low predicted S but reported a high measured 28-day strength S. 

Producer D2 had combined the test data from several different laborato-

ries, and the resulting testing variations have made it harder to interpret 

that set of data. Producer C had the lowest percent in compliance with C94 

slump tolerance limits, which resulted in the highest coefficient of variation 

of concrete slump. Producer C also had the highest coefficient of varia-

tion of concrete temperature. This suggests that producer C might have a 

high variation in water content, which can explain the high measured S of 

TABLE 3.3

Statistical Summary of Project Test Results Sent by Five Different 

Concrete Producers

Producer 

ID

Coefficient of Variation, %

S of 7 Day 

Strength, 

psi (MPa)

28-Day Strength

Slump

Air 

Content Temperature Density

Average, 

psi (MPa)

S, psi 

(MPa)

Predicted 

S, psia 

(MPa)

A 12.9  8.2  9.2 NA  485 (3.35) 5578 

(38.5)

438 

(3.02)

307 (2.12)

B 10.6 15.0  9.9 0.94  624 (4.30) 4952 

(34.2)

536 

(3.70)

362 (2.50)

C 22.2 15.9 17.1 0.84 1701 (11.73) 9450 

(65.2)

1258 

(8.68)

890 (6.14)

D1 12.3 22.5  8.9 1.03  594 (4.10) 5213 

(36.0)

474 

(3.27)

281 (1.94)

D2  9.0 18.0  7.3 0.36 1167 (8.05) 6632 

(45.7)

938 

(6.47)

294 (2.03)

a Predicted S based on slump and air content compliance probabilities.
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28-day strength. Producer A, on the other hand, attained the highest percent 

in compliance with slump and air content and ended with the lowest mea-

sured S of 28-day compressive strength.

SUMMARY

Variation in mixing-water content and air content has been shown to contribute sig-

nificantly to the variation in compressive strength. So in order to attain a low stan-

dard deviation of 28-day strength, it is important for the producer to target a low 

mixing-water and air content variation.
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4 Mixing- Water Control

This chapter discusses how a producer can manage the various factors that will 

reduce the variability of mixing- water content in concrete mixtures.

SOURCES OF WATER

Compared to other ingredients, there are several sources (with potential errors) by 

which mixing water is incorporated in a concrete mixture. ASTM C94 and ACI 117 

state that the total mixing water should be within ±3% of the quantity required 

by the mix design. This mixing water includes water added to the batch, ice added 

to the batch, water occurring as surface moisture on the aggregates, water intro-

duced in the form of admixtures, and any washwater retained in the truck drum. In 

addition, mixing water may also be added at the slump rack and at the job site. The 

primary sources of mixing- water variations and methods by which they can be con-

trolled to be within a tight tolerance are discussed next.

washwater in trUCk mixer drUm from PreVioUs load

When concrete is discharged at the job site, a mortar coating adheres to the surface 

of the mixer drum. Depending on the situation, type of mixture or company practice, 

the concrete mixer truck operator may wash the interior of the drum at the job site 

or on arrival at the plant. In some cases, this water may not be discharged, and it 

may remain in the truck when the next load is batched. Washing the mixer drums 

between every load leads to several possible problems:

 1. It consumes a lot of water.

 2. If discharged, it generates process water at the concrete plant that will have 

to be managed in compliance with environmental regulations.

 3. If not discharged, water (anywhere from 5 to 30 gallons or 18.9 to 113.4 liters) 

may remain in the mixer drum when the next load is batched.

ASTM C94 recognizes the last possibility and states a condition that the washwater 

retained in the drum for use in the next load should be accurately measured. If that is 

not possible for compliance with ASTM C94 truck operators should be educated on 

the importance of disposing of all of the washwater prior to batching a fresh concrete 

load. The process of discharging the mixer washwater into a wash-out pit may take 

time, but it is an important step toward achieving quality concrete. The more com-

mon industry practice is to not wash out the mixer drum after every load. The mortar 
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coating will not significantly change the water content or any of the properties of the 

new load of concrete. Washing the inside of a mixer drum may be necessary in hot 

weather conditions when it can lead to undesirable hardened concrete buildup inside 

the drum, when using special concrete- containing color or fibers, or when required 

by company policy.

BatChwater

Batchwater is defined as the water added to the ready mixed concrete truck. 

Generally, this constitutes the primary source of mixing water. Water can be mea-

sured by volume using water meters or volumetric tanks or by mass in scales. ASTM 

C94 requires that the added water should be accurate to within ±1% of the design 

total mixing water. Water is most commonly measured by water meters, which are 

volumetric batching devices for water. In some plants, water may also be measured 

by mass through scales. The NRMCA plant certification requires that volumetric 

water measuring devices should be accurate to within ±1.5% of the desired amount 

of water, which corresponds approximately to an accuracy of ±1% based on total 

mixing water for typical aggregate moisture levels. Scale accuracy requirements are 

tighter. The NRMCA measuring tolerance is more easily verified during a batch-

ing process or by reviewing batch records. The NRMCA plant certification process 

requires that measuring devices be verified for accuracy not less than once every 

6 months or when there is reason to assume their accuracy is in question. It is one 

thing to have a well- calibrated water- batching device. It is additionally important to 

ensure that the added water in every concrete load that is shipped from the plant is 

within target range. Batching errors do occur from time to time. All computerized 

batch panels have some form of error monitoring and alerting system, which may be 

overridden and accepted with a keystroke. Automated evaluation and alerting sys-

tems available nowadays can send email alerts to Quality Control/ Quality Assurance 

(QC/ QA) personnel when a load is found to be outside prescribed or company- set 

target ranges. Improving batching accuracy will be discussed at great length in a 

later chapter.

Most chemical admixtures added to concrete contain in excess of 60% water. It 

is important to consider the water content contributed by chemical admixtures, par-

ticularly those used in high dosages such as corrosion inhibitors or accelerators. In 

general, if the admixture dosage is around 1 gallon/ yd3 (5 liter/ m3) or greater, batch 

water compensation should be made to account for water incorporated with admix-

tures. For the admixtures used in high dosages, if the dosages change significantly 

between loads and the water from the admixtures had not been considered, then it 

may lead to high mixing- water variations.

free water from aggregates

Free water from aggregates constitutes a portion of the mixing water. If the coarse 

aggregate and the fine aggregate have a free moisture content of 1% and 5%, respec-

tively, assuming a typical concrete mixture that contains 1800 lb/ yd3 (1068 kg/ m3) of 

coarse aggregate and 1200 lb/ yd3 (712 kg/ m3) of fine aggregate, the contribution that 
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the aggregates provide to the mixing water is 78 lb/ yd3 (46 kg/ m3). If the total mixing 

water is 270 lb/ yd3 (160 kg/ m3), the free water from the aggregates contributes 29% 

of the mixing water in this example. Therefore, even a 1% error in estimating the 

aggregate moisture content can cause a 12–18 lb/ yd3 (7.1–10.7 kg/ m3) variation in the 

mixing- water content, which can be roughly equal to a 300 psi (2.1 MPa) change in 

28-day compressive strength. To address this, many concrete producers use moisture 

probes in the fine aggregate bins. These moisture probes provide real- time moisture 

measurements of the fine aggregate, based on which the added water is adjusted 

automatically or manually. The NRMCA plant certification requires that moisture 

probes be verified for accuracy not less than once every 6 months or when there 

is an assumption of error. Alternatively, aggregate moisture should be determined 

at the concrete plant using a hot plate or a microwave oven, according to ASTM 

C566. If such a process is followed, the NRMCA plant inspector guide suggests that 

the aggregate moisture be measured not less than three times per week. Aggregate 

moistures can vary, depending on aggregate storage methods or frequency of receiv-

ing shipments. Moisture probes are not commonly used in coarse aggregate bins 

due to wear. Coarse aggregate moistures should be periodically measured using a 

microwave oven or a hot plate. Since they constitute the largest quantity of ingredi-

ents batched, a small change in the coarse aggregate moisture can result in a large 

change in the mixing- water content. Another important factor is the procedures used 

by the loader operator to feed aggregates from stockpiles to the batch plant. The key 

is to avoid loading aggregates with variable moisture and to ensure that the aggre-

gate being batched is representative of the moisture content assumed in the batching 

process. In general, working the complete face of a stockpile tends to average out 

the moisture content and minimize variations. Finally, if aggregate batch weights 

are substantially out of target range (10% or more), they can also lead to variations 

in mixing- water content. Generally, such grossly out- of- tolerance aggregate batch 

weights can easily be identified and rectified.

water added at slUmP raCk

Almost all concrete is accepted at the job site based on a certain slump level or 

visual consistency to facilitate ease of placement, regardless of whether the project 

specification includes a slump requirement. After loading all of the materials, truck 

mixer operators move the truck to the wash-down area or slump rack to clean the 

loading hopper, chute, and sides of the mixers before leaving the plant. At this point, 

they may visually estimate the slump and might retemper the load to achieve the 

desired mixture consistency, including some anticipated slump loss during transit. In 

some cases, actual slump measurements may be made and/ or slump meters on truck 

mixers may be used. But typically this adjustment is done visually as determined by 

the truck operator. Water added at the slump rack can be a large source of variation 

in mixing water in concrete and needs to be managed by proper company policy 

and education of truck mixer operators. Some options to control this include using 

timers on water hoses; using high- pressure, low- volume spray bars; installing water 

meters on the water lines; or using water from the truck water tank for retempering to 

obtain a measurement of the added water. The goal should be to minimize the water 
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added to the mixture at this point and to be able to record the quantity of water added 

to the mixture. It is important to educate the truck mixer operators to minimize the 

water entering the mixer drum and to record the amount of water added.

Automated water- addition devices installed in truck mixers are also available. 

These devices introduce recordable quantities of water to the concrete mixture based 

on calibrated slump meters that measure the mixture consistency. These devices can 

be controlled to shut off when the mixing water reaches the quantity permitted for 

the mixture. Automated admixture- addition devices are also being explored.

water added at JoB site

When the truck arrives at the job site and the concrete is about to be unloaded, it 

is quite possible the concrete slump is lower than that specified or desired by the 

contractor for placement. This depends on the time elapsed from batching, ambi-

ent and concrete temperature, and mixture proportions used, among other factors. 

ASTM C94 allows a onetime addition of water so that concrete slump can be brought 

to specified levels, provided the design mixing- water content is not exceeded. A 

onetime addition of water may be several distinct additions of water, and all water 

addition should be completed within 15 minutes. Since 2013, ASTM C94 has also 

started to allow the use of automated water- addition devices in truck mixers as well. 

It is common practice for producers to hold back water to permit job- site water addi-

tion (NRMCA CIP 26). This water addition should be done before any significant 

quantity of concrete is discharged, and C94 allows for slump and air tests on a pre-

liminary sample to facilitate this. C94 requires that the water added by the receiver 

of concrete and his initials be recorded on the delivery ticket. At the request of the 

purchaser, C94 requires that the delivery ticket has all the information required for 

calculating the total mixing water. It is a good practice for producers to note the 

amount of water that can be added at the job site so that design mixing- water content 

is not exceeded. ACI and ASTM standards do not establish accuracy requirements 

for water added from truck water tanks. The NRMCA Plant Certification has accu-

racy requirements for measurement devices on truck water tanks. Sight gauges have 

to be accurate within ±1 gallon (±3.78 liter), and water meters have to be accurate 

within ±2% of target water.

VARIATIONS IN MIXING- WATER DEMAND

As mentioned earlier, concrete at the job site is expected to be within a specific 

slump range before it can be placed. Temperature, delivery time, air content, and a 

host of other factors affect the mixing-water demand of a given concrete mixture that 

needs to meet a specific slump level.

Table  4.1 summarizes the effect of temperature and delivery time on mixing 

water demand from a previous NRMCA research study (Gaynor et al. 1985). The 

study shows that, if a mixture had been designed at a concrete temperature of 65°F 

(18.3°C) and a delivery time for 20 minutes, an increase in temperature to 95°F (35.0°C) 

and delivery time to 90 min can cause an increase in average mixing- water content of 

33 lb/ yd3 (43 kg/ m3) to maintain the same slump. This variation in mixing water can 
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clearly lead to increased standard deviation in strengths and low- strength problems. 

The concrete producer has limited control over concrete temperature and very little 

control over the delivery time.

The producer can reduce the mixing- water variations due to temperature varia-

tions through the following steps:

 1. Table 4.1 suggests that, for every 10°F (5.6°C) increase in concrete tem-

perature, the mixing- water demand increases by about 5 lbs/ yd3 (3 kg/ m3), 

which is about 2% of the mixing-water amount used, typically assuming 

a delivery time of 60 min. So the producer could increase the dosage of 

water- reducing admixtures as the concrete temperature increases by more 

than 10°F (5.6°C).

 2. Concrete mixtures designed at a concrete temperature of 65°F (18.3°C) 

cannot be used when the concrete or ambient temperature exceeds 85°F 

(29.4°C). When the temperature reaches and exceeds 85°F (29.4°C), adjust-

ments, such as the use of retarders and increased amounts of pozzolans like 

Class F fly ash or slag cement, allow for longer slump retention without 

excessive water addition.

Variations in mixing- water demand due to delivery-time variations are much harder 

to control since the producer cannot predict the delivery time of any particular 

load in advance. The challenge is that the travel time may be unpredictable due to 

TABLE 4.1

Average Mixing- Water Increase Due to Temperature and Delivery Time

Condition

Average Mixing- Water Increase,a 

lb/ yd3 (kg/ m3)

Delivery time maintained at 20 min and concrete temperature 

increased from 65°F (18.3°C) to 95°F (35°C)

12 (7.1)

Delivery time maintained at 90 min and concrete temperature 

increased from 65°F (18.3°C) to 95°F (35°C)

19 (11.3)

Temperature maintained at 65°F (18.3°C) and delivery time 

increased from 20 to 90 min

14 (8.3)

Temperature maintained at 95°F (35°C) and delivery time 

increased from 20 to 90 min

21 (12.5)

Temperature increased from 65°F (18.3°C) to 95°F (35°C) and 

delivery time increased from 20 to 90 min

33 (19.6)

Source: Adapted from Gaynor, R.D., Meininger, R.C., and Khan, T.S., Effect of Temperature and 

Delivery Time on Concrete Proportions, Temperature Effects on Concrete, ASTM STP 858, 

T.R. Naik, Ed., American Society of Testing Materials, Philadelphia, June 1985, pp. 68–87, 

www.astm.org.
a Mixing- water increase was averaged over eight different mixture types (two different cements, two dif-

ferent strength levels, with and without fly ash). In all cases, mixing- water content was adjusted to 

attain a slump level of 4 ± 1 in. (102 ± 25 mm) at discharge.
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traffic in urban environments. Even if travel time is consistent, the time at which 

the concrete gets poured will vary, depending on the contractor’s work schedule. 

Based on Table 4.1 results, concrete producers should aim to target a slump of 2–3 

in. (51–76 mm) higher than the minimum permitted at the job site or hold back 

about 2–3 gal/ yd3 (7.6 to 11.3 L/ m3) of mixing water to compensate for slump loss 

that can occur due to the delivery time. Even though that will help attain consistent 

slumps at the job site, the mixing- water content will still vary due to delivery- time 

variations. There will be no variations in mixing- water demand due to delivery- 

time variations if the concrete mixtures do not exhibit any slump loss. As explained 

earlier, use of retarders and increased amounts of pozzolans like Class F fly ash or 

slag cement allows for longer slump retention, but one has to be careful adopting 

those techniques when concrete and ambient temperatures are below 85°F (29.4°C) 

due to potentially delayed setting times. Job- site admixture (water reducer) addition 

may also help reduce the variations in mixing- water demand due to delivery- time 

variations, provided qualified personnel are available to administer it. Automated 

admixture (water reducer) addition devices can also be considered when available.

ASTM C94 and ACI 117 state that for air- entrained concrete, the tolerance is 

±1.5%. Figure 4.1 extracted from the NRMCA Concrete Technologist Certification 

Instruction Manual shows the typical reductions in mixing- water content expected 

due to the entrained air content. Added air illustrated in the figures is the difference 

between the target air content in air- entrained concrete and that present as entrapped 

air in nonair- entrained concrete with the same materials. Air entrainment causes 

greater water reductions for low- cement factor or higher w/ cm concrete mixtures. If 

two successive concrete loads have a total air content at the concrete plant of 7.5% 

and 4.5% (just meeting the C94 tolerance of 6 ± 1.5%), the added air for each load 
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FIGURE 4.1 Effect of added air on mixing- water demand. (Reprinted with permission 

from NRMCA Concrete Technologist Certification Instruction Manual, “Outline and Tables 

for Proportioning Normal Weight Concrete—Advanced Version,” NRMCA, Silver Spring, 

2010.). (a) When cement factor is known; (b) when w/ cm is known.
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can be calculated as 6.0% and 3.0%, and therefore the difference in mixing- water 

demand can be estimated from Figure 4.1b as 20 lbs/ yd3 (11.9 kg/ m3), assuming a 

design w/ cm of 0.50 for that concrete mixture. There is a silver lining in this, though. 

Generally, a higher air content results in a lower mixing- water demand, so the result-

ing strength reduction due to the higher air content is somewhat reduced. Once again, 

job- site admixture (water reducer) addition or the use of automated admixture (water 

reducer) addition devices can help reduce the variations in mixing- water demand due 

to air content variations.

In addition to temperature, air content, and delivery time, other variables such as 

variations in cementitious shipments, presence of fines in aggregate, and dust on the 

aggregate surface can also influence the mixing- water demand.

EFFECT OF MIXING- WATER CONTENT, MIXING- WATER DEMAND 
ON MEASURED SLUMP

For a given concrete mixture, if 10 different truckloads batched have slump varying 

over a tight range (within 1 in. or 25 mm, for example), would it be reasonable to 

expect that the mixing- water content is controlled to a tight range? The answer is yes, 

provided the mixing- water demand stays the same.

Consider the job site data for the following two truckloads that used identical 

materials and mixture proportions:

Load A. Concrete temperature = 65°F (18.3°C), air content = 7.5%, delivery 

time = 20 minutes, slump = 4 in. (102 mm).

Load B. Concrete temperature = 65°F (18.3°C), air content = 4.5%, delivery 

time = 90 minutes, slump = 4 in. (102 mm).

From the discussions in the previous section, it can be quickly estimated that Load B 

is likely to have about 35 lb/ yd3 (20.8 kg/ m3) higher mixing- water demand than 

Load A, but since the slumps measured at the job site are identical, the actual mixing- 

water content of Load B should have been about 35 lb/ yd3 higher (20.8 kg/ m3)! Using 

the same argument, if the temperature of Load B is 20°F (11.7°C) higher than that of 

Load A, it can be estimated that the actual mixing- water content of Load B should 

have been nearly 50 lb/ yd3 (29.7 kg/ m3) higher! In addition, other variables such as 

variations in cementitious shipments, presence of fines in aggregate, and dust on 

the aggregate surface can also influence the mixing- water demand, thus resulting 

in loads that are similar in slump but that can differ considerably in mixing- water 

content. With this kind of potential difference in mixing- water content for two loads 

with the same slump, one wonders about the basis of rejecting concrete at the job site 

on the basis of slump.

The above example clearly shows that the measured slump is due to a combi-

nation of the mixing- water content in the concrete batch as well as the mixing- 

water demand of that concrete batch. The effect of the concrete batch’s mixing- water 

content and mixing- water demand on the measured slump can be summarized as 

shown in Table 4.2. While it is easy to understand how an increase in mixing- water 

content leads to a higher measured slump, it is interesting to note that an increase 
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in mixing- water content may also lead to the same, and even a lower, slump, pro-

vided the mixing- water demand increases. Similarly, a decrease in mixing- water 

content may also lead to the same, and even higher, slump, provided the mixing- 

water demand decreases.

PLANT TESTS FOR QUALITY ASSURANCE

Slump measurement at the plant (not at the job site) prior to any water addition at the 

slump rack can serve as a plant quality assurance tool. To begin with, the mixing- 

water variations are likely to be lower since the water added at the slump rack and 

at the job site is not considered; only the other three potential sources of water, such 

as washwater in the truck drum, free moisture from aggregates, and batchwater, are 

considered. Also the variation of the mixing- water demand is also likely to be lower 

since the delivery time is not considered; only the other sources of mixing- water 

demand variations such as temperature, air content, characteristics of the materi-

als, and batched quantities, are considered. So slump variations at the plant can be 

tracked to better understand the variations in mixing- water content.

TABLE 4.2

Effect of Mixing Water, Mixing- Water Demand on Measured 

Concrete Slump

Mixing Water in the Batch

Mixing- Water Demand 

of the Batch

Effect on Measured Concrete 

Slump of the Batch

Higher than target range

Lower than target range

Within target range
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Let us say a producer targets a slump range at the plant. If the slump measured 

at the concrete plant prior to any water addition at the slump rack is out of the target 

slump range for that mixture from Table 4.2, it is clear that either the mixing- water 

content is not within target range or the mixing- water demand for that mixture has 

changed. In Table 4.2, out of 11 possible cases, there are 2 cases where the slump 

may not be out of the target range, yet the mixing- water content is not within target 

range. These 2 special cases will be discussed later.

When a slump measurement is out of the target range, the following systematic 

investigation can help explain the cause of that problem:

 1. Was the batchwater out of the target range? (Typically, batchwater is 

200 lb/ yd3 [119 kg/ m3], so the maximum possible variation in mixing water 

is ±3 lbs/ yd3 [1.8 kg/ m3] if batchwater is within target range.)

 2. Was the correct aggregate moisture content used in calculating batch 

weights? (It is a good idea to conduct a quick aggregate moisture test either 

through the microwave oven or a hot plate or using a Speedy moisture meter 

[ASTM C70]).

 3. Was there washwater in the mixer drum?

 4. Was the air content out of tolerance? (Typically, the air content tolerance is 

±1.5%; this can lead to a variations in mixing- water demand of ±10 lbs/ yd3 

[5.9 kg/ m3].)

 5. Was the concrete temperature more than 20°F (11.7°C) different from the 

design concrete temperature for that mixture? (From Table 4.1, it can be 

estimated that, for every 10°F [5.9°C] increase in concrete temperature, the 

mixing- water demand should increase by about 4 lbs/ yd3 [2.4 kg/ m3], pro-

vided the slump is measured at the plant within 20 minutes after batching 

the materials.)

 6. Was the batched quantity of any of the solid materials varying by more than 

10% of the target values? Was the water- reducing admixture dosage out of 

tolerance by more than ± 20%?

If the answer to these questions is no, then changes in material characteristics, such 

as variations in cementitious shipments, excessive fines in aggregate, and dust on 

the aggregate surface, should be evaluated. By tracking slump variations on a daily 

basis and investigating out-of- tolerance results, the underlying cause for the slump 

variations can be understood. Concrete producers who already follow good quality 

practices have an easier job answering these questions and understanding the root 

cause of the slump variations. If the root cause is mixing- water variations, then an 

attempt should be made to bring the mixing- water content within the target range. 

If the root cause is mixing- water demand variations, an attempt should be made to 

bring the slump within the target range without changing the mixing- water content. 

This can be done by changing the dosage of chemical admixtures.

Table 4.2 shows that in two cases even when the slump is within the target range 

the mixing- water content is not within the target range; in one case, a lower mixing- 

water content is accompanied by a lower mixing- water demand, and in another case, 

a higher mixing- water content is accompanied by a higher mixing- water demand. 
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Only the second case is a problem as it can potentially lead to low- strength problems. 

However, even that is not always the case. For example, if the mixing- water demand 

increased due to a low air content, and this was accompanied by a high mixing- water 

content, the resulting compressive strength may not be necessarily low. However, if 

the mixing- water demand increased due to changes in materials characteristics such 

as excessive fines in aggregate, and this was accompanied by a high mixing- water 

content, the resulting compressive strength may be low and a cause for concern! This 

specific scenario cannot be identified by merely monitoring concrete slump varia-

tions. If density tests are also conducted, a consistently lower density test result may 

help identify this scenario.

It is impractical to measure slump at the plant prior to water addition for every 

load that leaves the plant. It may be sufficient to do that every 5 to 10 loads. For the 

remaining loads, visual slump estimations can be made by the truck mixer opera-

tors. These slump estimations and measurements should be captured on a daily basis 

by QC/ QA personnel, and slump test results that are outside the target slump range 

should be investigated as discussed above. If the mixer truck is fitted with auto-

mated slump measuring devices, it becomes easier to analyze and address mixing- 

water variations.

SUMMARY

The different sources of mixing water, mixing- water demand variations, and the 

means to control them are summarized in Table 4.3. By following the various steps, 

a producer focused on quality should be able to maintain good control of the mixing- 

water content and meet the ASTM C94 and ACI 117 tolerance of ±3% of the quantity 

required by the mixture proportions. On a daily basis, QA/ QC personnel can utilize 

the slump measurements at the plant prior to water addition at the slump rack as a 

quality assurance tool to ensure that the mixing- water content is within target range.
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TABLE 4.3

Sources of Mixing Water, Mixing- Water Demand Variations, and Means 

to Reduce Them

Sources of Variations Recommended Practice

Washwater in truck 

mixer drum from 

previous load

Avoid washing the mixer drum after every load. If that is not always feasible, 

educate truck mixer operators to discharge all of the washwater prior to 

batching a fresh concrete load, or measure the washwater retained in the 

drum for use in the next concrete load.

Batchwater Calibrate water measurement devices to be accurate to ±1.5% of the target 

quantity and verify accuracy at least every 6 months, and more often if 

necessary.

Educate batchmen not to override batching error alerts.

If possible, invest in an automated alerting system for out- of- batch tolerance 

that can send email alerts to QA/ QC personnel to address a load before it 

reaches the customer.

Aggregate moisture Have moisture probes in fine aggregate bins if possible and verify for 

accuracy at least every 6 months.

Do not ignore measuring coarse aggregate moisture content.

If probes are not used, use a hot plate or a microwave oven. Measure 

aggregate moisture and update batch computers at least three times a week.

Adjust added water in all loads to account for changes in aggregate moisture 

content.

Stockpile aggregates and load aggregates into the plant to minimize variations.

All of the above are NRMCA plant certification requirements.

Water added at the 

slump rack

Establish company policy and equipment for slump rack water adjustment. 

Consider adding the water from truck water tank or install water meters in 

water lines. Record the amount of water added.

Water added at the job 

site

ASTM C94 allows a onetime addition of water to enable slump adjustments.

Note the amount of water that can be added at the job site so that design water 

content is not exceeded.

Truck operators should be required to record job-site water addition and to 

obtain the signature of the purchaser or representative on the delivery ticket. 

Ensure measuring devices on truck water tanks comply with the NRMCA 

Plant Certification accuracy requirements.

Temperature, delivery 

time, air content, and 

other factors

Increase the dosage of water- reducing admixtures to target a 2% mixing- water 

reduction for every 10°F (5.9°C) increase in the concrete temperature over 

the design temperature.

Concrete mixtures designed at a concrete temperature of 65°F (18.3°C) 

should appropriately be modified when the concrete or ambient temperature 

reaches or exceeds 85°F (29.4°C).

Consider mixtures with good slump retention performance without delayed 

setting times to address delivery-time variations.

Consider job-site admixture (water reducer) addition with qualified personnel 

at the job site to address delivery time and air content variations.

On a daily basis, QA/ QC personnel can utilize the slump measurements at the 

plant prior to any water addition after batching as a quality assurance tool to 

ensure that the mixing- water content is within tolerance.
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5 Variation in Concrete 

Strength and Air Content 

Due to Fly Ash

This chapter discusses concrete strength and air content variability due to variations 

of fly ash in a single source.

VARIABILITY OF FLY ASH SHIPMENTS FROM GIVEN SOURCE

A 2012 NRMCA survey (Obla et al. 2012) reported that fly ash was used in 60% of 

all ready mixed concrete placed in the United States. It is the most widely used SCM 

in the United States and constitutes 15% of all cementitious content used in ready 

mixed concrete. Due to sustainability and performance benefits, the use of fly ash 

continues to grow. Fly ash is an industrial by- product produced due to coal burning 

in an electric power utility. Electric utilities are primarily focused on optimizing 

power generation and are not concerned with fly ash quality or variability. Fly ash 

properties may change, depending on type and origin of coal used, blends of coal 

used, changes in the burner, and other factors.

Back in the late 1980s, the NSGA/ NRMCA Joint Research Laboratory developed 

a draft Standard Practice for Evaluation of Uniformity of Fly Ash from a Single 

Source (NRMCA Draft Standard Practice 1988). The practice was used to conduct 

a detailed experimental study on four different fly ash sources—three ASTM C618 

Class F fly ashes (F1, F2, F3) and one Class C (C1) fly ash. From each source, 10 fly 

ash samples were procured per month, each on a different day, for 6 months, spread 

evenly throughout the period, for a total of 60 samples. The fly ash samples were 

procured from ready mixed concrete plants with each sample representing a differ-

ent fly ash shipment. A large stock of cement was also procured and kept in sealed 

containers to maintain its properties during the course of the whole experimental 

program. The following tests were conducted on each fly ash sample:

 1. Moisture content loss on ignition (LOI); fineness as percentage passing the 

No. 325 sieve; density; water requirement; 7-Day Strength Activity Index 

(SAI)—all tests according to ASTM C311.

 2. Uniformity of color compared to the previous shipment (NRMCA Draft 

Standard Practice 1988). See Appendix C for details.

 3. Foam Index Test (Meininger 1981). See Appendix C for details.

 4. Mortar air content and loss in air, based on a modified C311 (Lane 1991). 

See Appendix C for details.
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Duplicate tests were run on three randomly selected fly ash samples from each group 

of 10. All the tests were conducted on the duplicate samples with the exception of 

uniformity of color. For the strength activity index, one control reference cement 

mortar batch was cast for every 10 mortar batches cast with the fly ash samples. 

The same reference cement mortar strength was used for calculating the SAI of the 

10 fly ash samples. Since cement from one shipment was being used for the reference 

cement mortar cubes, the variation in cement mortar strengths provided an indica-

tion of the mortar testing variation. A statistical analysis of some of the experimental 

results is compiled in Tables 5.1 to 5.4.

AIR ENTRAINMENT

Tables 5.1 to 5.4 show that the LOI varies four to seven times between shipments for 

each of the four fly ash sources over the tested 6-month period. The initial mortar air 

content for a specific air- entraining admixture (AEA) dosage also varied between 

shipments for each of the sources. It varied the least for fly ash C1 (13.1% to 14.6%); 

it varied the most for fly ash F3 (11.1% to 18.4%) and varied moderately for fly ash 

F1 (8.1% to 13.4%) and fly ash F2 (9.7% to 13.5%). So in terms of its effect on initial 

mortar air content, the different fly ash sources can be ranked in terms of more to 

less variable as follows: F3>F1>F2>C1. Figure 5.1a– d shows that for fly ashes F1, 

F2, and F3 the loss in mortar air content with time increased as the initial mortar air 

content decreased, thus suggesting that when the fly ash affected the mortar air con-

tent, it is likely to lead to poorer stability of the entrained air as well. As expected, 

fly ash C1 had the lowest loss in air content (up to 1%), and fly ash F3 had the highest 

loss in air content (up to 6%) followed by F1 (up to 5%), and F2 (up to 3.5%). There 

were a few instances of a slight gain (<1%) in air content with time as well. For all 

further discussions, including tables and figures in this chapter, the term mortar air 

content will refer to the initial mortar air content.

Figures 5.2a–5.5a show the relation between LOI and mortar air content for sam-

ples of fly ashes F1, F2, F3, and C1, respectively. Figures 5.2b–5.5b shows the rela-

tion between foam index and mortar air content for samples of the same fly ashes. 

Fly ashes C1 and F2 did not have good correlations between LOI versus mortar air 

content and foam index versus mortar air content. One possible reason could be that 

fly ash C1, and to a lesser extent fly ash F2, had a very low variation in mortar air 

content between the different samples to begin with. Fly ash F3 had the best correla-

tions, whereas fly ash F1 had acceptable correlations for LOI and mortar air content. 

Fly ash F3 had the largest change in LOI content. It appears that both LOI and foam 

index tests can be useful at estimating the effect of a fly ash sample on air entrain-

ment but only for fly ash sources that demonstrate a large effect in air entrainment.

The LOI and mortar air content results of samples of all fly ash sources except C1 

are plotted in Figure 5.6a. Similarly, the foam index and mortar air content results 

of samples of all fly ash sources except C1 are plotted in Figure 5.6b. From the plots, 

it is clear that a given change in value of LOI or foam index will have a different 

effect on mortar air content for each source. So before one can use LOI or foam index 

values at estimating the effects on air entrainment it is important that a correlation 
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41Variation in Concrete Strength and Air Content Due to Fly Ash

be developed between the LOI or foam index and mortar air content for that fly 

ash source.

The relative color visual rating was plotted against the change in mortar air con-

tent between successive samples of each fly ash source. One would have expected 

the darker fly ashes to have increased reductions in mortar air content (assuming that 

increased carbon content resulted in the darker color). Unfortunately, no such corre-

lations were found. Relative color does not appear to be a good way of estimating the 

effects of the fly ash samples on air entrainment. At best, it may indicate something 

has changed from the previous shipment.

Figure 5.7a– 5.7d shows the relation between relative density (RD; also referred to 

as specific gravity) and mortar air content for fly ashes F1, F2, F3, and C1, respec-

tively. Fly ashes C1 and F2 did not have good correlations between RD and mortar 

air content, while fly ashes F3 and F1 had better correlations. The lower RD is likely 

due to increase in carbon content and hence led to lower air contents.
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FIGURE 5.1 Increased air loss with reduced mortar air content for a fixed aea dosage (a) fly 

ash f1, (b) fly ash f2, (c) fly ash f3, and (d) fly ash c1.
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42 Improving Concrete Quality

As expected, moisture content had no correlation with mortar air content for any 

of the fly ashes. Fineness had an average correlation with mortar air content for fly 

ash F3.

STRENGTH ACTIVITY

Fly ash mortar strengths generally varied over a wider range as compared to com-

panion control mortar strengths with the reference portland cement. One should not 

infer that the cement strengths are less variable because the same cement sample was 

used throughout the project. Therefore, the control cement mortar strength varia-

tion provided an indication of the mortar strength testing variation. The coefficient 

(a) (b)

6 

8 

10 

12 

14 

16 

18 

20 

0 1 2 3 4 

M
o

r
ta

r
 A

ir
 C

o
n

te
n

t,
 %

 

LOI, % 

6 

8 

10 

12 

14 

16 

18 

20 

0 0.5 1 1.5 2 2.5 

M
o

r
ta

r
 A

ir
 C

o
n

te
n

t,
 %

 

Foam index, oz/cwt 

FIGURE 5.3 Effect on fly ash f2 mortar air content at a fixed AEA dosage due to (a) LOI 

and (b) foam index, 1 oz/ cwt = 65.2 mL/100 kg of cementitious.
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FIGURE 5.2 Effect on fly ash f1 mortar air content at a fixed AEA dosage due to (a) LOI 

and (b) foam index, 1 oz/ cwt = 65.2 mL/100 kg of cementitious.
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of variations (V) of the fly ash mortar strengths were about 4% for fly ash sources 

F1, F2, and F3. The corresponding V of the control mortar strengths of the refer-

ence cement was only about 1% with the exception of the control mortar strength 

tested for fly ash F2, which was inexplicably higher. The V of the fly ash mortar 

strengths for source C1 was also much lower at 1.4%. This suggests that the variation 

in strength for fly ash source C1 was largely due to testing, whereas fly ash sources 

F1, F2, and F3 had a statistically significant mortar strength variation, greater than 

that attributed to testing variation.

The average range (difference between the maximum and minimum strength 

attained by samples from a given fly ash source) of the 7-day fly ash mortar strengths 

was 682 psi (4.70 MPa) for fly sources F1, F2, and F3 and 243 psi (1.68 MPa) for 
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FIGURE 5.4 Effect on fly ash f3 mortar air content at a fixed AEA dosage due to (a) LOI 

and (b) foam index, 1 oz/ cwt = 65.2 mL/100 kg of cementitious.
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FIGURE 5.5 Effect on fly ash c1 mortar air content at a fixed AEA dosage due to (a) LOI 

and (b) foam index, 1 oz/ cwt = 65.2 mL/100 kg of cementitious.
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fly ash C1. Concrete testing was not conducted in this experimental study but it 

would be of interest how this range of mortar strengths would translate to concrete 

strengths. In the earlier chapter on cement variation, it was shown that, for the same 

cement source, strengths of mortar cubes tested according to ASTM C109 correlated 

well with strengths of concrete cylinders tested according to ASTM C39. An aver-

age 1379 psi (9.51 MPa) range in C109 mortar strength (w/ c = 0.485) between the 
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FIGURE 5.6 Effect on fly ash mortar air content at a fixed AEA dosage due to (a) LOI; and 

(b) foam index, 1 oz/ cwt = 65.2 mL/100 kg of cementitious. Fly ashes F1, F2, F3 are plotted 

together.
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cement samples corresponded to an average 820 psi (5.66 MPa) range in concrete 

strength (w/ c = 0.58) for the same samples. If a similar correlation is expected, an 

average range in 7-day fly ash mortar strengths of 682 psi (4.70 MPa) can correspond 

to an average range in concrete strength of 400 psi (2.76 MPa), as long as the same 

cement is used for both the mortar mixtures and the concrete mixtures.

Moisture content, LOI, RD, and color were found to have no correlation with 

SAI for any of the fly ashes. Figure 5.8a– d shows the relation between fineness and 

the 7-day SAI for fly ashes F1, F2, F3, and C1, respectively. Fly ash C1 and F2 

had no correlation, whereas fly ashes F1 and F3 tended to have higher strengths 

with increased fineness as expected, though the correlations were still weak. Fly ash 

blaine fineness results (ASTM C204), if available, may be used to detect changes at 

the lower end of the particle size distribution, which will have a greater influence on 

concrete strength.
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FIGURE 5.7 Effect on fly ash mortar air content at a fixed AEA dosage due to relative 

density: (a) fly ash F1, (b) fly ash F2, (c) fly ash F3, and (d) fly ash C1.
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FLY ASH TESTING REQUIRED BY ASTM C311 AND C618

Table 1 in ASTM C311 provides the minimum sampling and testing frequency for fly 

ash. For established fly ash sources, moisture content, LOI, and fineness tests need to 

be conducted at a frequency of daily or every 400 tons (360 metric tons), whichever 

comes first; density, SAI, and various other chemical tests listed in ASTM C618 

are to be conducted on composite samples monthly or every 3200 tons (2900 metric 

tons), whichever comes first. Composite samples do not reflect the true variation 

that is likely from fly ash shipments. The same composite sample test result may be 

applicable to many different fly ash shipments to the same concrete plant. To comply 

with C618, the fly ash marketer conducts LOI, and fineness testing 1–3 times a day, 

depending on the daily production at the fly ash source.

ASTM C618 also has a uniformity requirement for density and fineness. It states 

that the density and fineness of individual samples shall not vary from the average 
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FIGURE 5.8 Effect on fly ash strength activity index due to fineness (No. 325 sieve percent 

retained): (a) fly ash F1, (b) fly ash F2, (c) fly ash F3, and (d) fly ash C1.
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established by the 10 preceding tests, or by all preceding tests if the number is less 

than 10, by more than 5% (for density) and 5% retained on No. 325 sieve (for fineness).

SUGGESTED PRODUCER ACTIONS

air entrainment

Concrete air entrainment is perhaps the most important factor that is affected by fly 

ash. The concrete producer should make it a point to receive LOI and fineness test 

results conducted on the same day the shipment leaves the fly ash source. Sometimes 

the test results may be available only at the end of the day after the fly ash shipment 

has left for the concrete plant. It is worthwhile for the concrete producer to develop 

an understanding with the fly ash marketer to receive those test results on the same 

day the fly ash shipments are received at the concrete plant.

If the LOI test result varies from the previous fly ash shipment, that by itself is of 

little value. It is suggested that fly ash marketers develop a correlation between LOI 

and mortar air content for that fly ash source as shown in Figures 5.2 to 5.5. If the 

correlation between LOI and mortar air content had been found to be very poor for 

that fly ash source, then the fly ash marketer can develop a correlation between foam 

index and mortar air content. If the correlation between foam index and mortar air 

content is poor as well, then the fly ash marketer could conduct mortar air content 

testing every time the LOI test is conducted at the fly ash source. This systematic 

approach provides the concrete producer some understanding of the effect of the fly 

ash shipment on air entrainment before the fly ash is used in concrete.

The concrete producer could also conduct the foam index or the mortar air content 

test at the concrete plant when a fly ash shipment is received. These tests can be com-

pleted in less than 15 minutes by operators without any significant training. If the mor-

tar air content attained is, for example, 50% less than that achieved for the previous fly 

ash shipment, the decision can be made to increase the AEA dosage in the concrete 

made with the new fly ash shipment by at least 50%. The first few concrete trucks that 

use the fly ash from the new shipment should be tested for air content in accordance 

with ASTM C231. Depending on those concrete test results AEA admixture dosages 

for future truckloads could be adjusted. The concrete producer could skip the foam 

index or mortar air content tests and conduct concrete air content testing at the plant 

with the new fly ash shipment while maintaining the same AEA dosage as for the 

previous fly ash shipment. This approach may take a little longer to clearly identify 

the effect of the new fly ash shipment on air entrainment because there are many other 

factors involved in batching and measuring air content from a concrete truck.

The RD of fly ash could also be an indicator for the effect of the fly ash on air 

entrainment as shown in Figure 5.7. However, RD is conducted on composite fly ash 

samples, and therefore, the data are attained less frequently and as discussed earlier 

may not be representative of the shipment received. The concrete producer should 

check to ensure that the fly ash meets the uniformity requirements for density. This 

serves a twofold purpose: (1) It ensures that the correct RD for the fly ash is used 

in the mixture proportions, and (2) it provides assurance that the fly ash marketer is 

supplying quality fly ash.
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48 Improving Concrete Quality

In the experimental study discussed earlier, color did not prove to be a good indi-

cator for air entrainment. It would be useful to conduct the color test using handheld 

colorimeters. These are less subjective, and it would be of interest to see whether 

a correlation can be developed between the results of the colorimeter test and the 

mortar air content.

strength aCtiVity index

The results of the experimental study discussed earlier suggested that different fly 

ash shipments from a given source can contribute to a variation in concrete strength. 

A concrete producer interested in reducing this strength variation can attempt to 

adjust the concrete mixture proportions based on the expected strength variation due 

to fly ash. The producer should pay close attention to the fineness and SAI values. 

The first thing is to ensure that the C618 uniformity requirements for fineness are 

met, thereby providing assurance that the fly ash marketer is supplying quality fly 

ash. The producer can develop a control chart of moving averages of 3 or 5 consecu-

tive fineness test results for the shipments received at the concrete plant and adjust 

mixture proportions if certain control chart limits are exceeded. It is suggested that a 

single upper control chart limit be set at 7% above the average fineness value. When 

the upper fineness limit is exceeded (i.e., there is a higher percent retained), it means 

that strengths can be lower as the fly ash has coarser particles. It is suggested that 

when the upper fineness limit is exceeded, the compressive strength of concrete be 

increased by 150 psi (1 MPa) through the use of a lower w/ cm. No lower fineness 

control chart limit is suggested.

SAI could also be an indicator for variation in concrete strength, but the SAI test 

results suffer from several disadvantages: (1) SAI tests are conducted on composite 

samples, (2) 7-day SAI values are likely to be available many days after the fly ash 

shipment has been received at the concrete plant, and (3) SAI is conducted by the 

fly ash marketer using their reference cement. Fly ash interaction with the cement 

used by the producer may be different, in which case the variation in SAI test results 

may not necessarily correlate with the variation in compressive strength of concrete 

produced at the plant. Nevertheless, it is useful to plot both the 7- and 28-day SAI 

values as soon they are obtained. Concrete producers can use it to troubleshoot low 

concrete strengths in evaluating whether the cause for the low concrete strength can 

be attributed to a reduction in the SAI. Other factors, such as mixing water, air con-

tent, batching errors, and testing errors, should also be considered.

other tests

Thermal measurements of hydrating concrete mixtures is another tool at the dis-

posal of the concrete producer (Cost 2009). Essentially, this test involves casting 

a mortar or a concrete cylinder and measuring its temperature rise in an insulated 

environment over a 24-hour period. The temperature profile can provide indications 

of concrete setting time, early age strength development, and potential interaction 

problems between cementitious materials and admixtures. Significant variations in 

temperature profiles can indicate potential variation in the above properties. When 
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these tests are done periodically at the concrete plant, they can provide a means to 

study the overall variations due to shipments of cement, supplementary cementitious 

materials, and chemical admixtures. Once a change in the overall behavior has been 

identified, individual material shipments could be tested to identify the root cause 

of the change.

SUMMARY OF SUGGESTED PRODUCER ACTIONS

Develop an understanding with the fly ash marketer so that all the LOI, fineness, 

foam index, and mortar air content (if available) test results conducted on the same 

day the fly ash shipment left the plant are attained in a timely manner.

Encourage fly ash marketers to develop a correlation between LOI and mortar 

air content or LOI and foam index for that fly ash source. If there is no such cor-

relation, encourage fly ash marketers to conduct mortar air content testing every 

time the LOI test is conducted at the fly ash source. This systematic approach pro-

vides the concrete producer with some understanding of the effect of the fly ash ship-

ment on air entrainment before the fly ash is used in the concrete.

Develop company policy on adjusting AEA dosage based on foam index, mortar 

air content, or fly ash LOI test results of the new fly ash shipment. At a minimum, 

test the first few concrete trucks that use the fly ash from the new shipment for air 

content in accordance with ASTM C231 and adjust AEA dosage accordingly. This 

testing can be conducted at the plant.

Check to ensure that the fly ash is meeting the uniformity requirements for den-

sity and fineness. Use the correct RD for the fly ash in concrete mixture proportions.

Develop a moving average control chart of fineness test results for the shipments 

received at the concrete plant. Develop company policy to adjust concrete mixture 

proportions if the upper control charts limit is exceeded.

Plot the 7- and 28-day SAI values as soon they are obtained. Use it to troubleshoot 

low concrete strength problems. Evaluate whether the cause for the low concrete 

strength can be attributed to a reduction of the SAI. Consider other factors, such as 

mixing water, air content, batching errors, and testing errors. Retain 5 lb samples of 

fly ash from each shipment for 3 to 6 months in sealed containers so that these can 

be tested at a later point if necessary. Sampling procedures for fly ash are described 

in ASTM C311. If possible, conduct thermal measurements of hydrating concrete 

mixtures and look for significant variations in temperature profiles.
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6 Variation in Concrete 

Performance Due 

to Aggregates

This chapter discusses variability in concrete performance due to variation of aggre-

gate from a single source.

VARIABILITY OF AGGREGATE FROM SINGLE SOURCE

Aggregate typically occupies about 75% of the volume or weight of a cubic yard of 

concrete. Even though it is largely inert, its large proportion ensures that variation 

in aggregate properties will have significant impact on concrete performance such 

as strength, water demand for a given slump, and fresh properties, such as cohe-

siveness, harshness, segregation, bleeding, ease of consolidation, finishability, and 

pump ability; all of which may not always correlate with slump.

Generally, aggregate manufacturers provide concrete producers with test data and 

certification that their aggregate meets the ASTM C33 Specification for Concrete 

Aggregates. The tests required in ASTM C33 are outlined in Table 6.1. In addition, 

aggregate test data on relative density (also referred to as specific gravity), absorp-

tion, and bulk density of coarse aggregate are required for concrete mixture pro-

portioning. ACI 301 Specification for Structural Concrete states that aggregates used 

in the project should conform to ASTM C33, and test results showing conformance 

should not be older than 90 days, except for test results for soundness, abrasion, and 

reactivity, which should not be older than 1 year. This would require the concrete 

producer to have current test data of all the above aggregate tests every 90 days 

except for soundness, abrasion, and reactivity, which can be conducted on a yearly 

basis. Typically, these data are provided by the aggregate supplier.

Depending on aggregate production volumes at the quarry for internal quality 

control, aggregate manufacturers conduct daily or weekly testing of certain aggre-

gate property tests. Table 6.2 adapted from ACI 221R shows a typical quality control 

program listing the routine control tests to be conducted by both the aggregate and 

the concrete producers. A smaller number of tests as compared to Table  6.1 are 

included here. This is due to the following reasons:

 1. It is impractical to do all of the tests at the stated frequency.

 2. Depending on the source, some of the aggregate properties do not change 

as much, and so it is adequate to do quality control tests more frequently on 

properties that tend to change more often.
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The reader is directed to ACI 221R and ASTM STP 169D (2006) for a detailed 

discussion of aggregate tests and effects that the aggregates have on concrete perfor-

mance. The following section briefly discusses how the aggregate test results affect 

concrete mixture proportioning and performance.

AGGREGATE PROPERTIES AND THEIR EFFECT ON CONCRETE 
MIXTURE PROPORTIONING AND PERFORMANCE

relatiVe density and aBsorPtion of aggregate

Relative density (RD) and absorption of the aggregate tested according to ASTM 

C127 and C128 for coarse and fine aggregate, respectively, are unlikely to vary signif-

icantly. RD of the aggregate is used in concrete mixture proportioning, and changes 

in RD will change the volumetric composition of the mixture and likely result in 

discrepancies in yield of concrete batches. Absorption is used to calculate the batch 

water content of the concrete, and using incorrect values can lead to inaccurate mix-

ing water amounts, incorrect w/ cm, and therefore variations in strength and other con-

crete properties impacted by water content. High variation in relative density speaks 

to the lack of source control and will need frequent concrete mixture adjustments.

aggregate moistUre Content

Aggregate moisture content should be measured and batchwater corrected as dis-

cussed in Chapter 4 (Mixing Water Control). An attempt should be made to maintain 

uniform aggregate moisture content when batching concrete. This is accomplished 

in fine aggregates by adopting good draining storage practices and ensuring that the 

fine aggregate stockpiles have been inactive long enough. While fine aggregates with 

a round, smooth shape can drain within 12 hours, fine aggregate that have angular/ 

flat particles may take up to a week. While wet sand generally contributes more free 

moisture to a concrete batch, moisture content of coarse aggregate should not be 

ignored or assumed. Moisture probes that are well calibrated frequently and con-

nected to control systems that allow for automated water adjustment can considerably 

improve the batch-to-batch uniformity of concrete for fresh and hardened properties.

Void Content in Coarse aggregates

Aggregate bulk density and void content (ASTM C29), also known as the Dry Rodded 

Unit Weight (DRUW), is recommended for coarse aggregates. The DRUW is used 

in concrete mixture proportioning to establish the amount of coarse aggregate in a 

concrete mixture. The void content determined is a function of the aggregate particle 

shape, texture, and grading. If the DRUW test is conducted on a fixed grading, the 

void content will depend on the coarse aggregate shape and texture, with rounded 

aggregates with smoother texture resulting in lower void contents. The coarse aggre-

gate void content determined in accordance with C29 in as- received grading will not 

differ much from that determined at a fixed grading as long as there is not an excess 

amount of aggregates in the finer particle sizes.
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Based on an large experimental study, Bloem and Gaynor (1963) reported that 

when different coarse aggregate sources were used with a single source of fine aggre-

gate to make concrete, every 1% increase in coarse aggregate void content determined 

according to ASTM C29 (fixed grading) led to an average increase in mixing- water 

content of 0.5 gal/ yd3 (2.5 L/ m3) for a concrete slump of 2 in. to 3 in. (50 mm to 

75 mm). Wills (1967) tested nine gravels and found the coarse aggregate void con-

tents determined according to ASTM C29 (fixed grading) correlated very well with 

the mixing- water demand (i.e., mixing- water quantity required for a fixed slump of 

3 in. to 4 in. [75 mm to 100 mm]). The void contents varied from 33% to 42%, and 

the corresponding mixing- water demand for concrete with a control fine aggregate 

ranged by about 33 lb/ yd3 (20 kg/ m3). Large amounts of flat and elongated particles 

as measured according to ASTM D4791 can make concrete mixtures too harsh for 

some placement methods, resulting in voids, honeycombing, or pump blockages.

Void Content of fine aggregates

ASTM C1252 describes the determination of the uncompacted void content of fine 

aggregate. If the test is conducted on an as- received aggregate grading (Method C), 

the void content is influenced by particle shape, surface texture, and grading. If the 

test is conducted on a standard aggregate grading (Method A), the void content 

depends on the aggregate shape and texture, with rounded aggregates with smoother 

texture giving lower void contents.

Wills (1967) tested nine fine aggregates and found that the void content measured 

using a fixed grading—similar to ASTM C1252 (Method A)—correlated very well 

with the mixing- water demand. The void contents of fine aggregates varied from 

39% to 50%; the corresponding mixing- water demand for concrete with a control 

gravel for a fixed slump of 3 in. to 4 in. (75 mm to 100 mm) ranged by about 50 lb/ yd3 

(30 kg/ m3; Figure  6.1), and the compressive strength ranged by about 2000 psi 

(13.8 MPa; Figure 6.2). Bloem and Gaynor (1963) and Wills (1967) concluded that 

fine aggregate particle shape and texture had a greater influence on the mixing- water 

content and compressive strength than coarse aggregate particle shape and texture.

After reviewing various studies, Gaynor and Meininger (1983) reported that every 

1% increase in fine aggregate void content (measured at a fixed grading) resulted in 

an increase in mixing- water content of 3 to 8 lb/ yd3 (2 to 5 kg/ m3) for a target slump; 

the higher value would apply when different aggregate sources are compared and the 

smaller value would apply when changes in processing change particle shape and/ or 

texture at a single source.

aggregate grading

The aggregate sieve analysis, conducted in accordance with ASTM C136 and the 

fineness modulus (FM), must be determined for both coarse and fine aggregates. The 

fineness modulus (FM) is an empirical number related to the aggregate grading with 

higher FMs corresponding to coarser aggregates. However, aggregates with the same 

FM can have different grading. Even though FM can be calculated for all aggregates, 

typically it is used to characterize the grading of only fine aggregates. ASTM C33 
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FIGURE 6.1 Mixing- water demand for concrete made with different fine aggregates and 

control gravel. (Reprinted with permission from Wills, M. H., Jr., “How Aggregate Particle 

Shape Influences Concrete Mixing Water Requirement and Strength,” Journal of Materials, 

Published by ASTM, Vol. 2, No. 4, December 1967, pp. 843–865.)
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FIGURE 6.2 Compressive strength of concrete made with different fine aggregates and 

control gravel. (Reprinted with permission from Wills, M. H., Jr., “How Aggregate Particle 

Shape Influences Concrete Mixing Water Requirement and Strength,” Journal of Materials, 

Published by ASTM, Vol. 2, No. 4, December 1967, pp. 843–865.)
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has requirements on the grading of coarse and fine aggregates and places limits on 

the FM of fine aggregates. ASTM C33 requires concrete fine aggregate to have an 

FM between 2.3 and 3.1. As a control on same source uniformity, it indicates that the 

FM should not vary by more than 0.20 from the base FM. In the ACI 211.1 mixture 

proportioning procedure, the FM of the fine aggregate is used in conjunction with 

the DRUW of the coarse aggregate to determine the aggregate proportions in con-

crete mixtures. Finer sands (lower FM) result in increased coarse aggregate content 

at the same nominal maximum size of coarse aggregates. Changes in fine aggregate 

FM over a range as much as 1.0 have been noted in a day’s production (ASTM 169D). 

If the fine aggregate FM changes more than 0.20, then the relative proportions of 

coarse and fine aggregate amounts must be adjusted, as recommended by ACI 211.1. 

An increase in the sand FM by 0.20 will reduce the coarse aggregate quantity by 

about 60 lb/ yd3 (36 kg/ m3) with a similar increase in the weight of fine aggregate. 

Another option is to change the coarse and fine aggregate amounts such that the FM 

of the combined aggregate stays the same, even though the FM of the coarse or fine 

aggregate has changed.

Fine aggregate grading has a much greater effect on workability of concrete than 

does coarse aggregate grading (ASTM STP 169D). Apart from FM, it is useful to 

track the percentage retained on each (or selected) sieve size, particularly for the fine 

aggregate, on a 3- or 5-test moving average control chart for the following reasons:

 1. In fine aggregate, the amount of material passing the 300 µm (No. 50) sieve 

should be 15% to 30% for good pumpability (ASTM 169D).

 2. Fine aggregate particles between 600 µm and 150 µm entrap more air than 

either finer or coarser particles (Kosmatka et al. 2002). Higher amounts 

of material finer than 150 µm (No. 100) sieve size will cause a significant 

reduction in air content.

 3. The amount of fine aggregate passing the 300 µm (No. 50) and 150 µm (No. 

100) sieve has a great influence on workability, finishability, stickiness, 

potential for segregation, and bleeding of concrete (Kosmatka et al. 2002). 

The total amount of fines that includes the cementitious materials and 

that forms aggregates should be evaluated when workability is adversely 

effected. Hand- finishing may require higher fines content as opposed to 

machine finishing.

ACI 304R provides good practices for handling aggregates at the concrete plant to 

prevent segregation, contamination, variation in moisture content, and degradation, 

resulting in more fines. Some of the important recommendations are as follows:

• Build stockpiles, where necessary, in horizontal or gently sloping layers. 

Avoid conical stockpiles or any unloading procedure involving dumping of 

aggregates downsloping sides of piles.

• Keep trucks, bulldozers, and wheel loaders off stockpiles to prevent degra-

dation and contamination.
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• Prevent overlap of the different aggregate sizes by suitable walls or ample 

spacing between piles.

• Protect dry fine aggregate by the wind, using tarps or windbreaks.

• Fine aggregate transported over wet, unimproved haul roads can become 

contaminated with clay lumps, which usually accumulate between the tires 

and on mud flaps and gets dislodged during dumping of the transportation 

unit; to remove this, place a scalping screen over the batch plant bin.

• If possible, separate aggregates into individual sizes and batch separately to 

minimize segregation

• If aggregate degradation is likely, rescreen coarse aggregate as it is charged 

to the bins at the concrete plant to maintain undersized materials (minus 

No. 4 sieve) to as low as 2%.

• Aggregate stockpiles should be built on a base that minimizes ground con-

tamination when aggregates are removed for intra- plant movement.

material finer than 75 μm (no. 200)

Aggregate particles that are finer than the 75 µm sieve (No. 200) are measured by 

ASTM C117 and are generally composed of silt and clay for natural sands or gravels 

(ASTM C169D). For crushed stone or manufactured sand, the fines are predomi-

nantly composed of dust of fracture. ASTM C33 has limits on material finer than 

75 µm (No. 200) sieve for both coarse and fine aggregates. A higher amount of mate-

rial finer than the No. 200 sieve will typically result in increased water demand and 

reduced air content. This is more significant when the fines are largely composed of 

clay and/ or shale as opposed to being primarily dust of fracture from crushing. A 

variation on the material finer than the No. 200 sieve can result in variation in water 

demand and air content. The variation on the material finer than No. 200 sieve can 

occur due to the following reasons:

 1. Poor quality control in washing of aggregates at the pit or quarry, which can 

result in dirty aggregates with coatings.

 2. Aggregates stockpiled in a wet condition can collect wind- borne dust and 

passing traffic.

 3. Improper practices by loader operator when stockpiling and removing 

materials from stockpiles.

Aggregate surface coatings can also prevent the cement paste from adhering to the 

aggregate particle, causing strength problems and may chemically react and stain 

the concrete.

In mixtures with higher cementitious contents, the cementitious fines tend to 

provide cohesion, and the presence of higher amounts of aggregate material finer 

than No. 200 sieve can lead to further increase in stickiness and related workabil-

ity problems. In lower cementitious- content mixtures, workability and cohesion can 

be improved by the presence of higher amounts of aggregate material passing the 

No. 200 sieve. Self- consolidating concrete has been successfully developed using 
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mineral filler (fines) to improve the stability (resistance to segregation) of fresh con-

crete. So, a decrease in the material passing the No. 200 may not always lead to 

improved workability. What is clear is it will lead to a change in workability.

sand eqUiValenCy

The sand equivalent test (ASTM D2419) indicates the relative proportions of clay- 

like or plastic fines and dust in fine aggregate that pass the 4.75 mm (No. 4) sieve. 

Specifications typically require a minimum sand equivalency (SE) of 70 or 75 in this 

test. A low SE value suggests more clay- like or plastic fines, and therefore the water 

demand and fresh properties of concrete can be affected. After testing about 150 fine 

aggregate sources, Gaynor and Meininger (1983) reported that several aggregates 

passing the ASTM C33 limits on material finer than No. 200 sieve still failed the 

typical limits set for the SE test. A methylene blue test (AASHTO T330) may be an 

even better indicator of the presence of clay in the aggregate. Different forms of clay 

minerals absorb methylene blue indicator to different degrees, so the type of clay in 

aggregates needs to be known to use this test.

USING AGGREGATE TEST RESULTS

Concrete producers should develop relationships with aggregate manufacturers so 

that the tests required by ASTM C33 and ACI 301 (Table 6.1) and the tests conducted 

by aggregate manufacturers for quality control (Table 6.2) are received at the stated 

frequency. ACI 221R states that the aggregate producer should test the material as 

it is loaded out of the aggregate producer’s stockpiles to be shipped to the customer. 

The concrete producer then assumes responsibility for grading variations generated 

between the point of materials load- out and use in concrete. Concrete producers 

should take aggregate samples for testing as close to the batching process as possible, 

understanding that aggregate grading changes every time it is moved.

taBle 6.1 test resUlts

The first thing is to ensure that the aggregates that are supplied meet ASTM C33 

requirements as required by ACI 301. Most of the test results are required every 

90 days, except for soundness, abrasion, and reactivity, which are required on a 

yearly basis. As soon as the test results are available, the concrete producer should 

ensure that the test results meet the requirements of ASTM C33.

taBle 6.2 test resUlts—tests CondUCted By the aggregate ProdUCer

The aggregate producer should carefully look at the grading and FM results to 

ensure that the percent passing each sieve meets grading limits set in ASTM C33. It 

may be acceptable to have one in five consecutive grading test results fall outside the 

limits. Moving average of 5 test results shows trends in the grading results not oth-

erwise apparent. The aggregate producer can use that to adjust the aggregate plant 
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parameters to maintain a certain target value. If the grading is controlled, the FM 

is likely to vary in a narrow range (±0.2 from the base FM) as required by ASTM 

C33 for fine aggregate. The aggregate producer should look at the void contents of 

the coarse and fine aggregates, which are primarily influenced by aggregate shape 

and texture. If the results fluctuate by more than plus or minus 2 percent from the 

base value, then the producer should undertake process changes to ensure that the 

shape and texture does not vary significantly. On the contrary, the aggregate pro-

ducer can use control charts of moving average of 3 or 5 void content test results to 

adjust the aggregate plant to maintain a target void content. The aggregate producer 

can use similar 3 or 5 test moving average control charts for material finer than 75 

μm (No. 200 sieve) test results to adjust the aggregate plant so that the material stays 

within ASTM C33 limits. SE test results are valid for certain fine aggregate sources 

and when required to be tested by local authorities, as discussed earlier. For those 

sources, the aggregate producer can use 3 or 5 test moving average control charts for 

SE test results to adjust the aggregate plant so that the material consistently has SE 

values over 70%.

The concrete producer should make appropriate adjustments to concrete mixture 

proportions based on the relative density, absorption and dry rodded unit weight of 

coarse aggregate and grading and FM of sand results that the aggregate producer 

supplies every 90 days. In addition, the concrete producer should carefully look 

at the grading, FM, void content, minus 75 μm material, and SE test results, and 

make sure that the aggregate plant is making efforts to produce a material consistent 

enough to help attain low variability concrete.

taBle 6.2 test resUlts—tests CondUCted By the ConCrete ProdUCer

The concrete producer establishes credibility of the test reports from each aggregate 

source by conducting verification tests on relative density and absorption (possibly 

TABLE 6.1

Aggregates Tests Required in ASTM C33 and ACI 301

Aggregate Type Required Tests

Both coarse and 

fine aggregates

Grading and Fineness Modulus (ASTM C136), amount of material finer than 

0.075 mm (No. 200) sieve (C117), coal and lignite (C123), chert (C123 and, if 

necessary, C295), clay lumps, and friable particles (C142), sulfate soundnessa (C88), 

alkali silica reactivitya (C1260, and C1293)

Coarse only Abrasiona (C131 or C535)

Fine only Organic impurities (C40 and, if necessary, C87)

Note: All aggregates for the tests should be sampled according to ASTM D75 and, if necessary, the sample 

size reduced according to ASTM C702. ASTM C33 has limits on all of the tests. For chert, there is 

limit only on coarse aggregate. For fineness modulus, there is limit only on fine aggregate.
a ACI 301 requires that results of these tests should not be older than 1 year. Results of all other tests 

should not be older than 90 days.
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other properties) on an annual basis. The results should be sent to the aggregate pro-

ducer and significant variations (if any) should be discussed.

The fine aggregate grading and void content tests are conducted at a higher fre-

quency than that for coarse aggregates to reflect the greater influence fine aggregate 

grading, shape, and texture has on concrete performance. Void content tests for both 

coarse and fine aggregates should be conducted at a fixed grading to isolate the 

effect of aggregate shape and texture from that of grading. There are no specifica-

tion requirements for void content. If the test results between consecutive shipments 

vary by more than 2.0%, then the concrete mixing- water demand may change as dis-

cussed earlier, and therefore suitable changes to water- reducing admixture dosages 

may be needed. A moving average of five test results shows trends in the results not 

otherwise apparent. If there is a noticeable trend or if the results fluctuate by more 

TABLE 6.2

Suggested Quality Control Program for Aggregates

Test Test Method Minimum Test Frequency

Aggregate Plant Samples

Coarse Aggregate

Grading and FM ASTM C136 Once per day

Finer than 75 μm (No. 200 sieve) ASTM C117 Once per day

Void content ASTM C29 Once per week

Relative density and absorption ASTM C127 Once per 90 days

Fine aggregate

Grading and FM ASTM C136 Once per day

Finer than 75 μm (No. 200 sieve) ASTM C117 Once per day

Void content (fixed grading) ASTM C1252 (Method A) Twice per week

Relative density and absorption ASTM C128 Once per 90 days

Sand equivalency ASTM D2419 Twice per weeka

Concrete Plant Samples

Coarse Aggregate

Grading and FM ASTM C136 Once per 2 weeks

Finer than 75 μm (No. 200 sieve) ASTM C117 Once per week

Void content (fixed grading) ASTM C29 Once per 2 weeks

Relative density and absorption ASTM C127 Once per year

Fine Aggregate

Grading and FM ASTM C136 Once per week

Finer than 75 μm (No. 200 sieve) ASTM C117 Once per week

Void content (fixed grading) ASTM C1252 (Method A) Once per week

Sand equivalency ASTM D2419 Once per weeka

Relative density and absorption ASTM C128 Once per year

a Recommended only for those aggregates known to have a problem. 
 Aggregate moisture testing is discussed in an earlier chapter.
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than ±1.0% from the base value, the producer can share the results with the aggre-

gate producer and have discussions to ensure that the aggregate shape and texture do 

not vary substantially.

If the grading test results show a greater variation than that obtained from the 

aggregate producer, it is clear that the stockpiling and handling practices at the con-

crete plant may have to be improved. If the grading test results exceed ASTM C33 

requirements, then the results should be shared with the aggregate producer and a 

check test made. It may be acceptable to have one in five consecutive grading test 

results fall outside the limits. If the material consistently falls outside the specifi-

cation limits, it should not be used in concrete manufacture, and the cause of the 

problem should be investigated. As discussed earlier, the percent passing the finer 

sieves for the fine aggregates can significantly influence the concrete performance. 

So, if significant changes are noted in those sieve sizes, concrete mixture adjust-

ments (if allowed) can be made as discussed earlier. To get an overall effect of grad-

ing, FM values can be used. If the fine aggregate FM changes more than 0.20, then 

the coarse aggregate and fine aggregate amounts must be changed as recommended 

by ACI 211.1.

A –75 μm (No. 200 sieve) test result should be plotted on a moving average con-

trol chart. If the results exceed ASTM C33 requirements, then the results should be 

shared with the aggregate producer and a check test made. Stockpiling and handling 

practices should also be scrutinized to see whether fines are inadvertently being 

incorporated. If the test results between consecutive shipments vary by more than 

1.0%, then concrete performance can be influenced as discussed earlier. Suitable 

adjustments to concrete mixture proportions may be made if allowed.

SE test results should be plotted on a moving average control chart. If the results 

decrease below 75%, the aggregate producer should be asked to take efforts to 

increase the results. If the results decrease below 70%, a different fine aggregate 

source may have to be considered until this source increases above 70%.
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7 Basic Statistics

BASIC STATISTICAL PARAMETERS

VariaBility

Materials, production processes, and testing procedures are variable by nature. It is 

important to quantify variability with some measures. Range, R, is a simple mea-

sure of variability. It is the difference between the highest and the lowest values of 

the results. Standard deviation, S, is the most commonly used measure of variabil-

ity. The difference (or deviation) of each result from the average are squared and 

summed up. This sum is divided by one less the total number of results (n − 1), and 

the square root of that quantity gives the standard deviation.

Mathematically, the standard deviation is expressed as follows:

 S
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where:

S = Standard deviation

∑ means “to take the sum of”

Xi = The individual test result
–
X = Average

n = Number of test results

Table 7.1 shows an example calculation of standard deviation for a list of numbers.

Other equivalent formulae that make for easier calculation of standard deviation 

are

 S
X

X

n
(n 1)

i
2

i
2

=
−
( )
−

∑
∑

  or  S
X nX

(n 1)

i
2 2

=
−

−

∑

While the calculation is relatively cumbersome, standard deviation is easily calcu-

lated using calculators with statistical functions or computer spreadsheets.

In most cases, the sample standard deviation is calculated using the formula 

shown. The sample standard deviation is an estimate of the standard deviation of 
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the population. If we have results for the entire population, we would calculate the 

population standard deviation, in which case we divide by “n” instead of “(n – 1).” 

Calculators and spreadsheets have different keys or formulas, respectively, to calcu-

late the appropriate standard deviation. The difference between “population” and 

“sample” standard deviation tends to get small when the number of samples, n, is 

larger than about 15.

For most test data, the “sample standard deviation,” typically denoted by S in this 

book, is calculated.

Coefficient of variation, V, is the standard deviation expressed as a percentage of 

the average.

The mathematical formula is as follows:

 V
S

X
100= 



 ×

For the data above,

 V
400

100 11.4%= 



 × =

3500

freqUenCy distriBUtions

A frequency distribution is a useful way to view test data. The frequency distribution 

is also the basis for statistical reasoning and predictions. It forms the basis of the 

“normal distribution” from which ACI equations for calculating required average 

strength, percent within limits (PWL) concepts, and control charts are derived.

Data from a particular process will vary over a certain range. The data are 

arranged in ascending order. A frequency distribution is developed by grouping and 

TABLE 7.1

Calculation of Standard Deviation

Xi Average 
–
X

Deviations

(Xi – 
–
X)

Deviations Squared

(Xi – 
–
X)2

3100 3100–3500 –400 160,000

3920 3920–3500 +420 176,400

3480 3500 3480–3500 –20 400

3700 3700–3500 +200 40,000

2950 2950–3500 –550 302,500

3850 3850–3500 +530 122,500

Total 801,800

S
801,800

(6 1)
160,360 400=

−

= =
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counting the data in different ranges or classes. For example, for a given data set 

of 100, the data are grouped in ranges of 200 as shown in Table 7.2. A plot of the 

ranges (range midpoint) on the X- axis and the number of tests falling in each range 

on the Y- axis is called a frequency histogram. The frequency histogram for the data 

grouped in Table 7.2 is shown in Figure 7.1. At a glance, the frequency histogram 

reveals the center (or approximate average), the extreme limits, and the spread (or 

dispersion) of the data.

normal distriBUtion

When a large amount of data are plotted on a frequency histogram, the data follow a 

typical pattern. For most data, the distribution can be approximated by a normal fre-

quency distribution curve, often called a “bell curve.” Figure 7.2 shows the normal 

frequency distribution curve drawn for the Table 7.2 data.

The normal distribution curve has several interesting properties:

• The curve is symmetrical about the average, i.e., 50% of the tests will be on 

either side of the average.

• The peak of the curve occurs at the average of the data.

• The spread of the curve is characterized by the standard deviation. The 

greater the spread, the higher the standard deviation.

• Statistical theory can be used to predict the percentage of tests within (or 

outside) a particular range. If the total area under the curve represents 100% 

of the results, a portion of that area is proportional to the number of tests 

within that range.

TABLE 7.2

Development of A Frequency Distribution

Range

Range 

Midpoint

Number 

of Results

2100–2299 2200  0 The following statistical parameters are determined from 

the results:

 Number of tests, n = 100

 Average, 
–
X = 3500 psi (24.14 MPa)

 Standard deviation, S = 474 psi (3.27 MPa)

 Coefficient of variation, V = 13.5%

2300–2499 2400  1

2500–2699 2600  4

2700–2899 2800  8

2900–3099 3000  7

3100–3299 3200 12

3300–3499 3400 16

3500–3699 3600 18

3700–3899 3800 14

3900–4099 4000  9

4100–4299 4200  7

4300–4499 4400  3

4500–4699 4600  1
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For example, statistical theory tells us that for a normal distribution, 68.27% of the 

area under the bell curve will be in the range between ± 1 standard deviation about 

the average, that is, between (
–
X – 1 S) and (

–
X + 1 S). This indicates that 68.27% of 

the tests results will fall in this range, as illustrated in Figure 7.2.

In the example above, about 68 of the 100 test results will be between

 (
–
X – 1 S) = (3500 – 474) = 3026 psi (24.1 – 3.27 = 20.87 MPa)

and

 (
–
X + 1 S) = (3500 + 474) = 3974 psi (24.1 + 3.27 = 27.37 MPa)

It follows that the remaining 32 tests will be outside this range. As the distribution 

is symmetrical about the average, one half, or 16 tests, will be greater than 3974 psi 

(27.37 MPa), and 16 tests will be less than 3026 psi (20.87 MPa).

Similarly, 95.45% of the data will fall between (
–
X – 2 S) = 2551 psi (17.59 MPa) 

and (
–
X + 2 S) = 4449 psi (30.68 MPa), and 4.55% of the tests will fall outside 

that range.

Predictions Using a Normal Distribution

If the average and standard deviation of a set of data are known, then by assuming a 

normal distribution, the probability (or odds) of a test falling within a certain range, 

expressed as the average plus or minus some fraction of the standard deviation can 

be predicted. The expected percent of tests within a given function of the average, 
–
X, and the standard deviation, S, can be predicted from Table 7.3 (percentages have 

been rounded off).

TABLE 7.3

Percentage of Tests within Indicated 

Ranges of the Normal Distribution

Strength Level Percent
–
X ± 0.43 S 33
–
X ± 0.84 S 60
–
X ± 1.00 S 68
–
X ± 1.28 S 80
–
X ± 1.64 S 90
–
X ± 1.96 S 95
–
X ± 2.00 S 95.5
–
X ± 3.00 S 99.8
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Example: Based on 50 sieve analysis tests on a concrete sand, we have an average 

of 25.0% passing the No. 50 sieve and a standard deviation of 3.9%. If the specifica-

tion limits are 20 to 30% passing, what percent of tests meet the specification?

The lower specification limit = (25–20) ÷ 3.9 = 1.28 standard deviations below 

the average.

The upper specification limit = (30–25) ÷ 3.9 = 1.28 standard deviations above 

the average.

Assuming the data follows a normal distribution, Table 7.3 indicates that 80% 

of the tests (40 tests) will fall in the range of 
–
X ± 1.28 S and thereby conform with 

the specification.

This works quite well provided the assumption that the data following a normal 

distribution is accurate, and the statistics are calculated with a large amount of data 

(at least 30 tests).

The number of tests that will be less than a certain value can be predicted by 

expressing that value as the average minus some factor of the standard deviation. The 

expected percent of tests below a given function of the average, 
–
X, and the standard 

deviation, S, can be predicted from Table 7.4.

Example: The specified strength for a particular class of concrete is 3000 psi 

(20 MPa). The standard deviation, calculated from 30 tests of this class of con-

crete, is 450 psi (3 MPa). What should the average strength of the concrete be 

if the specification indicates that it is acceptable to have 1 in 20 (5%) tests less than 

the specified strength.

The mixture should be designed to produce an average strength high enough such 

that, assuming a normal distribution, only 5% of the tests will be less than 3000 psi 

(20 MPa).

The average strength should be 3000 + (1.64 × 450) = 3738 psi or 20 + (1.64 × 3) 

= 24.9 MPa.

TABLE 7.4

Percentage of Tests Less Than Indicated 

Value of the Normal Distribution

Strength Level 

Below Value

Percent Number
–
X − 0.43 S 33 1 in 3
–
X − 0.84 S 20 1 in 5
–
X − 1.00 S 16 1 in 6.25
–
X − 1.28 S 10 1 in 10
–
X − 1.64 S 5 1 in 20
–
X − 1.96 S 2.5 1 in 40
–
X − 2.00 S 2.25 1 in 44
–
X − 3.00 S 0.10 1 in 1000
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This forms the basis of the ACI equations to calculate the required overdesign 

strength for a specified strength when the standard deviations of strength test results 

of concrete produced from a certain plant are available. ACI 318 requirements are 

covered later in this section, and in Appendix A.

tyPes of Variation

Common Causes and Special Causes

The variability of any manufactured product is unavoidable. The variation may be 

attributed to chance causes, which nowadays are called common causes, or assign-

able causes, which are now called special causes.

Common causes are attributed to the normal variability of the process. Common 

causes are typically chronic and usually are due to multiple minor variables. They 

are difficult to diagnose and provide remedies.

For example, the slight variation in batching equipment may be attributed to a 

common cause.

Special causes are typically sporadic and often are due to single variables. Special 

causes may be identified by studying one or more control charts.

For example, if the batching equipment starts malfunctioning, it may be attrib-

uted to a special cause. Similarly, a series of low- strength tests associated with a new 

inexperienced testing operator is a special cause.

Step Changes

Sometimes the variations in a property (strength, for example) are sustained, and this 

results in a change in average value. This sudden change in average strength is called 

a step change. Step changes could be due to changed constituent materials being 

used, weigh- scales and testing machines that malfunction with a consistent bias, and 

so forth. With concrete production, step changes in average strength are more com-

mon than drifts in average strength (Gibb and Harrison 2010). An example of a step 

change is provided in a later section on CUSUM charts.

Control Charts

One of the important tools in quality control is a control chart. Control charts depict 

process changes over time. They were first developed by Walter A. Shewhart, and 

so they are also called Shewhart control charts. It is important to note that control 

charts do not control the process but are a means of verifying that the process is in 

control and making changes if it is not.

Control charts can be useful to distinguish special causes from common causes. 

It is also important that a common cause not be misinterpreted as a special cause, in 

which case, the reason for the variability will be difficult to establish.

A control chart can be viewed as a distribution turned sideways with the vertical 

axis being the test results and the horizontal axis being the successive test numbers.

Some of the benefits of using control charts include:

• Detecting trouble early

• Decreasing variability
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• Establishing the process capability

• Reducing price adjustment costs

• Decreasing inspection frequency

• Using as a basis for changing the specification limits

• Permanent record of quality

• Instilling quality awareness

Individual Chart

The simplest type of control chart is the individual chart. The individual test results 

are plotted and checked against some control limits. The control limits might be

• Specification tolerances plotted about a target value. In this case, action 

should be taken before the data approaches the specification limits to avoid 

rejection of the product.

• Arbitrary control limits plotted about a target value. The control limits are 

selected so that corrective action may be taken when the data falls outside 

their bounds. Arbitrary control limits should be tighter than the specifica-

tion tolerances. For example, if the specification calls for air content at 

6 ± 1.5%, the control limits may be set at arbitrary limits of ±1%.

• Control limits based on the standard deviation calculated from historical 

(recent) data plotted about the average. The previous data should include at 

least 15, and preferably 30, data points. The control limits may be set at ±2 

(or 3) standard deviations. Generally, control limits are set at ±3 S. If the 

data points lie within the control limits, the process is said to be in statisti-

cal control. Points that fall outside the control limits are said to come from 

special causes. So, in this respect, the charts provide a decision- making tool 

to identify when a special cause for the variation occurs that then generates 

an action to correct the situation or not. A lower factor of the standard devi-

ation might be preferable to generate a faster response to a potential change 

where corrective action may be required. For example, if the control limits 

are set at ±2 S, then a change in the process might be identified when more 

than approximately 1 in 20 tests (5%) fall outside the control limits. It is also 

worth noting that there is only a 0.2% probability that two consecutive test 

results fall outside the 28-day or 7-day control limits set at ±2S and 0.8% 

probability that seven consecutive test results are on one side of the average.

The control limits on a control chart are not to be used to determine whether the 

product is acceptable but to indicate that there is a change in the process and gener-

ate corrective actions.

Average and Range Charts

The control chart for average (X- bar chart) and the control chart for ranges (R- chart) 

are used together to identify process changes. The X- bar chart is useful to detect when 
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the process target or average changes and the R- chart is used to determine when the 

process variability changes.

The advantage of a control chart for average (X- bar chart) is that, even if individ-

ual values of a process do not follow a “normal distribution,” the distribution of the 

averages will be approximately normal. Control limits of (± 3SX) are typically used 

to identify changes in the process average. SX is the standard deviation of the aver-

ages of each subgroup of data. The control limits for average control charts should 

be tighter than that for control charts of individual results. The standard deviation, 

calculated from individual results, should be modified by dividing by n , for charts 

of averages, where n is the number of individual results being averaged.

Example: The standard deviation, S, of 30 tests is 300 psi (2.07 MPa), and the 

control limits are chosen as ±1.64 S.

The control limits for the control chart plotting individual test results

 = ± ×( ) = ± ± ×( ) = ±X X psi or X X1 64 300 492 1 64 2 07. . . 33 4. MPa

The control limits for the control chart of an average of three tests

 
= × ( )



 = ± ± ×X± 1.64 X psi or X300 3 284 1 64 2 0÷ . . 77 3

1 96

÷( )





= ±X MPa.

More than one test result (n > 1) in each subgroup is required to calculate the ranges 

for the R- chart. However, generally, the standard deviation need not be calculated, 

and the following approach can be used:

The control limits for the X- bar chart are calculated as follows:

Upper Control Limit

 UCL X (A R) (used to estimate X SX 2 X= + × + 3 )

Lower Control Limit

 LCL X (A R) (used to estimate X SX 2 X= − × − 3 )

The control limits for the R- chart are calculated as follows:

Upper Control Limit

 UCL D R (used to estimate R SR 4 R= × + 3 )
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Lower Control Limit

 LCL D R (used to estimate R SR 3 R= × − 3 ),

where

X  = overall average, i.e., average of sample averages

R = Average range, i.e., average of sample ranges

A2, D3, and D4 are factors from Table 7.5

The point at which action should be taken should also be defined. While interpreting 

X- bar charts and R- charts, it may be decided that a red flag will be raised if one data 

point (the average of a subset) falls outside the control limits or if 5 to 8 consecu-

tive subset averages fall on one side of the overall average. Periodically, it may be 

necessary to update the control limits from more recent data. This could be easily 

accomplished with spreadsheets or statistical software.

Example of an Average and Range Control Chart

This example illustrates the development of a statistical control chart, which tracks 

the percent passing the No. 50 sieve. A sieve analysis of the sand is conducted twice 

a day. Two tests on different sand samples are run on each day, and these two tests 

make up the subset of data with n = 2. The data are shown in Table 7.6. The first 

30 subsets of data are used to calculate the control limits for the chart. Subsequent 

data are plotted using the control limits established from the historical data.

Control Limits for X- bar Chart (3-Sigma Limits):

Upper Control Limit 

 UCL X (A R) 22.2 (1.88 4.8) 31.3X 2= + × = + × =

Lower Control Limit 

 LCL X (A R) 22.2 (1.88 4.8) 13.1X 2= − × = − × =

TABLE 7.5

Factors for Control Limits of Statistical 

Control Charts

Tests in Average Range

Subgroup, n A2 D3 D4

2 1.88 0 3.27

3 1.02 0 2.58

4 0.73 0 2.28

5 0.35 0 2.12

6 0.48 0 2.00

7 0.42 0.08 1.92
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Control Limits for R- Chart:

Upper Control Limit

  UCL D RR 4= × = × =3 27 4 8 15 8. . .

Lower Control Limit 

 LCL D RR 3= × = × =0 4 8 0.

TABLE 7.6

Control Chart for Percent Passing the No. 50 Sieve

Date Test 1 Test 2 Average, 
–
X Range, R

May 1 22.0 19.2 20.6 2.8

May 2 18.8 20.9 19.9 2.1

May 3 30.7 16.6 23.7 14.1

May 4 21.0 22.5 21.8 1.5

May 5 15.7 24.7 20.2 9.0

May 6 13.8 16.0 14.9 2.2

May 7 19.2 16.7 18.0 2.5

May 8 24.0 24.1 24.1 0.1

May 9 28.6 23.5 26.1 5.1

May 10 23.3 30.5 26.9 7.2

May 11 22.0 30.2 26.1 8.2

May 12 18.1 21.9 20.0 3.8

May 13 25.8 27.6 26.7 1.8

May 14 24.6 21.9 23.3 2.7

May 15 24.1 19.4 21.8 4.7

May 16 30.8 22.7 26.8 8.1

May 17 18.2 9.2 13.7 9.0

May 18 20.7 18.2 19.5 2.5

May 19 16.8 24.1 20.5 7.3

May 20 23.3 22.9 23.1 0.4

May 21 28.8 20.1 24.5 8.7

May 22 20.5 15.4 18.0 5.1

May 23 19.1 15.9 17.5 3.2

May 24 25.8 23.3 24.6 2.5

May 25 28.1 31.0 29.6 2.9

May 26 29.2 27.1 28.2 2.1

May 27 20.2 10.4 15.3 9.8

May 28 19.6 16.7 18.2 2.9

May 29 19.8 27.5 23.7 7.7

May 30 27.6 32.8 30.2 5.2

Subgroups 30
–
X
–

 = 22.2
–
R = 4.8
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Coefficients A2, D3, and D4 are obtained from Table 7.5 for n = 2. The control charts 

are shown in Figure 7.3. Note that the average of each data subset is plotted on the 

X- bar chart. The specification limits for percent passing No. 50 is 10 to 35% and is 

also plotted on the X- bar chart.

Moving Average and Moving Range Charts

A control chart for moving average is identical to a control chart for averages. 

Typically, a moving average of 3 or 5 consecutive data points are plotted. The trend 

of a moving average chart may detect changes quicker than a control chart for aver-

ages. A moving average chart is not applicable for data arranged in subgroups such 

as in the previous example. However, the moving average chart is commonly used 

in tracking compressive strength test results (each being the average of two or more 

cylinders) from samples of different loads of concrete.

The moving range control chart can also be used to track within- batch variability. 

Other than this, all discussions provided for average and range control charts are also 

applicable for the moving average and moving range control charts. Even the method 

of calculating control limits is identical.

Control Chart for Average for No. 50 Sieve (Percent Passing)
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An example of an individual chart, moving average chart, and range chart is pro-

vided in the next section.

CUsUm Charts

Ken Day (2006) has been a major proponent of the use of CUSUM charts, which are 

commonly used in the United Kingdom and in Australia. A CUSUM chart works 

in the following manner: With any data set, an average is calculated. The difference 

between each individual value and the average is cumulatively summed and graphed 

against a timeline. As long there is no change in the slope of the chart (flat), the aver-

age value for that property plotted is constant. If the slope of the chart changes, it 

indicates a change in the average value, that is, a “step change.” The extent of this 

step change can be estimated from the magnitude of the slope. A rising CUSUM 

chart (positive slope) indicates that there has been an increase in average value in 

that section. The point of intersection of the best straight line before and after the 

step change will pinpoint the time of occurrence of the step change. CUSUM charts 

are more effective than control charts in rapidly identifying step changes (Day 2006; 

Juran and De Feo 2010; Gibb and Garrison 2010; ACI 214R).

Example

Table  7.7 shows a list of randomly generated compressive strength test data. For 

sample numbers 16–30, a step change in the form of a reduction in average com-

pressive strength of 750 psi was introduced as compared to sample number 1–15. 

Columns 3–5 in Table 7.7 show the methodology of CUSUM calculation as discussed 

in the previous paragraph. The CUSUM chart is plotted in Figure 7.4. The CUSUM 

chart clearly shows that the data varied in a random manner for the 15 samples, and 

the step change in the form a lower strength from sample 16 onward, and it continues 

till sample 30. The slope of the line is about –515 psi (3.5 MPa), which is lower than 

the actual step change of 750 psi.

The data in Table 7.7 is used for developing the control charts plotted as Figure 7.5. 

The control charts can be used to track the strength data collected on the job.

Figure 7.5a is an individual chart that plots the cylinder test results. The control 

limits plotted include

• the required average strength (ƒ′cr) (note that this is not the actual average 

of the results),

• the specified strength (ƒ′c), and

• (ƒ′c - 500) psi or (ƒ′c – 3.5) MPa.

The last limit is plotted to check whether an individual test falls below 2500 psi 

or 17.5 MPa, which is one of the ACI acceptance criteria for this example. This 

chart shows that none of the strength test results were below that strength test accep-

tance criterion. This chart shows random variation for the first 15 samples, and a 

step change seemed to have occurred from sample 16 onward. However, that is not 

clearly confirmed.

www.EngineeringEbooksPdf.com



74 Improving Concrete Quality

Figure 7.5b plots the moving average of three consecutive test results. The control 

limits plotted include

• the required average strength (ƒ′cr) and

• the specified strength (ƒ′c).

ACI acceptance criteria require that the moving average of three should not be less 

than the specified strength (ƒ′c). This control chart shows that 3 points were slightly 

TABLE 7.7

Randomly Generated Compressive Strength Test Data Showing Step Change 

for Samples 16–30

Sample 

No. Strength Average Strength thus far

Difference from 

Average

CUSUM, 

psi

CUSUM, 

MPa

1 4376 4376 0 0 0

2 4080 (4376 + 4080)/2 = 4228 –148 –148 –1

3 3728 (4376 + 4080 + 3728)/3 = 4061 –333 –481 –3

4 3395 3895 –500 –981 –7

5 4270 3970 300 –681 –5

6 4979 4138 841 160 1

7 4080 4130 –50 110 1

8 3350 4032 –682 –572 –4

9 4819 4120 699 127 1

10 3363 4044 –681 –554 –4

11 3766 4019 –253 –806 –6

12 3981 4016 –35 –841 –6

13 3866 4004 –138 –979 –7

14 3378 3959 –581 –1560 –11

15 4775 4014 761 –799 –6

16 3626 3990 –364 –1162 –8

17 3330 3951 –621 –1783 –12

18 2978 3897 –919 –2702 –19

19 2645 3831 –1186 –3888 –27

20 3520 3815 –295 –4183 –29

21 4229 3835 394 –3789 –26

22 3330 3812 –482 –4271 –29

23 2600 3759 –1159 –5430 –37

24 4069 3772 297 –5133 –35

25 2613 3726 –1113 –6246 –43

26 3016 3699 –683 –6929 –48

27 3231 3681 –450 –7379 –51

28 3116 3661 –545 –7924 –55

29 2628 3625 –997 –8921 –62

30 4025 (4376+……..4025)/30 = 3639 386 –8535 –59

www.EngineeringEbooksPdf.com



75Basic Statistics

below that acceptance criterion. All 3 points occurred after sample 16. The step 

change after point 16 is clearer than in the individual control chart.

Figure 7.5c and d monitor the within- batch variation and a greater discussion on 

this topic, including the calculations shown in Table 7.8 is provided in the chapter 

on testing variability. Figure 7.5c plots the range of the two cylinders prepared from 

the same concrete sample expressed as a percent of the average strength. For this 

example, the control limit for acceptable range of two cylinders, plotted in the third 

chart, is 8%. Clearly, this level is exceeded much more often than 1 in 20, suggesting 

that cylinder fabrication and testing techniques need to be reviewed. Figure  7.5d 

plots the moving 10 test within- batch coefficient of variation (V1) in percent. For this 

example, the testing quality is poor most of the time.
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FIGURE 7.4 Example of CUSUM chart for strength test results in Table 7.7.
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8 Variation in Concrete 

Performance Due 

to Batching

This chapter discusses the benefits of controlling accuracy of batching of concrete 

material ingredients other than water. Effects of batching inaccuracies of water and 

ways to reduce it have been addressed earlier in Chapter 4 Mixing Water Control.

ASTM C94 SCALE ACCURACY AND ACCURACY 
OF PLANT BATCHING

ASTM C94-11 states that scales shall be considered accurate when at least one static 

load test within each quarter of the scale capacity can be shown to be within ±0.15% 

of the total capacity of the scale or 0.4% of the net applied load, whichever is greater. 

The NRMCA plant certification check list invokes these requirements through the 

range of use of scales. The certification requires companies to verify scale accuracy 

at least once every 6 months and to arrange for prompt recalibration and correction if 

noncompliance is indicated or if the plant is moved or other maintenance impacts the 

weighing systems. The accuracy of volumetric measuring devices in the NRMCA 

Check List for water and chemical admixtures is established by the required batch-

ing accuracy. NRMCA certification requires that volumetric measuring devices 

should be checked for accuracy at least once every 6 months.

ASTM C94 and ACI 117-06 state the tolerances for batching ingredients of 

concrete. The batching accuracy requirements in the NRMCA Plant Certification 

program are as required in ASTM C94 and stated in Table 8.1. For weighed ingre-

dients, accuracy of batching is determined by comparison between the desired 

weight and the actual scale reading; for volumetric measurement of water and 

admixtures, accuracy is determined by checking the discharged quantity relative 

to the target, either by mass on a scale or by volume in an accurately calibrated 

container. Volumetric measurement is commonly used for water and typically used 

for chemical admixtures. It is realized that in any single batch, at least one of the 

ingredients may be out of tolerance, as discussed later. For the NRMCA plant cer-

tification, inspectors are advised to review several batch records and to determine 

that the plant complies with the batching accuracy by reviewing the average of any 

10 consecutive batches of concrete.
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TWO ISSUES WITH BATCHING

The above requirements are essential first steps for ensuring batching accuracy. 

Concrete producers should continuously review batch records to ensure that batch 

weights of all the ingredients of concrete are within the ASTM C94 batching accu-

racy requirements. Concrete plants may have to be tuned, continually monitored, 

and adjusted when necessary. If this is not practiced, two possible errors may occur:

 1. Over- batching materials means giving material away and increased mate-

rial cost per cubic yard produced. Under- batching results in under- yield 

causing customer complaints.

 2. Batch weights that are highly variable can cause significant variations in 

yield, strength, and other performance characteristics of concrete. It results 

in poor inventory control of ingredient materials at the plant.

oVer- BatChing

Figure 8.1 (Bain and Obla 2007) shows the cement over- batch in dollars from a fairly 

new concrete plant producing approximately 200 yd3 (150 m3) per day. It is clear that 

for the first month (June 1 to 30) the plant was on an average over- batching about 

10 lbs/ yd3 (6 kg/ m3) of cement. Between June 30 and September 30, the over- batching 

continues upward in a series of ever- shortening steps. This was due to attempts to 
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FIGURE 8.1 Significant cement over- batching prior to installation of improved QC system 

(1 plant producing about 200 yd3 [150 m3] per day working 5 days/week). (Reprinted with 

permission from Bain, D., and Obla, K. H., “Concrete Quality Control—The Untapped Profit 

Center,” Concrete InFocus, Fall 2007, Vol. 6, No. 3, NRMCA, pp. 63–69.)
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tune the plant using the batch computer as the plant continued to become more and 

more mechanically unsound. It can be easily seen at what point the plant fails. It is 

also apparent that once the plant was repaired to a proper mechanical condition, that 

the batch computer had in fact been tuned to an under- batch condition to correct a 

deteriorating mechanical condition that had been causing the plant to over- batch. 

Once the plant was repaired and the computer properly tuned, more accurate batch-

ing was possible as reflected by the almost flat line starting about November 20.

Figure 8.2 (Bain and Obla 2007) represents what can be achieved in batching 

accuracy when attention is given to all materials. This figure represents five plants 

producing a total of almost 3000 yd3 (2300 m3) per day. Note that this figure repre-

sents 5 months of production totaling over 300,000 yd3 (230,000 m3). Total mate-

rial over- batch was reduced to an average of $0.013/yd3 ($0.017/m3) for the 5- month 

period. This type of performance requires constant monitoring and constant preven-

tative maintenance.

Another producer (Crammatte 1998) reports similar reductions in over-batches. 

Figure 8.3 (upper plot) is a timeline graph (over 2 years) of sample averages of cement 

batch weights of three consecutive batches of concrete. Each data point was the aver-

age of cement batch weights for three consecutive concrete batches for the same 

mixture. At least two such points were collected per day, so the whole plot consists of 

663 data points. At the beginning, cement was being over-batched on average about 

5 lb/ yd3 (3 kg/ m3) over the target weight.
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FIGURE 8.2 Significant reduction in material over- batching after installation of improved 

QC system (5 plants producing total of about 300,000 yd3 [230,000 m3] for that period). 

(Reprinted with permission from Bain, D., and Obla, K. H., “Concrete Quality Control—The 

Untapped Profit Center,” Concrete InFocus, Fall 2007, Vol. 6, No. 3, NRMCA, pp. 63–69.)
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Variation of BatCh weights and its effeCts

The second important issue with batching is the variation in batch weights. In 2006, 

a survey of batching accuracy was conducted (Daniel 2006) while developing the 

NRMCA Plant Inspectors Guide for the purpose of evaluating how inspectors can 

check batching accuracy during a plant inspection. Data were received from 31 

concrete plants with batch records from 10 consecutive batches for each of 2 days. 

This produced 620 batch records. Actual batch weights were compared with target 

weights for all of the concrete ingredients—cement, fly ash, slag cement, coarse 

aggregates, fine aggregates, air entraining admixtures, and two other chemical 

admixtures (if used). Out of 620 batches, 565 batches were 3 yd3 (2.3 m3) or higher, 

and the following analysis is restricted to those since batches less than 3 yd3 (2.3 m3) 

are more prone to batching inaccuracies. Table 8.2 provides the analysis of the out- 

of- tolerance batches for just the cementitious weight. It was found that 83% of all 
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FIGURE 8.3 Control charts for the cement batching process over 2 years at a ready mixed 

concrete plant. (Reprinted with permission from Crammatte 1998.) Average cement weight 

in lb/ yd3 of three consecutive batches of concrete (upper) and corresponding range in lb/ yd3 

(lower). Two data points plotted each day of production.
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batches were within the C94 tolerance of ±1% and 95% were within ±2%. When 10 

consecutive batch records were averaged, 98.5% of the plants met the batching accu-

racy requirements of ASTM C94. Another aspect of this review is that most batches 

were out of tolerance on at least one ingredient.

Cementitious Weight Variation and Its Effect on Strength Variation

For a given concrete mixture, variations in cementitious batch weights can be 

expected to lead to strength variations. As discussed earlier, a commonly used rule of 

thumb is that 1 lb of cementitious material equates a compressive strength between 8 

and 12 psi (or 1 kg of cementitious material equates a compressive strength between 

0.12 to 0.18 MPa). This means that a ±1% variation in cementitious batch weight 

will result in a ±1% compressive strength variation. If the cementitious batch weight 

varies by ±1% of the target value 95% of the time, the effect is that the resulting com-

pressive strength variation due to just the cementitious batch weight variation should 

be within ±1% of the average strength 95% of the time. The variation in mixing 

water content will have an exactly similar but inverse relationship with compressive 

strength variation and has been discussed in an earlier chapter.

For the purpose of this analysis, it is also assumed that the cementitious batch 

weight and the resulting compressive strength of the concrete are normally distrib-

uted. If 95% of the time it is within tolerance, then it follows that 97.5% of the time 

the cementitious batch weight is more than the lower tolerance limit, and as a result, 

97.5% of the time the compressive strength of the concrete should be greater than the 

strength corresponding to the cementitious batch weight at the lower tolerance limit.

So, for the 97.5% probability, it follows that:

 –
X – 1.96S = (1–y) ×  

–
X

where 
–
X is the average compressive strength; y = variation in cementitious batch 

weight (0.01 for 1%; 0.02 for 2% etc.); S = standard deviation of resulting compres-

sive strength test results.

TABLE 8.2

Analysis of Cement Batching from a NRMCA 

Batching Accuracy Survey

Tolerance Limits, % Percent within Tolerance, %

 ±1% 83

 ±2% 95

 ±5% 98

±10% 99

Source: Adapted from Daniel, G., “Batch Record Data 

Compilation and Summary,” submitted to the RMC 

Research and Education Foundation, 2006.

Note: C94 cement batching tolerance is ±1%.
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Simplifying, we get

 S
y

X=
1 96.

If 
–
X = 5000 psi (34.5 MPa), S can be calculated as given in Table 8.3 for the vari-

ous cementitious batch weight variations. Table 8.3 shows that the resulting strength 

standard deviation varies linearly with the cementitious or mixing- water batch 

weight variation. If the cementitious batch weight varies by ±1% of the target value 

95% of the time, the resulting strength standard deviation will be 26 psi (0.18 MPa). 

If the cementitious batch weight varies by ±2% of the target value 95% of the time 

(findings from the survey reported in Table 8.2), the resulting strength standard devi-

ation will be 51 psi (0.35 MPa). Table 8.3 also shows the required average strength for 

various cementitious or mixing- water batch weight variations for a specified strength 

of 5000 psi (34.5 MPa). It is clearly evident that reducing the cementitious or mixing- 

water batch weight variation from ±10% to ±5% will result in 190 psi (1.31 MPa) 

lower required average strengths. Assuming that every 200 psi (1.38 MPa) increase 

in compressive strength requires an increase in materials cost of $1/yd3 ($1.31/m3), 

a 190 psi (1.31 MPa) reduction in required average compressive strength will result 

in a material cost savings of $0.95/yd3 ($1.24/m3). Reducing the batching variation 

further to ±1% will lead to even more material cost savings.

If a concrete producer is reviewing batch records, a suggested target for improve-

ment would be to ensure that the cementitious batch weights should be within ±1% 

in 95% of the batches. As a process of continuous improvement, once the 95% tar-

get level has been attained, producers can aim for 99%. One company (Crammatte 

1998) has reported attaining a batching accuracy of 99.9999% or only 1 in a million 

batching failure rate and has quantified significant material cost savings as should 

be expected!

While cement is usually the primary focus of any plant analysis, all materials 

are subject to variations in batching and all have an effect on the quality of the 

TABLE 8.3

Cementitious or Mixing- Water Content Variation and Its Effect on Concrete 

Strength Variation and Materials Cost

Cementitious or 

Mixing-Water Batch 

Weight Variation,%

Calculated Concrete 

Strength Standard 

Deviation, psia (MPa) 

Required Average 

Strength for fć = 

5000 psi (34.5 MPa)

Cost Savings Due 

to Better Batching 

Control, $/yd3 ($/m3)

 ±1%  26 (0.18) 5034 (34.7) 1.67 (2.18)

 ±2%  51 (0.35) 5070 (35.0) 1.49 (1.95)

 ±5% 128 (0.88) 5177 (35.7) 0.95 (1.24)

±10% 255 (1.76) 5367 (37.0) 0

a The standard deviations of the compressive strengths are calculated by assuming that the cementitious 

or mixing-water batch weights are within the noted variation 95% of the time, and the batch weights and 

resulting concrete compressive strengths are normally distributed.
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concrete. Batching inaccuracy can be cumulative. A 2% reduction in cementitious 

batch weight, in addition to a 2% increase in aggregate batch weights in the same 

batch, can lead to a 4% reduction in cementitious weight when concrete is adjusted 

for yield, thus resulting in significant concrete performance variation. Also admix-

ture dosage variations can lead to significant changes in air content and mixing 

water content.

HOW CAN A COMPANY IMPROVE BATCHING ACCURACY?

Once a target has been established, there are different ways companies can go about 

to improve batching accuracy. Bain and Obla (2007) report the use of a real- time 

error monitoring system with great success. Control systems available to the industry 

allow the notification of responsible company personnel, in the form of an email, 

whenever the set batch tolerances are exceeded. Parameters for these alerts can be 

set by recipient, region, plant, material, and magnitude of the error. These alerts 

arrive in the hand of the intended recipient (quality personnel) in real time so that a 

decision can be made whether to correct the error, to prevent that particular batch of 

concrete from being delivered to a project, to divert the load to another customer, or 

to discard the load. Real- time reporting of batching errors is a good way to monitor 

the changing mechanical condition of a plant as well.

Crammatte (1998) has had significant success in improving batching accuracy 

using statistical process control charts. Cramatte used the control charts for aver-

age and range of ingredient batch weights of three consecutive batches of concrete. 

In the process described, the plant operator was asked to plot two points each of 

three consecutive batches a day from the batch weight data being reported by the 

batch control computer. A top- selling concrete mix was picked for the evaluation. The 

first two batches of the day were not used, as plant equipment had not yet warmed 

up. When the data collection was initiated, quick changes in plant operations were 

avoided. Changes were made methodically and involved resetting constants in the 

batch computer without any hardware changes. Figure 8.3 shows control charts for 

the cement batching process. The point “S” on the charts in Figure 8.3 is the point 

where this process was brought into statistical control most of the time. The points 

under A, B, C, and D were caused by the batch control computer changing its own 

constants, reacting to assignable cause variation as though it were a shift in the pro-

cess average, and adjusting where no adjustment was warranted. Initially, there were 

differences as high as 40 lb/ yd3 (23.7 kg/ m3) between batches that could have led to 

significant variation in concrete performance, but over time, this was consistently 

reduced to about 5 lb/ yd3 (3 kg/ m3), which is about an 80% reduction in the range 

of the cementitious batch weight. Similar control charts were developed for all the 

ingredient materials. Figure 8.4 shows the control charts for the fine natural dune sand 

batching process. Changes to batching, such as tolerances, jog timing, jog duration, 

and time in air fall, were made methodically by the plant operator. The overall result 

was an 80% reduction in the average range. In the beginning there was difference as 

high as 80 lb/ yd3 (50 kg/ m3) between batches, significant enough to cause quite a bit 

of variation in yield, strength, and so forth. In the lower chart, the four “out of con-

trol” points under the letter A are caused by one batch in the sample going way over 
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target batch weight just after the plant ran out of material on the previous batch. The 

“out of control” point under the letter B was from a modification tried. Overall, for 

all the ingredient materials, the average range was reduced by about 60%. For ingre-

dients batched at very low weights (<100 lb/ yd3 (60 kg/ m3), it was harder to achieve 

large reductions. By methodically following the process and reducing the variations, 

the producer was able to operate at a variation less than half of the C94 tolerance 

for cement and aggregate batch weights, thus ensuring that tolerance limits will be 

exceeded less than one in a million batches! The producer reports success in imple-

menting statistical process control in aggregate production and paperwork as well.

The producer states that an environment of trust that is free of fear is essential for 

statistical process control to succeed. Initially, rapid progress can be made by mak-

ing simple changes, and it is important not to blame someone or some group because 

the low- hanging fruit will not be accessed. The producer states that a plant operator 

achieved most of the improvements shown in Figures 8.3 and 8.4, and has become 

an advocate of continuous improvement and pride in workmanship, traits that will 

benefit the company.

Another way of doing batching accuracy is by the cumulative end- of- day, -week, 

or -month method. If, at the end of some time period, the total amount of material 

used in the concrete more or less equals the amount that should have been used, 

then all is deemed to be well. This is a business- side argument. Unfortunately, this 

“inventory- based” method is not useful enough to adequately establish the true 
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FIGURE 8.4 Control charts for the fine aggregate batching process over 2 years at a ready 

mixed concrete plant. (Reprinted with permission from Crammatte 1998.) Average fine 

aggregate weight in lb/ yd3 of three consecutive batches of concrete (upper) and correspond-

ing range in lb/ yd3 (lower). Two data points plotted each day of production.
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performance of a concrete plant or to predict the performance of individual concrete 

batches. There needs to be a quality side of the argument, too. A cumulative ending 

number only tells a small part of the story; it is necessary to determine the path to 

that number.

YIELD MEASUREMENTS—A TOOL TO IMPROVE 
BATCHING ACCURACY

Yield is the actual volume of concrete produced. The basis of sale for ready mixed 

concrete is by volume (yield), and its estimation is stated in ASTM C94. Yield can be 

calculated by dividing the weight of all materials batched by the measured density of 

concrete. Relative yield is the ratio of actual volume of concrete produced, compared 

to the volume the batch was designed to produce. It is suggested that the concrete 

producer make frequent yield measurements of their top two selling mixtures at each 

concrete plant. As long as the relative yield is within ±2% (i.e., between 0.98 and 

1.02), the yield is probably within expected variation. A higher variation can sug-

gest poor batching accuracy among other things. A greater discussion of concrete 

yield can be found elsewhere (NRMCA TIP 8 [2012], NRMCA CIP 8 [2000]). Even 

if the average (>10 measurements) relative yield is 1.01, it indicates that on average 

there is material over- batching by 1% (1% higher material costs) and lost sales of 1% 

(1% lost revenue).

SUMMARY

Improving batching accuracy can help reduce material over- batching and thus reduce 

material costs per cubic yard produced. It can also help reduce material under- 

batching and thus under- yield that could result in poor customer relations. Improving 

batching accuracy can help attain more consistent performance for fresh and hard-

ened concrete properties, including variation of compressive strength of concrete. 

The intangible benefits of improving batching accuracy are also considerable. There 

will be fewer loads batched in error, and a reduction in rejected loads. Because of 

the constant tracking of material batching, it is possible to quickly detect plants that 

have just had a breakdown or where one is about to occur. This helps reduce plant 

downtime and maintenance.
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9 Variation in Concrete 

Performance Due 

to Manufacturing

This chapter discusses control of variation associated with manufacturing specifi-

cally mixing temperature and delivery time. Batching accuracy, which is a part of 

manufacturing variation, was addressed in the previous chapter.

ASTM C94 REQUIREMENTS FOR UNIFORMITY OF CONCRETE

Concrete needs to be batched and mixed to a homogeneous mixture to reduce per-

formance variation within a batch. Consistency in manufacturing concrete will also 

reduce variations between batches. ASTM C94 has requirements for uniformity of 

concrete produced by truck- mixing, shrink- mixing, or central- mixing. Two separate 

samples from a single batch of concrete, each consisting of approximately 2 ft3, are 

taken after discharge of approximately 15% and 85% of the load. A series of con-

crete tests—slump, air content, compressive strength, coarse aggregate content, 

concrete and mortar densities on an air- free basis—are conducted. Limits are set 

for the range of results for each test on the two samples as listed in Table 9.1 (repro-

duced from ASTM C94) to meet the requirements for uniformly mixed concrete. 

ASTM C94 requires that uniformly mixed concrete should be achieved in a truck 

mixer with 70 to 100 revolutions at the mixing speed designated by the manufac-

turer. For plant mixers, it establishes a minimum mixing time that can be shorter 

when mixer qualification tests are performed. If the uniformly mixed concrete is not 

achieved within the minimum mixing requirements, after all ingredients including 

water are in the mixer, then the mixer shall not be used until the condition is cor-

rected. This is discussed in the next section. Mixing uniformity tests are performed 

on mixers of a unique design by manufacturers that provide plant and truck mixers 

in accordance with the standards of the Concrete Plant Manufacturers Bureau and 

the Truck Mixer Manufacturers Bureau, respectively. Concrete mixtures with low 

and higher slump levels are tested. When satisfactory performance is shown in one 

mixer, the performance of mixers from the same manufacturer, similar drum size, 

and blade design can be assumed, provided the mixer is at a similar or better overall 

condition (Daniel and Lobo 2005). The primary factors relative to the condition of 

mixers in operation that adversely impact efficiency in mixing are the blade wear 

and buildup of hardened concrete or mortar inside the drum. These two items are 

part of the inspection process for mixers in the NRMCA plant certification program. 

Additionally, plant mixers need to be evaluated for mixing uniformity by testing 
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slump and coarse aggregate content for plants that want to be qualified as central- 

mixing plants (NRMCA Quality Control Manual—Section 3, 2011).

IMPROVING UNIFORMITY OF CONCRETE 
PRODUCED IN TRUCK MIXER

Generally, central- mixed concrete produced in plant mixers will not have varia-

tions in the equipment and operator influence associated with truck- mixed concrete. 

NRMCA, in consultation with truck and plant manufacturers, investigated a wide 

number of factors that could have an effect on the uniformity of concrete produced 

in a truck mixer. A series of 670 concrete batches were tested between 1969 and 

1972 (Bloem and Gaynor 1970; Gaynor and Mullarky 1975). The following were 

determined to be the main factors, besides the design and condition of the mixer, that 

affect the homogeneity of a given batch of truck- mixed concrete: batching sequence, 

mixing speed, and mixing revolutions.

BatChing seqUenCe

The following method is suggested to help improve uniformity of concrete as well as 

to avoid cement balls and head packing (Gaynor 1996):

TABLE 9.1

Requirements for Uniformity of Concrete (ASTM C94)

Test

Requirement, Expressed as Maximum 

Permissible Difference in Results 

of Tests of Samples Taken from 

Two Locations in the Concrete Batch

Mass per cubic foot (mass per cubic meter) calculated to an 

air- free basis, lb/ ft3(kg/ m3)

1.0 (16)

Air content, volume of concrete 1.0

Slump:

 If average slump is 4 in. (100 mm) or less, in. (mm) 1.0 (25)

 If average slump is 4 to 6 in. (100 to 150 mm), in. (mm) 1.5 (40)

Coarse aggregate content, portion by mass of each sample 

retained on No. 4.75 mm sieve

6.0

Mass per unit volume of air- free mortar based on average for 

all comparative samples tested (%)

1.6

Average compressive strength at 7 days for each sample,a based 

on average strength of all comparative test specimens (%)

7.5b

Source: Reprinted with permission from ASTM C94, “Standard Specification for Ready Mixed 

Concrete,” Volume 4.02, ASTM International, West Conshohocken, PA, 2009, www.astm.org.
a Not less than 3 cylinders will be molded and tested from each of the samples.
b Approval of the mixer shall be tentative, pending results of the 7-day compressive strength tests.
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 1. Load about 4000 lbs (2000 kg) of coarse aggregate. This will avoid cement 

balls and head packs. Cement balls are round lumps of cement and fine and 

coarse aggregates, typically about the size of a baseball. A head pack is a 

combination of fine aggregate and cement packed against the head of the 

mixing drum. Batching sand or cement first causes head packs that cannot 

be mixed out and sometimes breaks lose after about half the load has been 

discharged causing variations in concrete uniformity.

 2. Add three quarters of the batch water, while ribboning the remainder of the 

aggregate and cement. Typically, the batch water starts early, stops during 

cement batching, and ends well before the last of the aggregate.

 3. Add the last quarter of the batch water to wash all materials in the charge 

hopper and discharge end into the mixer.

These water addition proportions may be used as a starting point, and if the ASTM 

C94 concrete uniformity requirements are not attained, then the proportions of the 

water may be adjusted. However, if too much water is added at the end, concrete at 

the discharge end will be wetter as the water will not move toward the head of the 

drum because the bulk of the concrete has not reached an adequate slump and 

the necessary flow pattern will not develop.

mixing reVolUtions

ASTM C94 requires that the uniformity requirements of concrete mixed in a truck 

mixer be met with 70 to 100 revolutions. Increasing the revolutions does not always 

improve uniformity, especially if a proper batching sequence is not used. ASTM 

C94 requires that additional revolutions of the mixer (during transit and waiting) 

beyond the number found to produce the required uniformity of concrete shall be at 

a manufacturer- designated agitating speed, which is usually between 2 and 6 revolu-

tions per minute (rpm). This is because additional revolutions at mixing speed can 

cause heat buildup in the concrete and a reduction in both slump and air content. A 

few turns at mixing speed before discharge can enhance uniformity after a long or 

bumpy ride from the concrete plant to discharge (Daniel and Lobo 2005).

mixing sPeed

Mixing speed is commonly in the range of 6–18 rpm. Research work conducted at 

NRMCA (Bloem and Gaynor 1970; Gaynor and Mullarky 1975) demonstrated that 

for a fixed number of total drum revolutions, varying the drum speed in the range 

of 4 rpm to 12 rpm did not significantly affect the uniformity. However, uniformity 

improved in the range from 12 rpm to 22 rpm.

In a ready mixed concrete truck, the use of spiral blades moves the concrete first 

down toward the head end of the drum then back up the central axis toward the 

discharge end (Gaynor 1996). This causes a folding action that blends the ingre-

dients together. If the mixing speed is not optimal, then this flow pattern is not 

created inside the truck. This desirable flow pattern occurs only at reasonably high 
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mixing speeds (typically 18 rpm to 22 rpm but as low as 12 rpm to 15 rpm with some 

mixers). To observe whether the necessary mixing action and material flow is being 

obtained, one can look into the discharge end of the drum using a flashlight while 

the drum is revolving at mixing speed. Goggles and appropriate safety precautions 

should be followed if this is done. At a low drum speed, the concrete surface will be 

level with the ground. Increase drum speed in 1 rpm or 2 rpm increments until the 

concrete surface changes from level to almost perpendicular to the drum axis. If this 

mixing action is consistently produced, concrete can be mixed homogeneously in as 

little as 40 to 50 revolutions.

Concrete is frequently retempered at the job site. During the NRMCA research 

(Gaynor and Mullarky 1975), it was found that when 2.5 gallons/ yd3 of water was 

added followed by mixing at 10 rpm for 20 revolutions, the uniformity of concrete 

was only fair; however, when mixing was increased to 16 rpm, as few as 5 revolu-

tions were sufficient to produce acceptable uniformity. It is clear that high mixing 

speed can help attain uniformity of concrete more efficiently and in a much shorter 

time period. However, if the mixing speed continues to increase beyond 22 rpm 

due to increasing centrifugal forces, the optimal flow pattern may not be achieved 

and mixing and concrete uniformity starts to deteriorate (Bloem and Gaynor 1970). 

The mixing speed on current mixers might be limited to about 20 rpm to reduce the 

weight of trucks and maximize load size.

what Can a ComPany do to imProVe Uniformity 

of ConCrete ProdUCed in a trUCk mixer?

Companies should first realize that that to produce quality concrete with a low 

variation in performance the concrete needs to be homogeneously mixed. They can 

achieve that with the following steps:

 1. For every truck, do an annual check for blade wear and concrete buildup. 

These two items are part of the inspection process for truck mixers in 

the NRMCA plant certification program. Blade wear should be checked 

at the point of maximum drum diameter nearest to the drum head. When 

the height of the blade at this point, measured from the drum shell, is 

less than 90% of the original radial height (dimension “X” in sketch 

of applicable blade type in Figure 9.1), the blade is considered exces-

sively worn. The manufacturer of the mixer will furnish original blade 

dimensions on request. Manufacturers may have alternative recommen-

dation for excessive blade wear for their equipment. The interior of the 

mixing drum must have more than a majority of the drum wall clean. 

The acceptable buildup of hardened concrete should typically be less 

than about 1500 lb (680 kg) or 3/8 yd3 (0.3 m3). Considering concrete 

to weigh about 150 lb/ ft3 (2400 kg/ m3), if the mixing drum belly has 

4 lineal feet (1.2 m) of its complete circumference coated with 1 in. 

(25 mm) thickness of concrete, the weight is about 1500 lb (680 kg). If 

the head plus 2 ft (0.6 m) of the wall is coated 1¾ inch (45 mm) deep, 
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the total accumulation is 1500 lb (680 kg). Typically, the largest buildup 

on the blades will be on the mixing face (side facing the drum head) 

and may be difficult to observe. Blades at the discharge end and chutes 

should also have a minimum amount of buildup so as to permit ease of 

discharge without segregation.

 2. The company may choose to perform a periodic mixing uniformity evalua-

tion on mixers. This can be used to establish a critical condition of the mixer 

for both blade wear and buildup that impacts mixing efficiency. This evalu-

ation should include slump, air content, and compressive strength, and the 

range of results should be compared to the limits established in ASTM C94. 

The complete set of mixing uniformity tests is rarely necessary because 

these are related. Since a large portion of the permitted difference can be 

associated with testing variation, a skilled technician who has an ACI Field 

Grade I certification should perform these tests. Alternatively, a visual 

observation of slump during discharge at the job site, possibly accompanied 

by occasional testing, is adequate to evaluate basic mixing uniformity. If 

problems with achieving mixing uniformity cannot be attributed to the con-

dition of the truck mixer, it is likely to be due to a poor batching sequence, 

which may have to be rectified as discussed earlier.

 3. Mixing speed should be selected so that the desired flow pattern is created 

inside the truck. Flow patterns can be studied at the same time random 

concrete uniformity evaluations are being conducted as discussed earlier.

VARIATION IN CONCRETE PERFORMANCE DUE TO TEMPERATURE

Temperature is another key variable that can lead to variation in concrete perfor-

mance. Depending on ambient conditions concrete temperatures can vary from 40°F 

to 95°F during the course of a year and can still be used. As concrete temperature 

increases it is well known that mixing- water demand increases, slump loss increases, 

air content decreases, setting time decreases, early- age strength increases, and later 

X X X X

“L” Die-Formed Straight “T”

DRUM
SHELL

FIGURE 9.1 Mixer blade types. (Reprinted with permission from NRMCA Quality Control 

Manual—Section 3, “Checklist for Certification of Ready Mixed Concrete Production 

Facilities,” Eleventh Revision, May 2011, NRMCA, www.nrmca.org..)
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age strength decreases. Later age strengths are not a concern as long as the cylinders 

are cured between 60°F and 80°F, that is, under standard curing conditions in accor-

dance with ASTM C31 immediately after they are made.

effeCt of temPeratUre on setting time

Setting time is a concern primarily for finishing slabs and contractors desire con-

sistent setting times. As a rule of thumb, for every 20°F (11°C) increase in con-

crete temperature, setting time as measured by ASTM C403 decreases by about 

half. Contractors expect the concrete to have gained sufficient stiffness to commence 

finishing operations within x hours after the materials are batched at the plant. The 

value “x” may be discussed at a preconstruction meeting between the producer and 

contractor and may typically be about 2–3 hours after the truck arrives at the job 

site. Several researchers have concluded that finishing operations occur much before 

initial set (Bury et al. 1994; Abel and Hover 2000; Suprenant and Malisch 1998), 

which is the time it takes for the penetration resistance to reach 500 psi (3.5 MPa). 

Contractors have suggested (Malisch 2010) that an ASTM C403 setting time at a 

penetration resistance of 50 psi (0.35 MPa) is a better indicator for timing finishing 

operations than 500 psi (3.5 MPa) because by then all finishing operations should 

be completed. However, since the C403 testing variation at low penetration resis-

tances are unknown, it is suggested that producers target ASTM C403 setting time 

at 500 psi (3.5 MPa) of (x ± 1) h. Relative setting time of concrete can be estimated 

in an automated manner using thermal measurements of concrete (Cost 2009).

Producers have some control of the concrete temperature at the concrete plant 

and can reasonably estimate the temperature change during transit to the job site. 

However, after the concrete is placed, the setting characteristics of the concrete can 

be affected by the subgrade temperature, ambient temperature, and radiant heat 

due to exposure to sunlight. So it can become hard to predict the concrete tempera-

ture once it is placed to attain consistent setting times in the field. Producers have 

two options:

 1. They can estimate concrete setting times based on the concrete temperature 

at the plant.

 2. They can estimate concrete setting times based on the average of the con-

crete temperature at the plant and ambient temperature expected after time x.

Producers can start with the first option and attempt the second option to see whether 

it improves the consistency of field setting times further.

Table 9.2 shows how a producer can implement this approach. Let us say for a 

particular mixture the measured ASTM C403 setting time at 500 psi (3.5 MPa) at 

70°F (21°C) was 4 h and the target setting time is 4 ± 1 h. The second column shows 

how the setting time can change based on the rule of thumb. It is clear that even a 

5°F (3°C) change in concrete temperature (this can occur during the course of a day) 

can make it difficult to meet the target setting times. For varying concrete tempera-

tures, producers should develop beforehand a table of ASTM C494 admixture type 

(accelerator and retarder), dosage level, and mixture modification (if any) that would 
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help to bring the concrete mixture to the target setting times. A possible schematic 

is shown in Column 3 in Table 9.2. Generally, it is more economical to retard the 

concrete compared to accelerating it using nonchloride accelerating admixtures. It is 

possible that for the same concrete mixture at cooler temperatures (say, 55°F [13°C] 

and below), the contractor may accept a slightly higher target setting time of 6 ± 1 h 

instead of 4 ± 1 h. ACI 301 states that during cold weather concrete for slabs that 

are less than 12 in. (300 mm) thick, should be placed and maintained at a minimum 

temperature of 55°F (13°C). Since this can lead to changes in mixture proportions 

and costs, it becomes important to discuss this at the prebid meeting. Once the proj-

ect starts, concrete temperatures must be monitored at the plant on an hourly basis. 

Whenever there is a change in the measured concrete temperature by more than 5°F 

(3°C), the appropriate admixture type and dosage should be used so that the target 

setting times are achieved.

effeCt of temPeratUre on early- age strength

For certain structural elements, contractors would like to attain target in- place 

strength at early ages (2 to 7 days) to facilitate concrete operations like formwork 

release. In- place strengths are measured by nondestructive methods, such as matu-

rity and pullout tests. Field- cured cylinder strength results are not accurate predic-

tors of in- place strengths (Obla et al. 2008). When setting times are controlled by 

TABLE 9.2

Control of Setting Time and Water Demand of Concrete as a Function 

of Temperature

Concrete 

Temperature, 
°F (°C)

ASTM C403 

Setting 

Time,a h

Suggested Admixture 

Type and Dosages for 

Consistent Set Times, 

oz/ cwt (mL/100 kg)

Water 

Demand,b 

lb/ yd3 

(kg/ m3)

Suggested Admixture 

Type and Dosages 

for Consistent Water 

Content, oz/ cwt 

(mL/100 kg)

40 (4.4) 12 Type C @ 45 (2930) + 

Lower SCM

275 (163) Reduce cementitious 

content by 2%

50 (10.0)  8 Type C @ 30 (1956) 280 (166) No admixture

60 (15.6)  6 Type C @ 10 (652) 285 (169) No admixture

70 (21.1)  4 None 290 (172) Type A @ 2 (130)

80 (26.7)  3 Type B @ 2 (130) 295 (175) Type A @ 4 (261)

Note: Values in this table should not be taken as specific recommendations as they may not be 

applicable to local materials.

 Admixture dosage is reported as ounces per 100 lb of cementitious or mL per 100 kg of 

cementitious.
a Based on rule of thumb that for every 20°F (11.1°C) increase in concrete temperature setting time 

decreases by half.
b Based on past NRMCA research (Gaynor et al. 1985) that every 10°F (5.6°C) increase in concrete 

temperature increases the mixing- water demand increases by about 5 lbs/ yd3 (3 kg/ m3).
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admixtures, early- age strengths are also controlled to some extent. However, early- 

age strengths are more influenced by the in- place concrete temperatures. If con-

sistent in- place temperatures are maintained through suitable curing operations 

(insulation to trap the heat of hydration, external heat source, etc.), then consistent 

in- place, early- age strengths can be expected. However, this can become expensive 

under cold weather conditions with stringent early- age strength requirements. So, in 

such cases mixture proportions may have to be modified through the use of a lower 

w/ cm, ASTM C150 Type III cement, and a lower dosage of supplementary cementi-

tious materials. Since this can lead to changes in mixture proportions and costs, it 

becomes important to discuss this at the prebid meeting.

effeCt of temPeratUre on mixing- water demand

Past NRMCA research (Gaynor et al. 1985) showed that for every 10°F increase in 

concrete temperature, the average mixing- water demand for a consistent slump level 

at discharge of 4 ± 1 in. (100 ± 25 mm) and a delivery time of 60 minutes increased 

by about 5 lbs/ yd3 (1.8 kgm3), which is about 2% of the mixing- water amount used 

typically. If this change in mixing- water demand is not taken into account it can lead 

to strength variations. Let us say for a particular mixture the measured mixing- water 

demand at 70°F (21°C) was 290 lbs/ yd3 (172 kg/ m3), including a Type A admixture 

dosage of 2 oz/ cwt. (130 mL/100 kg). Column 4 of Table 9.2 shows how the mixing- 

water demand can vary with concrete temperature based on past NRMCA research 

(Gaynor et al. 1985). In order to achieve consistent mixing- water content and there-

fore consistent w/ cm and strengths, it is suggested that the dosage of water- reducing 

admixtures be varied for every 10°F (5.5°C) change in the concrete temperature 

from the design temperature, which in this case is 70°F (21°C). At cool temperatures, 

if no water- reducing admixtures are used, cementitious content can be varied so that 

the same w/ cm is maintained. This process is shown in Column 5 in Table 9.2. Doing 

this will also avoid the common observation of lower strengths during the summer 

and higher strengths during the winter for the same concrete mixture. Figure 9.2 

shows the typical CUSUM chart for a mixture from a concrete plant (Bain and Obla 

2007), which shows that as concrete temperatures increased, strengths decreased. 

Interestingly, the CUSUM chart suggests that slumps also went up, suggesting that 

there was a preference for higher slumps at higher temperatures, which can fur-

ther increase the mixing- water content. Even though this discussion has been about 

concrete temperatures, higher ambient temperatures can further increase concrete 

temperatures, leading to even higher water demand.

VARIATION IN CONCRETE PERFORMANCE DUE TO DELIVERY TIME

Past NRMCA research (Gaynor et al. 1985) showed that when the delivery time was 

increased from 20 min to 90 min, the average mixing- water demand increased by 

14 lbs/ yd3 (8.3 kg/ m3) and 21 lbs/ yd3 (12.5 kg/ m3) when the concrete temperature 

was maintained at 65°F (18°C) and 95°F (35°C), respectively. The increased mixing- 

water content was necessary to maintain a consistent slump level at discharge of 

4 ± 1 in. (100 ± 25 mm). A 21 lbs/ yd3 (12.5 kg/ m3) difference in mixing- water content 
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can lead to a variation in compressive strength of over 400 psi (2.8 MPa) for a typi-

cal 0.50 w/ cm mixture. This variation in delivery times occurs even for short travel 

distances due to traffic in urban environments and/ or contractor schedules. Concrete 

producers should design their mixtures such that specified slump levels at the job site 

are achieved regardless of whether the delivery time is 20 min or 90 min. Producers 

can address this through one or a combination of the following ways:

 1. Design mixtures so that there is no slump loss at all. This is impractical, but 

with suitable choice of retarding admixtures and higher amounts of certain 

SCMs, slump loss can be reduced; therefore, the variation in mixing- water 

demand can be reduced. Care should be taken that target setting times are 

still achieved.

 2. Target slumps at the plant judiciously. Based on the past NRMCA research 

it can be estimated that the concrete slumps should be 1.5 in. (40 mm) and 

2.5 in. (65 mm) lesser at 90 min than at 20 min for concrete temperature 

maintained at 65°F (18°C) and 95°F (35°C), respectively. Table 9.3 suggests 

target plant slumps. The plant target slumps vary over a narrower range 

than the specified limits at the job site and are selected on the following 

basis: The lower plant limit is selected so that even after a delivery time of 

90 min the slump meets the lower limit of the specified slump range. The 

upper plant limit is selected such that even after a delivery time of 20 min 

the slump meets the upper limit of the specified slump range. Basically, this 

approach ensures that the plant target slumps are close to the upper limits 
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FIGURE 9.2 CUSUM graph showing strong dependence of 28-day compressive strength, 

and slump on concrete temperature over 12 months of concrete production at a plant. 

(Reprinted with permission from Bain, D., and Obla, K. H., “Concrete Quality Control—The 

Untapped Profit Center,” Concrete InFocus, Fall 2007, Vol. 6, No. 3, NRMCA, pp. 63–69.)
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specified at the job site and are even higher when the concrete and ambient 

temperatures are high.

 3. Use job- site admixture (water reducer) addition to compensate for slump loss 

provided qualified personnel are available to administer that. Automated admix-

ture (water reducer) addition devices can also be considered when available.

SUMMARY

Establish a proper batching sequence to minimize the occurrence of head packs and 

cement balls and to improve uniformity of concrete.

For every truck, do an annual check for blade wear and internal buildup of hard-

ened concrete.

Consider a mixing uniformity evaluation on truck mixers to establish critical lev-

els of blade wear and buildup. The study should include at a minimum slump, air con-

tent, and compressive strength. Alternatively, perform a visual evaluation of slump 

during discharge. Trucks that show a problem with achieving uniformity of concrete 

should be removed from service and not used until the problem has been rectified. If 

the problem is not truck specific, it is likely to be due to a poor batching sequence.

Mixing speed should be selected so that the desired flow pattern is created inside 

the truck. Flow patterns can be studied at the same time random concrete uniformity 

studies are being conducted.

Monitor concrete temperature at the plant on an hourly basis. When setting time 

is a performance requirement for varying concrete temperatures, producers should 

establish admixture type (accelerator and retarder), dosage level, and mixture modi-

fication that would help to bring the concrete mixture to the target setting time. 

Whenever there is a change in the measured concrete temperature by more than 5°F, 

the appropriate admixture type, dosage, and concrete mixture should be used so 

that the target setting times are achieved.

Vary the dosage of water, reducing admixtures for every 10°F change in the con-

crete temperature from the design temperature to attain the same w/ cm at different 

concrete temperatures.

Design concrete mixtures to minimize slump loss. Design concrete mixtures to 

attain slumps at the plant that are near the upper limit of the specified slump at the 

job site. When slump loss is encountered, use job- site admixture (water reducer) 

addition with qualified personnel.

TABLE 9.3

Target Plant Slumps to Ensure Specified Slump 

Levels at the Job Site Are Achieved, Regardless 

of Whether the Delivery Time Is 20 min or 90 min

Concrete Temperature, °F 

(°C)

Plant Slumps for Specified Slumps 

of 5 ± 1.5 in. (125 ± 40 mm)

<80 (27) 5.0 to 6.5 in. (125 to 165 mm)

>80 (27) 6.0 to 7.5 in. (150 to 190 mm)
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10 Variation in Concrete 

Performance Due 

to Testing

This chapter discusses variability due to acceptance testing and methods to improve 

the quality of acceptance testing, thereby reducing the overall variability of con-

crete strength.

A MEASURE OF TESTING VARIABILITY

ACI 214R provides a means to judge the testing variability and is summarized below:

 1. Variability due to testing is estimated by the within- batch coefficient of 

variation (V1) calculated based on the average range (R) in strengths of com-

panion (replicate) cylinders, comprising a strength test result, which are cast 

from the same composite sample of concrete tested at the same age using 

Equation 10.1. Since the cylinders are made from the same concrete sample, 

the material and manufacturing variability are assumed to be negligible, 

and the strength difference between the cylinders is assumed to be due 

to testing variability. Average range should be calculated from at least 10 

strength test results. In Equation 10.2, the within- batch coefficient of varia-

tion (V1), in percent, is determined from S1 and the average strength (X).

 S
R

d
1

2

=  (10.1)

 where d2 = 1.128, 1.693, 2.059 if the number of cylinders averaged for a 

strength test result are 2, 3, 4, respectively.

 V
S

X
1

1
100= ×  (10.2)

 The calculation of S1 and V1 for an example containing 10 compressive 

strength test results, is shown in Table 10.1.

 2. Table 10.2, which is adapted from ACI 214R Tables 4.3 and 4.4, shows that 

for field construction testing the quality of testing can vary from Excellent 

(V1 < 3%) to Poor (V1 > 6%). The last row shows the calculated average 
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range (R) of 2 companion cylinders, assuming a case where the measured 

average strength is 4800 psi (33 MPa). It is seen that the average range can 

vary from below 162 psi (1.1 MPa) (for excellent testing quality) to over 

325 psi (2.2 MPa) (for poor testing quality). According to Ken Day (2011), 

R below 145 psi (1 MPa) is good, and exceeding 290 psi (2.0 MPa) suggests 

examination of the testing process. Comparison between different strength 

grades becomes possible when it is based on V1 as opposed to R. To track 

V1, concrete test reports need to report the strength of individual cylinders. 

TABLE 10.1

Calculation of Within- Batch Variation (V1,%)

Cylinder 1, psi 

(MPa)

Cylinder 2, psi 

(MPa)

Strength Test Result, 

psi (MPa)

Range, psi 

(MPa) Range,%

6740 (46.5) 7120 (49.1) 6930 (47.8) 380 (2.62) 5.5%

7050 (48.6) 6750 (46.6) 6900 (47.6) 300 (2.07) 4.3%

5640 (38.9) 5830 (40.2) 5735 (39.6) 190 (1.31) 3.3%

5570 (38.4) 5550 (38.3) 5560 (38.3)  20 (0.14) 0.4%

6030 (41.6) 5700 (39.3) 5865 (40.4) 330 (2.28) 5.6%

5690 (39.2) 5650 (39.0) 5670 (39.1)  40 (0.28) 0.7%

5530 (38.1) 5600 (38.6) 5565 (38.4)  70 (0.48) 1.3%

5350 (36.9) 5320 (36.7) 5335 (36.8)  30 (0.21) 0.6%

4650 (32.1) 5080 (35.0) 4865 (33.6) 430 (2.97) 8.8%

5800 (40.0) 6080 (41.9) 5940 (41.0) 280 (1.93) 4.7%

Average 5837 (40.3) 207 (1.43)

S psi (1.27 MPa)1

207

1 128
184= =

.

V1

184

5837
100 3 2= × = . %

TABLE 10.2

Standards of Concrete Control

Quality Standards (ACI 214) Excellent Very Good Good Fair Poor

V,% <3.0 3.0 to 4.0 4.0 to 5.0 5.0 to 6.0 >6.0

Calculated average Range of 

2 Companion Cylinders that 

comprise a test result

<162 162 to 217 217 to 271 271 to 325 >325

Source: Adapted from ACI Committee 214R, “Evaluation of Strength Test Results of Concrete 

(ACI 214R-11),” American Concrete Institute, Farmington Hills, MI, 2011, 16 pp., 

Tables 4.3, 4.4.
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When test reports become available, the concrete producer could enter 

the results in a spreadsheet to calculate V1 based on the last 10 strength test 

results. Luke Snell (1995) states that, if V1 is between 4% and 6%, there are 

potential problems, and if V1 is above 6%, the testing should be questioned. 

Realize that V1 should be in the range of 2 to 3% due to expected varia-

tion in the ASTM C39 compressive strength test method. If it is a very low 

value, there may be cause to question whether cylinders are being tested to 

complete failure or if both cylinders are actually being tested.

 3. Another way to measure testing variability is to use the precision statement 

in ASTM C39 that indicates the variation of companion cylinders—both 

6 × 12 (150 × 300 mm) and 4 × 8 in. (100 × 200 mm) specimens in field 

and laboratory conditions. According to C39, 4 × 8 in. (150 × 300 mm) 

specimens tend to be a bit more variable. For example, C39 indicates that 

the range of strengths of two 6 × 12 in. (150 × 300 mm) cylinders made 

from the same sample by one technician should not exceed 8% of the aver-

age strength more than 1 time in 20. Tracking the range of cylinder results 

in a spreadsheet and evaluating whether this acceptable range is exceeded 

very often, indicates a problem with the testing. The calculation of within- 

batch range as a percent of the average strength for an example is shown in 

Table 10.1 (column 5).

 4. To attain an overall concrete variation S < 400 psi (2.8 MPa) (corresponding 

to Excellent quality according to ACI 214R), testing quality should be at 

least Very Good (V1 < 4%).

 5. V1 does not measure the quality of testing in its entirety. Serious deficiencies 

in sampling and testing (initial and final curing, capping material, testing- 

machine calibration, etc.) would affect companion cylinders from the same 

sample equally and may not increase V1 but still can lead to lower mea-

sured strengths and impact the standard deviation of strength test results. 

Let us take the case of initial curing, which has been identified as one of 

the main reasons for low strength test results. ASTM C31-10 states that for 

standard curing, immediately after casting, the cylinders shall be stored for 

a period up to 48 h (called initial curing) in a temperature range from 60 to 

80°F (16 to 27°C) (68 to 78°F (20 to 26°C) for specified strength ≥6000 psi 

(41 MPa) and in an environment preventing moisture loss from the speci-

mens. Also, the cylinders should be shielded from direct sunlight or radiant 

heating devices. Unfortunately, this is not always practiced in the field. It has 

been reported (Obla et al. 2005) that nonstandardized curing during the first 

48 hours can cause a 1000 psi (7 MPa) loss in 28-day compressive strength 

for a typical 4000 psi (28 MPa) concrete mixture. Job- site conditions (tem-

perature, humidity) and practices vary every day; therefore, cylinders cast 

at different time periods are expected to experience different initial curing 

conditions if not subject to standard curing. However, companion cylinders 

cast from the same batch of concrete should experience identical initial 

curing conditions. In summary, variations in initial curing conditions are 

unlikely to influence the range of compressive strength of companion cylin-

ders prepared from a batch but will impact the batch- to- batch variation and 
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therefore the overall strength variability. Therefore, V1 calculated according 

to ACI 214 does not take into account variations in initial curing. A similar 

argument can be made for delays and inappropriate means of transporting 

cylinders to the laboratory.

OTHER METHODS OF EVALUATING TESTING

As discussed previously, sometimes faulty testing will not contribute to higher V1 

but will still lead to low strength results and higher overall strength variability. Such 

instances can be identified if more than one of the following scenarios occur together.

other ProPerty measUrements

If low strengths are measured, the corresponding test results for concrete slump 

(ASTM C143), air content (ASTM C231 or C173), temperature (ASTM C1064), and 

density of fresh concrete (ASTM C138) or cylinder weights should be analyzed. 

High slumps may indicate excessive water addition, which can be the cause for the 

low strengths; high air contents will lead to strength reduction as well; high con-

crete temperatures will lead to higher water demands for the same slump. For given 

mixture proportions and materials, low concrete densities are primarily due to high 

air contents and/ or water contents. Corresponding ASTM C917 reports of cement 

shipments can indicate whether the strength of the cement has decreased. If low con-

crete strengths are not accompanied by low concrete densities or low C917 cement 

strengths, then poor concrete strength testing can be a possibility.

ProdUCer testing

If the producer performs concrete strength testing at the plant, reduction in strength 

acceptance test results without a reduction in strength test results measured at the 

plant would suggest either poor job- site testing practices or increase in mixing- water 

content and/ or air content at the job site. If concrete density measured at the job site 

or through cylinder weights at the time of demolding (or testing) does not show a 

decrease, then the mixing- water content and air content is unlikely to be changed, 

and therefore, the low strength is most likely due to poor job- site testing practices. 

Alternatively, internal tests performed by a technician with the concrete supplier at 

the job site can also be used to identify these problems.

7- to 28-day strength gain

For a given mixture, the strength gain between 7 and 28 days is unique and should be 

relatively consistent. One should not assume that the typical rule of thumb that 7-day 

strength is 75% of 28-day strength applies for all mixtures. If the 7–28 day strength 

gain varies more than 40% of the measured average 7–28 day compressive strength 

gain of that mixture it may indicate a testing error. Cylinders that are exposed to 

cool temperatures during initial curing are likely to give lower 7-day test results 
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and acceptable 28-day results as long as they are not frozen. Similarly, cylinders 

that are exposed to high temperatures during initial curing are likely to give higher 

7-day test results and lower 28-day results. When test results are received, concrete 

producers should update a plot of the 7–28 day strength gain. Let us say on an aver-

age the 7–28 day strength gain for a mixture is 1000 (7 MPa) psi. If the strength gain 

is less than 600 psi (4.1 MPa) or greater than 1400 psi (9.7 MPa), the cause should 

be investigated.

Cylinder density

Densities of the acceptance test cylinders should be measured to the nearest 0.1 lb/ ft3 

(1.6 kg/ m3) at the testing laboratory by weighing the cylinders as soon as they are 

demolded and the surface moisture is wiped off. Cylinder weights could also be 

measured just before placing them in the testing machine. Ken Day (2006) states that 

if the average cylinder density range between companion cylinders exceeds 1 lb/ ft3 

(16 kg/ m3), it indicates poor fabrication and testing techniques. Maximum range 

should not exceed 2 lb/ ft3 (32 kg/ m3). Measuring and monitoring cylinder density 

variation will also have the effect of raising the overall testing quality as well.

laBoratory rePorts

It is necessary for the laboratory reports to report the maximum and minimum 

temperatures during initial curing and the duration of initial curing. Transportation 

times should also be recorded. In a past case study, cylinders made on Fridays had 

lower strength problems because the testing laboratory picked up the cylinders on 

Mondays, thus exposing the cylinders longer than 48 h in the field.

Ensure that all the reporting requirements of ASTM C31 and C39 are included 

in the test report. Review this information to possibly identify other causes. Ensure 

that the test results represent the correct date of pour and the correct project. Low 

test results observed on a specific date may indicate a different testing technician. 

Maintain a record of the test results in chronological order in the sequence they were 

made as the ACI acceptance criteria are based on consecutive test results. Keep a 

record of the ambient temperature and other weather conditions when tests were 

made. Compare these to the information on the test results.

ACI CODE AND SPECIFICATION REQUIREMENTS 
RELATED TO CONCRETE TESTING

Section 5.6 of the building code (ACI 318-11)3 has the following requirements that 

can help improve testing quality:

 1. Testing agency performing acceptance testing shall comply with ASTM 

C1077. Many jurisdictions require commercial laboratories to hold accredi-

tation by an independent body.

 2. Certified field and laboratory testing technicians shall perform all the testing.
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 3. Cylinders for strength tests shall be molded and standard- cured in accor-

dance with ASTM C31. The reporting section of ASTM C31 states that for 

standard curing, the initial curing method with maximum and minimum 

temperatures should be reported.

 4. All reports of acceptance tests shall be provided to the licensed design pro-

fessional, contractor, concrete producer, and, when requested, to the owner 

and the building official. This is a new ACI 318 requirement. In many 

projects, concrete producers generally do not receive test reports and are 

informed only in the case of low- strength test results. This defeats one of 

the important purposes of testing standard- cured cylinders, which is ensur-

ing the quality is adequate. If test results are available regularly in a timely 

manner (preferably as soon as the 7-day tests are conducted), the producer 

can notice trends, identify potential strength decreases earlier, and make 

mixture adjustments if needed. This will certainly reduce the time and 

expense incurred in low strength investigations. The 7-day strength tests do 

not have acceptance requirements, though.

Specification for Structural Concrete (ACI 301-10), which is adopted by the com-

monly used Construction Specification Institute’s Masterspec, is consistent with the 

ACI 318 requirements and specifically states the following:

 1. Field tests of concrete shall be made by an ACI Concrete Field Testing 

Technician Grade I or equivalent.

 2. The contractor’s responsibility is to provide space and source of electrical 

power on the project site for initial curing of concrete test specimens, for the 

sole use of the testing agency.

 3. The testing agency will conduct concrete strength tests during construction 

by making and curing test specimens in accordance with ASTM C31 and 

testing them according to ASTM C39/C39M. The testing laboratory report 

should include detailed information about storage and curing of specimens 

before testing location in the work where the concrete represented by each 

test was deposited, date and time of sampling, and batch ticket number.

 4. Test reports should be provided to all parties within 7 days after the tests 

are performed.

 5. Density (ASTM C138) should be measured, along with slump, air content, 

and temperature, whenever cylinders are made for strength tests.

Specification for testing agency requirements (ACI 311.6-09) states that the test-

ing laboratory shall make strength test specimens in accordance with ASTM C31. 

Specimens shall be stored under conditions that meet the requirements of ASTM 

C31 and shall be verified by a testing agency. Such storage shall have temperature 

controls to maintain ASTM C31 temperature requirements. Calibrated temperature 

recording devices shall be used to record daily maximum and minimum tempera-

tures of the initial curing environment. The testing agency will transport concrete 

specimens in accordance with ASTM C31 and shall conduct final curing of strength 

test specimens in accordance with ASTM C31 and C511. The testing agency shall 
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be accredited in accordance with the requirements of ASTM C1077 by a third- 

party agency.

STEPS TO IMPROVE THE QUALITY OF ACCEPTANCE TESTING

edUCation

On an annual basis, local ACI and engineering group lunch presentations/ group 

discussions can be arranged to discuss ACI 318 Code, 301 and 311.6 specification 

requirements pertaining to the quality of testing. Articles that outline the impact of 

nonstandard curing and/ or testing quality on compressive strength test results can be 

distributed (Meininger 1983; Goeb 1995; Obla et al. 2005; Richardson 1991). Testing 

laboratories can be invited to discuss their best practices for maintaining high test-

ing quality. Table 10.3 provides a list of factors related to testing that can impact the 

strength of concrete.

For ready mixed concrete companies, truck mixer drivers are their primary “eyes” 

at the job site. Drivers should be trained on the test methods covered in the ACI Field 

TABLE 10.3

Factors Related to Testing That Can Affect Strength Test Results

Factors Details

Cylinder molds Leaky molds, out- of- round molds, concave or convex top or bottom surface, lack of 

lid or plastic bag during initial curing

Sampling Sample not representative of batch or not remixed before cylinder fabrication, 

incomplete consolidation leaving large voids, uneven/ rough ends due to poor finish 

on top, lack of support on bottom

Initial curing Temperature not between 60 and 80°F (16 and 27°C), drying, direct sunlight 

exposure, vibration damage too close to activity

Marking, 

transporting 

cylinders

Lack of proper record keeping concerning concrete batch (other property 

measurements, placement locations, time in field, etc.), cylinder marked improperly 

(not on lids), rough handling of cylinders, delays in moist curing at laboratory

Moist curing at 

laboratory

Temperature control between 70 and 77°F (21 and 25°C), maintenance of free water 

on all surfaces cylinders at all times, drying during capping operations

Capping Proper temperature of sulfur melting pot, thick caps (>3/16 in. [4.75 mm]) due to 

uneven ends of specimens or rapid cooling of capping agent, cap bonding, use of 

reused and low strength capping material, caps at least 2 hours before breaking 

cylinders, caps aligned with cylinder axis, nonplane caps, and capping plate

Compression 

testing

Testing machine in poor mechanical condition or not calibrated, imprints of 

bearing blocks on the caps that show eccentric positioning, platens not stiff to 

too small, machine frame stiffness, top bearing block spherically seated so that 

it can rotate to come in full contact with top cap, moist specimen condition, 

rate of loading between 28 and 42 psi/ s (0.2 and 0.3 MPa/ s), cylinders broken to 

failure, measurement of specimen diameter to the nearest 0.01 in. (0.25 mm)

Source: Adapted from Richardson, D. N., “Review of Variables That Influence Measured Concrete 

Compressive Strength,” Journal of Materials in Civil Engineering, Vol. 3, No. 2, May 1991, 

pp. 95–112.
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Testing Technician Grade I certification and even obtain certification. They can then 

correct improper sampling, initial curing and fresh concrete testing practices by test-

ing technicians, or document bad practices with cameras on cell phones (if permitted 

by the company). For example, according to ASTM C172, strength test cylinders 

should be made from a composite sample obtained from near the middle of the load. 

According to ASTM C94, preliminary samples (discharge of ¼ cu. yd. of concrete) 

are acceptable only for slump and air content adjustments.

roUnd- roBin testing Programs

Several locations around the country conduct annual round- robin (RR) compressive 

strength testing programs. Basically, a RR program involves making a large set of 

cylinders from a concrete sample procured from a truck after discarding the first 

¼ yd3 0.2 m3) of concrete that will typically not provide a representative sample. 

All the specimens are left in molds covered with plastic and stored in a 70°F (21°C) 

laboratory environment for the first 24 h. Following that, each participating test-

ing laboratory picks up their cylinders, cures them in their laboratory according to 

ASTM C511, and tests them at 28 days. The results are sent to the coordinator of the 

RR program who gives a code number for each laboratory. The results are statisti-

cally analyzed and each laboratory is provided a rating. The rating criteria are sum-

marized in Table 10.4 and are the same used by the Cement and Concrete Reference 

Laboratory (CCRL) in their proficiency sample testing program (Crandall and Blaine 

1959). ASTM C1077 indicates that when a laboratory obtains low ratings (<2) in pro-

ficiency sample testing, they should document an investigation into the reason for the 

TABLE 10.4

Laboratory Rating Calculated from Round- Robin Test Results

Laboratory Rating Laboratory Z Score

5 ≤1.0

4 >1.0 and ≤1.5

3 >1.5 and ≤2.0

2 >2.0 and ≤2.5

1 >2.5 and ≤3.0

0 >3.0

Source: Adapted from Crandall, J. R., and Blaine, R. L., Statistical Evaluation of 

Interlaboratory Cement Tests,” ASTM Proceedings, Vol. 59, 1959, 

pp. 1129–1154.

Laboratory Z score
Laboratory test result O

=
− vverall average

Standard deviation of resu

( )

llts

Z scores can be negative in which case the laboratory ratings shall be negative. A 

negative rating indicates that the laboratory’s result was below the average; a positive 

rating indicates that the laboratory’s result was above the average.
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low rating and indicate corrective action taken. An annual RR program is cospon-

sored by the Washington Area Council of Engineering Laboratories (WACEL) and 

the Ready Mixed Concrete Producers Technical Committee (RMC- PTC) serving 

the Washington, DC, metropolitan area. Figure 10.1 is a plot of the reported data 

(Lobo 2011). This type of program also establishes a multi- laboratory variation of 
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Number of cylinders
Number of labs

Within test standard deviation
Coefficient of variation

Multi lab standard deviation
Coefficient of variation

Average Strength
Maximum
Minimum

(3 cylinders averaged for the test result)

Multi-lab “d2s”

3
44

105.2 psi
3.5%

220.7 psi
7.4%

2986 psi
3501 psi
2466 psi

618 psi

Figure 1a: Data for Low Strength Specimens

Figure 1b: Range of 3 Cylinders – Low Strength Specimens

FIGURE 10.1 Analysis of round- robin testing of laboratory strength test results. 

(Reprinted with permission from Lobo, C. L., “Report on the Round Robin Strength Testing 

Program-2011,” Cosponsored by WACEL and RMC- PTC, June 2011, NRMCA, 9 pp.)
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results as several laboratories test essentially the same concrete. This is useful to 

determine an acceptable difference between results of two different laboratories.

inCentiVes to testing teChniCians

Another approach that seems to work is to provide incentives to testing technicians 

who achieve good testing quality as measured by low within- batch coefficient of 

variation, V1. Instead of V1, average range and maximum range of companion cyl-

inders can also be compared as long as the measured strengths are within ±1500 psi 

(±10 MPa). A concrete producer (Bain and Obla 2007) tracked the average and maxi-

mum range of companion cylinders of all technicians who tested concrete supplied 

by his company. At the end of the year, he identified the top two technicians who 

had the lowest average range and provided a gift certificate and a letter attesting to 

their achievement. These letters were proudly displayed on the notice boards of the 

testing laboratories at which the technicians worked. The producer stated that this 

practice motivated the laboratory and technicians to improve their testing standards. 

Another testing laboratory maintained a list of V1 of all technicians and displayed 

them on the company notice board. The laboratory reported that this encouraged a 

healthy competition between technicians to try and do a better job and to attain low 

V1. Laboratories are also known to tie pay incentives to the measured V1.

PreConstrUCtion ConferenCes

The NRMCA- ASCC checklist for the concrete preconstruction conference states 

that preconstruction meetings are very important as many potential problems can 

be avoided before the start of the project when the cost impact is low. The checklist 

allocates responsibilities and establishes procedures related to concrete construction, 

including acceptance testing. Some of the checklist items pertaining to initial curing 

of the acceptance test specimens and transportation to the laboratory have been 

included as Appendix D. The checklist also discusses procedures to be followed 

for evaluation of low strength testing such as nondestructive testing and core test-

ing. The matter of who pays for the additional testing if the specified strengths are 

confirmed should be discussed. The standard practice is the producer does not pay 

if the specified strengths are confirmed by core tests (NRMCA Publication 133-11). 

Having this discussion at the preconstruction conference ensures that the initial cur-

ing is correctly done at the job site.

other strategies

Curing boxes are available that can maintain temperatures between 60 and 80°F 

(16 and 27°C) regardless of the ambient temperature. These can cost upward of 

$2000 and can accommodate about 20 cylinders at a time. Curing boxes require 

power, which is not always available at the job site. In smaller projects where it 

becomes cost prohibitive, in cold weather, insulated containers have been used 

(Detwiler et al. 2009), and if very low temperatures are expected, additional cylin-

der molds containing hot water have been placed inside the box. Similarly, during 
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warm weather, water- filled ice chests have been used (Detwiler et al. 2009) with cyl-

inder molds filled with ice utilized when ambient temperatures exceed 90°F (32°C). 

For warm weather, the most effective approach is to immerse the specimens in 

water with ice if necessary. Ozyildirim (2011) suggests the use of curing boxes with 

continuously recording thermometers. Goeb (1995) has suggested that for strength 

test results to be used in acceptance evaluation a mandatory certifying statement 

that the results were performed in accordance with ASTM C31 and C39 should be 

recorded on the test report.

SUMMARY

When concrete test reports become available, the concrete producer should enter the 

results in a spreadsheet to calculate V1 based on the last 10 strength test results and 

the range of cylinder strengths from a single strength test result. If V1 exceeds 4% or 

if the range exceeds the acceptable range (in the precision statement of ASTM C39), 

the testing procedures should be investigated.

A low within- test variation, V1, below 4% or a range below the value stated in the 

ASTM C39 precision statement is not an assurance of good testing procedures. Many 

sampling and testing deficiencies will not contribute to higher V1 but will still lead to 

low strength results and higher overall strength variability. Such sampling and testing 

deficiencies can be identified if combinations of the following scenarios exist:

 1. Low concrete strengths not accompanied by low concrete densities, low 

C917 cement strengths, or producer’s internal testing at the plant or job site.

 2. Strength gain between 7 and 28 days varies by more than 40% from the 

average and no similar change in C917 cement strengths.

 3. Average density range between companion cylinders exceeding 1 lb/ ft3 

(16 kg/ m3) and maximum range exceeding 2 lb/ ft3 (32 kg/ m3).

 4. Laboratory reports indicating typographical errors and nonstandard initial 

curing, such as specimens left for greater than 48 h in the field, tempera-

tures outside the 60°F to 80°F (16°C to 27°C) range.

The following steps are suggested to improve testing quality:

 1. Each locality should arrange for periodic meetings or seminars that include 

all stakeholders on how to improve testing quality with a focus on ACI 

318 Code, 301 and 311.6 specification requirements such as requirement 

of certified laboratories, and technicians; distribution of test reports to 

all stakeholders within 7 days; responsibility of contractor for providing 

facilities for initial curing at the job site, and responsibility of testing labo-

ratory for making, curing, and transporting test specimens in accordance 

with ASTM C31.

 2. Ready mixed concrete drivers should be trained to spot, correct, or docu-

ment nonstandardized sampling and testing procedures.

 3. Each locality should conduct strength round- robin testing programs.

 4. Producers or testing labs should measure testing variation and provide 

incentives to technicians who achieve good testing quality.
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 5. Preconstruction conferences should discuss responsibilities and proce-

dures for initial curing and payment for additional testing in the case of low 

acceptance strength test results.

 6. Curing boxes can help ensure initial curing is appropriate. For smaller proj-

ects, less expensive options for adequate initial curing has been suggested.
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11 Internal Concrete Testing

Internal concrete testing could be done at the job site or at the concrete plant. If inter-

nal testing is done at the job site, it allows for a comparison of testing practices 

between the producer and the third- party testing laboratory. Internal testing at the 

ready mixed concrete plant as a means to measure and reduce concrete variability is 

discussed in this chapter.

A variety of ingredients such as cement, supplementary cementitious materials 

(SCM) like fly ash, slag cement, aggregates, water and chemical admixtures are used 

in concrete. Concrete producers use a wide range of methods to measure or quan-

tify the variability of ingredient materials, including reliance on testing performed 

by material suppliers. Preceding chapters have addressed how concrete producers 

can develop relations with cement, fly ash, and aggregate suppliers and use timely 

material test data to make adjustments to concrete mixtures to take into account the 

material variations. It is important that concrete producers conduct regular concrete 

testing at the plant so that the cumulative material, manufacturing, and testing varia-

tion at the plant can be determined.

WHY TEST AT THE PLANT WHEN WE CAN GET 
JOB- SITE TEST DATA?

Job- site testing, typically performed by independent laboratories for acceptance, 

includes delivery- time variations that can lead to further variation in mixing- water 

content and air content. As discussed in preceding chapters, even though the influ-

ence of delivery- time variations on concrete performance can be minimized, it 

cannot be eliminated. Poor job- site testing practices, such as sampling, cylinder fab-

rication, improper initial curing, and transportation to the lab, can further add to 

the overall variations. In summary, variability of concrete indicated by job- site tests 

includes several factors that the concrete producer does not control.

Variations in the concrete tested at the plant help the producer pinpoint the causes 

of variation over which they have more control. It also helps the producer compare 

different plants, understand the best practices at plants that have low variation, and 

establish best quality practices at all the plants.

CRITERIA FOR PLANT TESTING

seleCtion of mixtUre Classes

Concrete producers should identify one to two mixture classes at each plant that 

would cover the broadly different concrete types and materials at the plant. Typically, 
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all concrete mixtures belonging to a similar strength level (±1500 psi [±10 MPa]) and 

air entrainment, using the same cement/ SCM type and aggregate type (crushed or 

rounded), and coming from the same geological origin are considered as belonging 

to a mixture class. Mixture classes are clearly not the same as actual mixtures, and 

several mixtures can belong to a mixture class. The main aim of the producer is to 

select just one or two mixture classes that will be produced several times during the 

week at a concrete plant. In Australia and the United Kingdom, testing performed by 

concrete producers are used for determining the acceptability of concrete (AS 1379, 

1997; EN 206-1, 2000). Since our purpose is quality assurance as opposed to accep-

tance testing, it is suggested that concrete producers use the following methodology 

to select one to two mixture classes for each plant.

Slump: The selected mixture class (es) should have target average slumps 

between 3 and 7 in. (75 and 175 mm).

Air entrainment: Select one nonair- entrained concrete mixture class. In addi-

tion, select one air- entrained concrete mixture class if any air- entrained 

concrete is produced at the plant.

Aggregate type and origin: If the plant produces concrete with various aggre-

gate types (crushed versus natural) and geological origins, the selected 

mixture classes should utilize the most commonly used aggregate type 

and origin.

Cement type and source: If the plant produces concrete with various ASTM 

C150 portland cement types and sources, the selected mixture classes 

should utilize the most commonly used cement type and source.

SCM type and source: If the plant produces concrete with various SCM types, 

sources, and SCM blends (not dosage), the selected mixture classes should 

utilize the most commonly used SCM type, source, and blend.

Admixture type: The selected mixture class (es) should contain the most com-

mon admixture type/ dosage used in the plant.

Strength level: The selected mixture class (es) should have a specified strength 

between 2500 and 5000 psi (17.5 and 35 MPa).

The above discussion is summarized in Table  11.1. A concrete producer in a 

northern climate may be faced with the following:

• Air- entrained concrete is produced at the plant.

• Out of the concrete produced, 55% has fly ash, 20% has portland cement 

only, 15% has slag cement, and 10% has fly ash + slag cement blends.

Based on the discussions above, the producer should choose two mixtures classes—

fly ash mixture with and without air entrainment.

samPling and tyPes of testing

After thorough mixing in the truck at least 1 ft3 (28 liters) of concrete should be dis-

charged in a wheelbarrow. The sample should be ideally obtained after discharging 

the first ¼ yd3 (0.2 m3) of concrete that will typically not provide a representative 
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sample. The sample should be taken prior to any water addition at the slump rack. 

The following tests are suggested and summarized in Table 11.2:

For all mixture classes: slump (ASTM C143), density (ASTM C138), and tem-

perature (ASTM C1064).

For air- entrained concrete mixture classes: air content (ASTM C231 or C173 if 

using lightweight aggregates or aggregates with high absorption).

For nonair entrained concrete mixture classes: compressive strength 

(ASTM C39).

Compressive strength tests should be conducted at 28 days and if possible at 

7 days. The average of two 4 × 8 in. (100 × 200 mm) cylinders is taken as the 

compressive strength test result at that age. The primary aim of strength testing is 

to track ingredient material variability and its effect on concrete quality as mea-

sured by the strength variation. In air- entrained concrete, the variation in air content 

between batches alone can significantly influence the compressive strength variation. 

Therefore, compressive strength is not tested for air- entrained concrete mixtures.

On each occasion, the suggested sampling and testing should not take more than 

10 min, and there is no need to retain the mixer truck during that period.

TABLE 11.1

Selection of Mixture Classes

Variable Mixture Classes

Air entrainment One nonair- entrained concrete mixture

One air- entrained concrete mixture if any air- entrained concrete is 

produced at the plant

Slump Target average slumps 3 to 7 in. (75 to 175 mm)

SCM type and source If the plant produces concrete with various SCMs, select mixture class 

with the most commonly used SCM type, source, and blend

Cement type and source Most commonly used cement type and source

Aggregate type and origin Most commonly used aggregate type and origin

Admixture type Most common admixture type/ dosage used in the plant

Strength level Specified strength between 2500 and 5000 psi (17.5 and 35 MPa)

TABLE 11.2

Types of Testing

Types of Mixture Classes Types of Testing

All Slump (C143), density (C138), and temperature (C1074)

Air- entrained only Air content (C231 or C173)

Nonair- entrained only Compressive strength (C39)

Note: After thorough mixing in the truck, the sample should be taken prior to any water 

addition at the slump rack.
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freqUenCy of testing

The next step is to decide how often to test the selected mixture classes and the 

type of tests to be conducted. This will depend, to some extent, on the personnel 

resources available at different plants. Ideally, it is desirable to do concrete testing 

every time a new material shipment is received. However, that may happen several 

times/ day in some high volume plants and only a few times/ month in low volume 

plants. So the frequency of testing is suggested in Table 11.3, and it depends on the 

weekly concrete production at the plant. Since compressive strength testing is done 

only for the nonair- entrained concrete mixture class, the stated frequency for com-

pressive strength testing in Table 11.3 is the same as that for the nonair- entrained 

concrete mixture class. Slump, density, temperature, and air content are tested more 

often since they include testing of the air- entrained concrete mixture class as well. 

Testing should be conducted as early in the day as possible after avoiding the first 

two batches of the day. At the time of testing, any change in material shipments since 

the previous test should be noted.

DATA ANALYSIS

Control Charts

Plotting the results on control charts is an effective and visual means of evaluating 

data. Separate control charts should be plotted for each property—slump, air con-

tent, density, air- free density, temperature, and compressive strength. Control limits 

can be established to trigger an investigation if any result falls outside these limits. 

For each property, test results belonging to all mixture classes should be plotted on 

a single control chart. Since the mixture classes may have different targets of that 

property, it is suggested that the control chart be plotted as measured property minus 

the target average value. This target value may be from a trial batch or calculated 

TABLE 11.3

Frequency of Testing

Average Weekly Production 

at Plant, yd3 (m3)

Frequency of Testing for a Week of Production

Slump, Density, Temperature, 

and Air Content (if applicable)

Compressive 

Strength

<400 (306)  2a 1

400 to 800 (306 to 612)  5a 2a

>800 (612) 10b 4a

Note: Compressive strength testing is done only for the nonair- entrained concrete 

mixture class, and air- content testing is done only for the air- entrained con-

crete mixture class. At the time of testing, any change in material shipments 

since the previous test should be noted.
a On different days of production.
b No more than 2/day of production.
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from at least 30 test results of that mixture class from a past project. Once at least 

15 test results are available, the target average value for that mixture class can be 

calculated and used for subsequent data. In this manner, all mixture classes can 

be plotted on a single control chart for that property, which helps to make the analy-

sis in a shorter duration. Control charts should also be plotted separately for each 

mixture class. This helps to identify if only a certain mixture class exceeded the 

control limits frequently. It can also help assign causes for these changes. By drawing 

the control charts over an extended period (up to 1 year), investigating results that 

exceed control limits and making changes to quality practices, it is possible to main-

tain slump, air content, density, and compressive strength within the control limits, 

thereby ensuring low- variability concrete. In the beginning, the control limits may be 

frequently exceeded. However, with time, this should reduce. After 6 months of test-

ing, if no improvements are observed, it could be due to the following reasons: poor 

choice of mixture classes, insufficient testing, inadequate analysis, causes not prop-

erly identified, or failure in adopting the suggested improvement in quality practices.

Slump

Control limits of ±1.5 in. (±40 mm) are suggested for slump. If the slump measured 

exceeds the control limits, it suggests that either the mixing- water content is not 

within tolerance or the mixing- water demand for that mixture has changed due to 

a change in characteristics of the materials, concrete temperature, or air content. A 

step- by- step investigation as outlined earlier in the chapter on mixing- water control 

should be carried out to understand the underlying cause. Frequency of testing should 

be increased to every load that belongs to either one of the mixture classes until the 

mixing- water content is determined to be in the target range, and any change in 

mixing- water demand is addressed by a change in water-reducing admixture dos-

age or by a change in other factors, such as characteristics of the materials, batched 

quantities, concrete temperature, or air content.

A control chart with 30 consecutive test results is shown in Figure 11.1. For the 

first 15 data points, the slump results exceed the control limits. It varies within 

±3 in. (± 75 mm), and between points 16 and 30, the slump results vary within ±1 in. 

(±25 mm) suggesting that better mixing- water control is being practiced from point 

16 onward.

Air Content

Air content tests are conducted only for the air- entrained concrete mixture class. 

Control limits of ±1.5% are suggested for air content. If the air content measured 

exceeds the control limits, it suggests that the AEA dosage has changed or AEA 

demand has changed due to a change in characteristics of the materials, batched 

quantities, concrete temperature, or slump. Causes for this should be investigated 

systematically as follows:

 1. Was the air- entraining admixture dosage out of tolerance by more than 

±20%? According to ASTM C94, admixture dosages are supposed to be 

within ±3% of the batch admixture amount or ± the dosage required for 

100 lb (100 kg) of cementitious materials, whichever is greater. Batching 
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accuracy of dispensers of liquid admixtures should be checked at least 

every 6 months. Periodically, it may be desirable to collect admixture at the 

point of discharge into the mixer to verify the accuracy of the dispensing 

system. This process checks the integrity of the lines through which the 

admixture flows in addition to the dispenser meter accuracy.

 2. Is the air content test apparatus out of calibration?

 3. Did the corresponding slump test result also exceed control limits? If two 

truckloads are batched one after the other and the only difference between 

the two is a difference in mixing- water content (greater than 10 lb/ yd3 

[6 kg/ m3]), the truck load with lower mixing- water content is likely to have 

lower slump and lower air content.

 4. Was the concrete temperature more than 10°F different from the concrete 

temperature than the mixture was designed for? Higher concrete tempera-

tures will require greater amounts of air- entraining agent to attain a given 

air content.

 5. Was the batched quantity of any of the solid materials varying by more than 

5% of the target values?

If the answer to these questions is no, then changes in material characteristics, such 

as excessive fines in aggregate, dust on the aggregate surface, variations in fly ash, 

and other cementitious shipments should be evaluated. The AEA dosage should 

be adjusted suitably, and frequency of testing should be increased to every load until 

the air content falls within the control limits.

Density

Control limits of ±2 lb/ ft3 (± 32 kg/ m3) are suggested for density. If the density 

measured falls outside the control limits, possible reasons can be due to quantity of 
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FIGURE 11.1 Control chart of slump test results.
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mixing- water content, air content, changes in aggregate relative density (specific 

gravity), or significant differences in actual batched quantities. Mixing- water content 

and air content will vary from batch to batch. A low density along with a high slump 

may be indicative of higher mixing- water content. If slump is the same or low, a high 

air content by itself could have contributed to the low density. Since the density test 

helps identify changes in mixing- water content and air content, it should be done 

every time the slump and air content tests are done.

Air- Free Density

Another parameter that can be used to check whether the mixture composition is 

similar to the mixture as designed is the air- free density. This is calculated as follows:

 Air-free density
Measured density

1 Measured
=

− air content( )

Control limits of ±1.5 lb/ ft3 (±24 kg/ m3) are suggested for air- free density. If the 

air- free density falls outside the control limits and recorded batch quantities are rea-

sonably in line, it suggests that most likely the mixing- water content was not cor-

rect. This could be due to excess water in the mixer before it was charged, incorrect 

aggregate moisture content, or inadvertent addition of water after the mixture was 

batched. In typical concrete mixtures, a 1.5 lb/ ft3 (±24 kg/ m3) difference in air- free 

density is caused by a 30 lb/ yd3 (18 kg/ m3) change in mixing- water content, which is 

enough to cause a 600 to 750 psi (4 to 5 MPa) strength difference. However, the den-

sity results alone falling outside the control limits should not trigger an investigation.

Temperature

As discussed in an earlier chapter on variation due to manufacturing, concrete tem-

perature has a significant influence over slump/ mixing water demand, air content, 

and set time. Therefore, concrete temperature control charts should be closely ana-

lyzed with the other control charts. Two sets of control limits are suggested at ±5°F 

(±3°C) and at ±10°F (±6°C). If the ±5°F (±3°C) limit is exceeded, setting time can be 

affected, thereby requiring change in mixture proportions if consistent set times are 

expected for a concrete application that needs finishing, such as slabs. If the ±10°F 

(±6°C) limit is exceeded, mixing- water demand and air content can be affected, and 

therefore mixture adjustments may be needed to ensure concrete of consistent work-

ability, mixing- water content, air content, and strength.

Compressive Strength

Compressive strength tests are conducted only for the nonair- entrained concrete 

mixture class. Control limits for strength are recommended at ±2 standard devia-

tions (S). The S used should be the target S, which may be known from past project. 

If that is not known, a standard value of, say, 500 psi (3.5 MPa) can be chosen. While 

strength acceptance criteria are set on the low end, a two- sided control limit is use-

ful to evaluate reasons for excessively high strength, since this can be an economic 
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issue for a project where excessive strength can impact the profit margin for the 

company. Assuming that concrete compressive strength follows a normal probability 

distribution, the following are the associated probabilities of occurrences of strength 

test results that can be used to trigger evaluation for assignable cause and initiate 

corrective action:

 a. 4.5% probability that a 28-day strength test result will fall outside the con-

trol limits

 b. 0.8% probability that 7 consecutive test results are on one side of the average

 c. 0.2% probability that two consecutive test results fall outside the control 

limits

 d. 0.05% probability that two consecutive test results fall outside the control 

limits on the same side

Primary causes for strength variations are variations in the characteristics of cementi-

tious materials, organic impurities in fine aggregate, coarse aggregate dust/ bond, 

mixing- water content, air content, cementitious content, mixing, sampling, curing, 

and testing.

If the 28-day strength measured falls outside the control limits, a systematic 

investigation should be conducted as follows to understand the underlying cause with 

a view to reduce that in future:

 1. Did the corresponding density test result also fall outside the control 

limits? A low compressive strength in conjunction with a low density will 

suggest a high mixing- water content and/ or high air content. Air content 

of nonair- entrained concrete mixtures should not vary by more than 1%, 

which means that the resulting strength variation is likely to be below 

5%. A high slump and/ or high temperature can also suggest high mixing- 

water content.

 2. Were the batch weights out of tolerance—particularly, was the cementitious 

contents low or water content high?

 3. Does the 7-day C917 data from the cement manufacturer show a similar 

strength change suggesting a change in the quality of the cement? The 

cement manufacturer conducts C917 tests 10 times a month and typically 

reports the most recent five- test moving average. It is important to ensure 

that the reported average includes the time corresponding to the production 

date of the cement shipment received at the concrete plant. This may be 

hard to ensure if cement is procured from a terminal.

 4. Was there a change in fly ash (if used) fineness or 7-day strength activity 

index (SAI) data reported by the fly ash manufacturer? The reported results 

should be on samples corresponding to the production date of the fly ash 

shipment received at the concrete plant.

 5. Has there been any change in concrete sampling and testing techniques and 

personnel? Are the within- batch ranges acceptable?
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A control chart for 30 consecutive compressive strength test results is shown in 

Figure  11.2. The target standard deviation at the plant is set at 300 psi (2 MPa), 

which corresponds to excellent quality control for nonair- entrained concrete. The 

dotted lines correspond to two standard deviations above and below the target aver-

age strength. If the system is in control, only 5% of the test results should fall outside 

the two- control limits. A quick look shows that 10 test results (33%) fell outside the 

limits clearly suggesting that the actual standard deviation at the plant was much 

higher than the target value of 300 psi (2 MPa). In fact, it can be calculated to be 

600 psi (4.1 MPa)!

In addition to the above analysis of the 28-day strength test results, testing and 

analysis can also be done on 7-day compressive strength test results. These results 

can help predict 28-day strengths and make small adjustments to mixture propor-

tions so that the 28-day strength test results stay within control limits. However, it 

is suggested that the producer spend at least 12 months doing the analysis discussed 

here and start producing consistent concrete before resorting to mixture adjustments 

based on 7-day strength test results.

CUsUm Charts

Figures 11.3 and 11.4 are corresponding CUSUM charts for the slump, and strength 

test data plotted in Figures 11.1 and 11.2, respectively. Even though the control charts 

do not show trends, the CUSUM chart for strength clearly shows a rising trend 

from point 1 to 10, and then a decreasing trend from point 21 to 26. Similarly, the 

CUSUM chart for slump shows a rising trend from point 11 onward. CUSUM charts 

for 7-day strengths can be used to quickly spot trends, predict 28-day strengths, 

and make adjustments to mixture proportions as necessary. A study of CUSUM 

charts of one property should not be done in isolation. It should be combined with 
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FIGURE 11.2 Control chart of compressive strength test results.
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122 Improving Concrete Quality

CUSUM charts of other properties. For example, if CUSUM charts show rising 

slump, rising temperature, rising air content, and decreasing density, it would point 

to lower strengths. This approach is called multi- variable CUSUM and is similar 

to the concept described earlier of looking at control charts of various properties at 

the same time to understand the underlying cause of the variation. Further concrete 

strengths of different grades can be included in the same CUSUM chart for strength, 

which facilitates rapid decision making; the overall approach has been called by 

Day (2006) as Multigrade Multivariable Quality Control (MMQC). Day says that 

mixture adjustments with a view to reduce the strength should generally await con-

firmation from 28-day strength test results, but mixture adjustments to increase the 

strength should be made on low 7-day strength test results or even low-density test 

results, particularly if confirmed with high slumps and/ or air contents.
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FIGURE 11.4 CUSUM chart of compressive strength test results.
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SUMMARY

Conduct regular concrete testing at the plant. Use the data to compare plants and to 

better understand the causes of concrete variation and ways to reduce it.

Select 1 to 2 mixture classes at each plant that would cover the broadly differ-

ent concrete types and materials at the plant. One mixture class should be nonair- 

entrained concrete, and the other mixture class should be air- entrained concrete if it 

is produced at the concrete plant. The sample should be taken after thorough mixing 

prior to any water addition at the slump rack. Slump, temperature, and density should 

be measured for all mixture classes. Air content should be measured only for air- 

entrained concrete mixture classes. Compressive strength should be measured only 

for nonair- entrained concrete mixture classes. Frequency of testing varies between 

2/day and 1/week, depending on the average weekly plant production and the type of 

testing. At the time of testing, any change in material shipments since the previous 

test should be noted. On each occasion, the suggested sampling and testing should 

not take more than 10 min., and there is no need to retain the mixer truck during 

that period.

For each property (slump, etc.), test results belonging to one or both mixture 

classes should be plotted on a single control chart. Control charts for each prop-

erty should also be plotted separately for each mixture class. Control limits are 

suggested for each property. Test results that exceed control limits should be investi-

gated methodically. As part of this investigation, control charts of various properties 

should be viewed together. The key is that the investigation should lead to improved 

quality practices that help to maintain slump, air content, density, and compressive 

strength within the control limits, thereby ensuring low- variability concrete.

Once the random variations are reduced, it may be useful to do mix adjustments 

based on density or 7-day compressive strength results so that the 28-day strength 

variation is reduced and low breaks are avoided. CUSUM charts are very effective 

in data analysis.
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12 Using Job- Site Test 

Results for Improving 

Concrete Quality

This chapter discusses the use of acceptance test results from testing laboratories as 

a means to quantify the variability, identify its main causes, and reduce it.

ACCEPTANCE TEST RESULTS

The annual NRMCA Industry Data Survey results indicated that between 2006 and 

2010 a ready mixed concrete plant in the United States produced an annual average 

of 50,000 yd3 (38,000 m3) of concrete. Assuming that, on average half of that con-

crete is supplied to projects that include job- site acceptance testing at a frequency 

of one in every 150 yd3 (115 m3; minimum requirement per ASTM C94), it can be 

calculated that a concrete plant would receive about 14 project data sets/ month. The 

test data are likely to be from different mixtures and/ or projects. These data typically 

include slump, air content, temperature, density, and compressive strength at two 

ages (typically, one cylinder at 7 days, and two cylinders at 28 days). The density test 

results are useful for quality assurance and have been required in ASTM C94 and 

more recently incorporated in ACI 301-10.

DATA ANALYSIS

Data analysis should be conducted the same day the acceptance test data are 

received. Slump, air content, temperature, density, and strength test results that 

include 7 and 28 days, or other ages, should be input into the data analysis record 

as soon as the tests are available. In addition, other useful data to track include 

material sources or types, target quantities of mixture ingredients, recorded batch 

quantities, especially cementitious materials and water, and any in- house testing 

performed at the plant or job site, C917 cement strength data from the cement sup-

plier, fly ash fineness and strength activity index, aggregate grading or fineness 

modulus of sand, and within- batch range of cylinder weights (if available). Data 

analysis can be done on spreadsheets, but it is useful to develop a visual means of 

evaluating trends in strength data by using control charts and/ or CUSUM charts. 

Procedures for data analysis have already been discussed.
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reJeCting oUtliers

Can an acceptance test result be considered as an outlier? Let us say for a concrete 

project with a specified strength of 6,000 psi (41 MPa), test results were consistently 

above 6000 psi (41 MPa) and were averaging 6800 psi (47 MPa). The standard devia-

tion of the test results was calculated as 600 psi (4.1 MPa). Suddenly, there is a single 

test result of 3700 psi (25.5 MPa). If all the test results formed a normal probability 

distribution, it can be statistically shown that there is only a 1 in 8.5 million chance 

that the strength test result will be 3700 psi (25.5 MPa) or lower! Is that grounds for 

rejecting that test result? The answer is no. Because if the producer had acciden-

tally dispatched a different concrete mixture with a specified strength of 3500 psi 

(24 MPa), clearly the test result is valid and low- strength investigations should occur. 

In fact, strength test results should not be rejected unless there is clear evidence 

that the fabrication, curing, or testing was not in accordance with ASTM C31 and 

C39 requirements.

On the other hand, at least two cylinders made from the same sample of concrete 

are averaged to form a single test result. If one out of the three cylinders tested from 

the same sample broke at a much lower strength than the other two cylinders, can 

that be rejected? Once again, if there is clear evidence that the fabrication, curing, 

or testing was not in accordance with ASTM C31 and C39 requirements, that cyl-

inder can be rejected without further analysis. Density is also a good measure. For 

some reason, if the density of that cylinder is substantially lower, then it may suggest 

poor consolidation. However, if such evidence is lacking, a statistical approach can 

be adopted. Since all three cylinders are made from the same sample, their strengths 

should not vary significantly. How much of a variation is acceptable? Referring to 

ASTM E178-08, ACI 214R states that generally the result from a single specimen in 

a set of three or more specimens can be discarded if its deviation from a test average 

is greater than three times the within- batch standard deviation (S1). For V1 = 4% and 
–
X = 4500 psi (31 MPa), S1 can be calculated as 180 psi (1.25 MPa). So, if a single 

specimen varied by more than 540 psi (3.72 MPa) from the test average, then that 

cylinder strength result can be rejected. If one specimen is rejected, the test average 

should be computed from the remaining specimens.

According to ACI 318, if a low strength test result is confirmed and calculations 

indicate that the load- carrying capacity is significantly reduced, three cores shall 

be taken for each low strength test result. Concrete in an area represented by core 

tests is considered structurally adequate if the average of three cores is equal to at 

least 85% of f ′c and if no single core is less than 75% of f ′c. Additional testing of cores 

extracted from locations represented by erratic core strength results are permitted. 

Since three cores are taken, if one of the core strength results is found to significantly 

vary from the other two core strength results, an outlier investigation as discussed 

in the previous paragraph can be conducted. The within- batch standard deviation 

can be calculated by assuming a higher coefficient of variation as core test results 

tend to be more variable. If the core strength result was found to be an outlier, a case 

can be made to extract another core from the same area.
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Control Charts

Separate control charts should be plotted for each measured property: slump, air 

content, density, air- free density, temperature, compressive strength, 7-to-28-day 

compressive strength gain, and within- batch range of 28-day strength results. For 

each property test, results belonging to all mixtures should be plotted on a single 

control chart by subtracting the target average value from the measured property 

as discussed in Chapter 11, Internal Concrete Testing. The within- batch range does 

not have a target average value and is simply reported as a percent of the measured 

compressive strength test result.

Control Chart Limits

Table 12.1 lists the suggested control limits for the various properties. For typical 

mixtures, the control limits for density are chosen to be consistent with that of the 

air content.

The steps to be taken when control limits are exceeded have been discussed ear-

lier in Chapter 11, Internal Concrete Testing. It is worth repeating here that by look-

ing at the control charts of various variables at the same time, the underlying cause 

can be more easily determined. For example, if a high slump is accompanied by 

acceptable air content and low density, it may point to high mixing- water content. 

The steps to be taken when control limits are exceeded for 7-to-28-day compressive 

strength gain and within- batch range of 28-day strength results are discussed below.

TABLE 12.1

Limits for Control Charts for Various Properties

Property Control Limits

Slump, in. (mm) ±1.5 (40)

Air content ±1.5%

Temperature, °F (°C) ±10 (5.5)

Density, lb/ ft3 (kg/ m3) ±2.0 (32)

Air- free density, lb/ ft3 (kg/ m3) ±1.5 (24)

Compressive strength ±2S

7–28 comp. strength gain ±40%a

Within- batch range 8%b

a Expressed as percent of the measured average 7–28 compres-

sive strength gain.
b This is the acceptable range for two 6 x 12 in. (150 × 300 mm) 

concrete cylinders as reported in ASTM C39 precision state-

ment. For 4 × 8 cylinders and for range calculated from three 

cylinders, refer to the ASTM C39 precision statement.

www.EngineeringEbooksPdf.com



128 Improving Concrete Quality

If the 7-to-28-day strength gain falls outside the control limits, it indicates one 

of the following: a testing error, variation in handling and curing of test specimens, 

variation in characteristics of cementitious materials, or incorrect batching of mix-

tures (i.e. batching a mixture with a significantly different dosage of SCM than 

designed). If tests done on other concrete samples around the same time period or 

the corresponding C917 reports of cement shipments do not show any changes in the 

rate of strength gain, and if there is no major batching error in SCM dosage, then it is 

likely that there is either a testing error or curing variation of test cylinders.

If the within- batch range falls outside the control limits more than 5% of the time 

(i.e., 1 in 20 results), then the testing quality needs to be investigated. A different way 

of evaluating the testing quality is to maintain a moving average within- batch coef-

ficient of variation (V1) calculated from the past 10 consecutive strength test results. 

If V1 > 4%, testing quality needs to be investigated. Chapters 7 and 10 show the 

detailed calculations in the development of these charts. As discussed in the previous 

chapter on testing, these evaluations of testing quality, however, may not capture the 

variability introduced due to variations in curing.

A key factor with evaluating data is to catch the negative trend as soon as possible 

so corrective action can be taken. For strength data, an evaluation for cause should 

be started as soon as more than one 7-day strength test result falls outside the control 

limits. This ensures that strength downturns and quality problems are discovered 

early on and addressed, thus reducing problems that may be more expensive at a 

later point. Typically, many 7-day results are available before 28-day results, and so 

a pattern can be identified early on. At the very least, an investigation should be done 

as soon as the 28-day strength test results fall outside the control limits to ensure that 

the causes can be identified and thus future variations in strength can be reduced.

monitoring s of ComPressiVe strength

The 15 test moving S at the plant should be monitored when at least 15 test results 

are available. Since S is likely to be similar for several concrete mixtures with a 

specified compressive strength ≤5000 psi (35 MPa), test data from different mixtures 

can be included. S of air- entrained concrete might be kept separate from nonair- 

entrained concrete, and strength data for specified strength >5000 psi (35 MPa) can 

be evaluated separately also. S can also be calculated from the average range of suc-

cessive pairs of test results for the same mixture. At least 15 sets of successive pairs 

should be included in the calculation of the average range. This S, also known as 

process S, is calculated by the following equation:

Process S =  0.886 × average range of successive pairs 

of results of the same mixture.

The process S is particularly suited for concrete (Gibb and Harrison 2010) where 

there are step changes in average strength in the data set, as the effect of the step 

change will be limited to a single pair of results. Step change has been discussed 

in Chapter 7, Basic Statistics. When the process S is substantially different from 

the traditionally calculated S, it is highly likely that the data set has a step change. 
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However, there can be a step change even if the two calculations of S do not dif-

fer much.

CUsUm Charts

To confirm the step change in 28-day strength, other CUSUM charts such as 7-day 

strengths, density, temperature, and so forth, are observed. By doing this, a step 

change can be confirmed as soon as five data points are received (Day 2006).

Use of Control and CUSUM Charts to Analyze Project Test Data

In the following section, both control charts and CUSUM charts have been used to 

analyze the test results from three different projects supplied by three different pro-

ducers. These are identified as Project 1, 2, and 3. The raw data are not provided due 

to space constraints. Table 12.2 shows the averages and other statistical data from 

the project raw data.

Project 1

The project had almost 300 data points, and the 28-day traditional S is 478 psi 

(3.3 MPa), which is a Very Good standard of concrete control, according to ACI 

214R. The process S based on the average range of consecutive strength test results 

for this period of data collection is 274 psi (1.89 MPa). As discussed below, the 

producer had changed the cement content of the picture during the project, which 

must have contributed to the step change in average strength.

Control charts: Control charts are plotted as Figure 12.1a– g. The 7-day strength 

test data that were outside the control limits correlated well with 28-day strength test 

data that fell outside the limits. The 7-to-28-day strength gain is generally within 

the control limits. One high result (point 205) on the 7-to-28-day strength gain chart 

coincided with a low 7-day strength but the 28-day result was within control lim-

its. Since this is a single event, it is likely due to problem with the 7-day test rather 

TABLE 12.2

Statistical Project Test Data

Property Project 1 Project 2 Project 3

Average slump, in. (mm) 4.8 (120) 5.2 (130) 7.6 (193)

Average air content,% 2.0 5.6 2.9

Average temperature, °F (°C) 72 (22.2) 68.3 (20.2) 63.1 (17.3)

Average density, lb/ ft3 (kg/ m3) 146.7 (2350) Not measured 148.8 (2383)

Air- free density, lb/ ft3 (kg/ m3) 149.7 (2398) Not measured 153.3 (2455)

Average 7-day compressive strength, psi (MPa) 3982 (27.5) 4406 (30.4) 5328 (36.7)

Average 28-day compressive strength, psi (MPa) 5206 (35.9) 5578 (38.5) 9450 (65.2)

Average 7–28 comp. strength gain, psi (MPa) 1224 (8.4) 1173 (8.1) 4123 (28.4)

7-day strength S, psi (MPa) 449 (3.1) 381 (2.6) 961 (6.6)

28-day strength S, psi (MPa) 478 (3.3) 438 (3.0) 1258 (6.6)

Number of data points 293 318 41
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than any issue with concrete quality. Other test data from that date showed accept-

able strength test results. The 7- and 28-day strength results indicate that the first 

70 points or so had lower strengths. Sure enough the concrete producer remarked 

that cement contents might have been adjusted upward at some point. The slump and 

air content control charts show very few out- of- control points. The temperature con-

trol chart shows a wide difference in concrete temperature, suggesting that set times 

and possibly water demand might have varied. Unfortunately, slump, air content, 

density, air- free density, and temperature control charts do not help explain the cause 

for the out- of- control strength test results.

Air Free Density

FIGURE 12.1a– g Control charts for Project 1.
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CUSUM charts: The CUSUM charts are plotted as Figure 12.2a– g. The 7-day 

strength CUSUM chart correspond very well with the 28-day strength CUSUM 

chart. Step changes (changes in average value) in 7- and 28-day strengths are very 

clearly visible in the CUSUM chart as opposed to the control chart. For the first 

70 data points, there is a slight decrease in the 7-day- strength CUSUM charts, but 

there is negligible step change in the 28-day strength CUSUM charts. After point 

7 day Strength 28 day Strength

7-28 day Gain Slump

Air Content

Air-Free Density

FIGURE 12.2a– g CUSUM charts for Project 1.
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70, both the strength CUSUM charts show a positive step change about 300 psi 

(2.1 MPa). The 7-to-28-day strength gain shows a generally positive step change. 

Slump and air content CUSUM charts are relatively consistent. However, beyond 

point 220, there is a clear increase in slump, air content, and temperature, and there 

is a decrease in density and air- free density. These observations suggest that the 

mixing- water content and air content have both increased beyond point 220. The 

step change in air- free density is about –1.2 lb/ ft3 (–19.2 kg/ m3). This level of air- 

free density change is likely from an increase in mixing- water content of 20 lb/ yd3 

(11.9 kg/ m3), assuming that the batched quantities have not changed. From the air 

content CUSUM chart, the step change can be estimated at about 0.25%. The higher 

air content and mixing water content should have led to lower strengths beyond point 

220. However, that is not observed. Part of the reason for this could be the fact that 

the concrete producer changed the cement content during the project. CUSUM chart 

calculations should be started again when mixture proportions are changed.

Project 2

The project had more than 300 data points, and the 28-day strength S is 438 psi 

(3.02 MPa), which is a “Very Good” standard of concrete control, according to ACI 

214R. The process S, based on the average range of all the data points, is 384 psi 

(2.65 MPa).

Control charts: Control charts are plotted as Figure 12.3a– g. The out- of- control 

7-day strength test data do not show a good correlation with the out- of- control 

28-day strength test data. This is because the 7-to-28-day strength gain is sig-

nificantly variable with several points outside the control limits. There are some 

data points where there is less than a 100 psi (0.7 MPa) 7-to-28-day strength gain! 

Table 12.3 summarizes some of the out- of- control 7- and 28-day strength test data. 

It is clear that the 7-to-28-day strength gain was out of control in all of those cases. 

A closer look shows that very low 7-to-28-day strength gain occurred on certain 

occasions, suggesting that it might be related to curing/ testing practices. For exam-

ple, six batches of concrete were tested on the same date. Five of those batches 

had 7-to-28-day strength gain exceeding 1000 psi (6.9 MPa), whereas one of the 

batches had 7-to-28-day strength gain of only 55 psi, clearly suggesting that the 

very low strength gain is likely due to poor cylinder fabrication, curing, and testing. 

On the other hand, on two consecutive days, the average 7-to-28-day strength gain 

averaged about 400 psi, which is much lower than normal. However, this consis-

tent pattern may indicate performance variation due a specific cement shipment, 

for example. A close look at the ASTM C917 cement test results from that period is 

warranted. The slump and air content control charts show very few out- of- control 

points. Temperature control chart shows a few points on the lower end of the control 

limits, suggesting that set times and possibly water demand might have varied. The 

within- batch range shows that, overall, about 8% of all test results had within- batch 

range greater than 8%, which is higher than the 5% that is considered acceptable 

according to the ASTM C39 precision statement. The moving 10 test V1 shows that 

V1 exceeded 4% in many of the cases. Both of these findings, as well as the unusual 

7-to-28-day strength gain suggest that the testing quality needs to be looked into.
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CUSUM charts: The CUSUM charts are plotted as Figure 12.4a– g. The 7-day 

strength CUSUM chart does not always correspond with the 28-day strength 

CUSUM chart. For the first 100 points, the 28-day CUSUM chart showed an aver-

age step change (about –160 psi [–1.1 MPa]), which corresponds well with the 7-day 

CUSUM chart (about –100 psi [–0.7 MPa]). However, between points 100 and 

200, the 28-day CUSUM chart shows a positive step change, whereas the 7-day 

CUSUM chart shows a negative step change. The difference between 7-day and 

FIGURE 12.3a– g Control charts for Project 2.
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28-day CUSUM charts can be explained by observing the 7-to-28-day strength gain 

CUSUM chart. The 7–28-day strength gain CUSUM did not show much step change 

till point 100. However, between points 100 and 200, there is an average positive step 

change (about 200 psi [1.4 MPa]). So between those points, the decrease in 7-day 

strength is more than compensated by an increase in 7-to-28-day strength gain. The 

cumulative effect of the two was an increase in the 28-day strength. The underlying 

reason for this can be deduced from the concrete temperature CUSUM chart.

For the first 100 data points, the temperature CUSUM chart shows negligible 

step change. Between points 100 and 200, there is a significant step change (–5°F) 

(–2.8°C), which was accompanied by a negative step change in 7-day strength, and 

positive step change in 7-to-28 strength gain and 28-day strength. Between points 

200 and 300, there is a significant step change 5°F (2.8°C), which was accompanied 

by a negative step change in 28-day strength and negative step change in 7-to-28 

strength gain. These observations suggest that cylinders might have been cured 

improperly in the field. Slump and air content appear to show positive step changes, 

but the actual magnitudes are pretty low (average of 0.25 in. [6 mm], 0.2%, etc.) to 

influence concrete strength. The within- batch range CUSUM suggests that for the 

first 150 points there was a negligible step change, but from point 150 onward there 

was a positive step change, which indicates a change in a testing technician, that is, 

a trend toward poorer testing quality. The step change of about 0.8% suggests it was 

not negligible when compared with the overall average within- batch range of 3.3%. 

The moving 10 test V1 CUSUM closely matches the within- batch range CUSUM. 

Overall, the analysis reveals that the concrete is of good quality (slump, air con-

tent within control, and strength with low S) with the curing/ testing quality vary-

ing somewhat.

Project 3

The project had 41 data points and the 28-day S is 1258 psi (8.7 MPa), which is a 

Poor standard of concrete control, according to ACI 214R. The process S based on 

the average range of all the data points is 1024 psi (7.06 MPa). In general, the quality 

control processes of this set of data is likely relatively poor, and establishing assign-

able causes for the variation will be difficult.

TABLE 12.3

Summary of Some of the Out- of- Control Points from Project 2

7-Day Strength, psi (MPa) 28-Day Strength, psi (MPa) 7-to-28-Day Strength Gain, psi (MPa)

3370 (23.2) 5515 (38.0) 2145 (14.8)

3300 (22.8) 4975 (34.3) 1675 (11.6)

3310 (22.8) 5040 (34.8) 1730 (11.9)

4080 (28.1) 4370 (30.1) 290 (2.0)

4020 (27.7) 4470 (30.8) 450 (3.1)

5780 (39.9) 5790 (39.9) 10 (0.1)

5740 (39.6) 5710 (39.4) −30 (−0.2)

www.EngineeringEbooksPdf.com



135Using Job- Site Test Results for Improving Concrete Quality

Control charts: Control charts are plotted as Figure 12.5a– g. The 7-day strength 

test data falling outside control limits correlate well with the corresponding 28-day 

strength test data, as well as the 7-to-28-day strength gain. Points 10 and 20 exceed 

control limits on the high and low side, respectively. Point 10 had high density and 

air- free density, suggesting that both mixing-water content and air content maybe 

low. Point 20 had acceptable density and low air- free density, suggesting that air 

content was acceptable while mixing water content was high. The corresponding 

slump for point 20 was also high (10 in.; 255 mm). Several batches also resulted in 

7 day Strength 28 day Strength

7-28 day Gain

Moving 10 Test V1

Slump

Air Content Temperature

Within-Batch Range

FIGURE 12.4a– g CUSUM charts for Project 2.
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measured density and slump being outside the set control limits. However, these 

batches had acceptable strengths. A temperature control chart shows several points 

exceeding control limits and a rising trend in the later part of the project, suggesting 

that set times and possibly water demand might have varied.

CUSUM Charts: The CUSUM charts are plotted as Figure 12.6a– g. The 7-day 

strength CUSUM chart corresponds well with the 28-day strength CUSUM chart. 

7 day Strength 28 day Strength

7-28 day Strength Gain

Air Free DensityDensity

Air Content

FIGURE 12.5a– g Control charts for Project 3.
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Between points 15 and 21, there is a negative step change in strength. Between points 

30 and 41 there, is an average positive step change in 7-day strength (about 700 psi) 

(4.8 MPa), 28-day strength (about 800 psi) (5.5 MPa), and 7-to-28-day strength gain 

(about 100 psi) (0.7 MPa). Concrete density CUSUM chart shows a negative step 

change between points 5 and 10, negative step change between 15 and 20, and finally 

positive step change from point 31 onwards (average about 1 lb/ ft3 [16 kg/ m3] in all 

cases). The step changes in the 28-day strength CUSUM chart are the exact inverse 

of that observed in the density CUSUM. Overall, the analysis reveals that the con-

crete is not of good quality (density varying and strength with high S).

  7 day CUSUM 28 day CUSUM

7-28 day Gain Slum CUSUM

Air Content CUSUM Temperature CUSUM

Density CUSUM Air Free Density CUSUM

FIGURE 12.6a– g CUSUM charts for Project 3.
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SUMMARY

When concrete test data become available, the results should be entered in a spread-

sheet and visualized using control charts and CUSUM charts. A methodology has 

been provided by which test results from different mixtures are plotted on a sin-

gle control and CUSUM chart for that property. This ensures that variation due to 

assignable causes, including step changes (sustained changes in average value), can 

be identified rapidly. CUSUM charts are more effective than control charts in rapidly 

identifying step changes, as well as the magnitude.

An investigation should be started as soon as the 28-day (preferably 7 day) 

strength test results fall outside the control limits or there is a change in slope of 

the 28-day and 7-day CUSUM chart that indicates a step change. To identify the 

underlying cause, the investigation should look at control and CUSUM charts of 

all the properties. At the minimum, control and CUSUM charts on slump, air con-

tent, temperature, density, air- free density, compressive strengths (7- and 28-days), 

7-to-28-day strength gain, and within- batch 28-day strength range should be devel-

oped. Three data sets from actual projects have been provided to illustrate how con-

trol and CUSUM charts can be used. It is possible to achieve reduced variability in 

concrete by monitoring control and CUSUM charts over an extended period (up to 1 

year) and by making appropriate changes to quality practices identified as assignable 

causes in the analysis.

Standard deviation of 28-day compressive strength test results should be moni-

tored based on moving 15 consecutive strength test results. A different way of cal-

culating S has been discussed. When the process S is substantially different from 

the traditionally calculated S, it is highly likely that the data set has a step change. 

However, there can be a step change even if the two calculations of S do not differ 

much. The ultimate aim should be to lower the S. For air- entrained (AE), concrete 

producers should target traditional S below 450 psi (3 MPa) and 350 psi (2.4 MPa) 

for non- AE concrete, which corresponds to very good quality control. A very high S 

can make it difficult to identify special causes or step changes because the overall 

random variation of the quality process is too high. A very high S leads to a broad 

range of control limits on the strength control chart, and just because the strength 

tests fall within this broad range does not indicate that concrete quality is good.
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13 Impact of Specifications 

on Concrete Quality

Concrete specifications can play an important role in ensuring good quality concrete. 

This chapter makes suggestions on concrete specifications with the aim of improving 

concrete quality.

ALLOW USE OF STANDARD DEVIATIONS NOT JUST OVER DESIGNS

Almost all concrete project specifications have a specified compressive strength, f ′c, 
requirement for concrete mixtures. Mixtures are designed to meet the required aver-

age compressive strength, f ′cr, to ensure that the strength tests meet the strength accep-

tance criteria. ACI 318 and 301 provide two options to establish the required average 

strength f ′cr. These options are provided in Appendix A. The first option, referred 

in this chapter as Option A, makes use of the standard deviation, S, established 

from past strength test records, while the second option, referred in this chapter as 

Option B, adds a fixed strength increase when no past test records are available.

Many specifications require concrete mixtures to be overdesigned by 1200 psi 

(8.3 MPa) above the specified strength, that is, the use of Option B. Forcing the use 

of Option B when a test record is available is not desirable. The standard deviation, 

S, from a strength test record is a measure of the ability of the concrete supplier to 

control the quality of the product. It should be noted here that testing is a component 

of this standard deviation. There should be a benefit and incentive to use this infor-

mation. Table 13.1 compares the required average strength for a specified strength 

of 4000 psi (27.6 MPa) by Option A and B for different levels of concrete quality 

(ACI 214R) as measured by S. Option B requires an ƒ′cr of 5200 psi (35.9 MPa), 

regardless of the producer’s standard deviation. On the other hand, if Option A 

(based on past test data) is used, a producer with S = 350 psi (2.4 MPa) has to design 

the mixture for an average strength of 4470 psi (30.8 MPa), whereas a producer with 

S = 1250 psi (8.6 MPa) has to target at least 6410 psi (44.2 MPa).

For this example, with a specified strength of 4000 psi (27.6 MPa), when the 

producer’s standard deviation is greater than 730 psi (5 MPa), Option B will allow a 

lower average strength than Option A. A specification that requires Option B does 

not benefit a quality conscious producer but does benefit the one with higher vari-

ability! Option B is surely not a conservative option when S > 730 psi (5 MPa) and 

can lead to a higher number of strength problems during the project. Statistically, it 

can be shown that for ƒ′c = 4000 psi (27.6 MPa) for a concrete with average strength 

of 5200 psi (35.9 MPa) with S = 1250 psi (8.6 MPa), the probability of failing the 

strength acceptance criteria is about 10 times higher compared to one with S = 730 psi 
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(5.0 MPa) and the same average strength! In summary, specifications that require 

Option B merely tell the producer not to pay attention to quality.

MOVE FROM PRESCRIPTIVE TO PERFORMANCE- 
BASED SPECIFICATIONS

Concrete mixtures designed to prescriptive specifications are typically substantially 

overdesigned. It is likely that for a given set of materials, a knowledgeable engineer 

of record can optimize the mixture proportions to meet the performance criteria 

needed by the specification. However, the engineer cannot specify that optimized 

mixture proportion in a prescriptive specification. Frequently, a project specification 

is written for a large geographical area—the whole state in the case of a transporta-

tion agency or even the whole country, in the case of some large nationwide design 

firms. It is impractical to identify an optimized mixture proportion for the broad 

range of materials that could be encountered. Even if the same set of materials are 

used, the optimized mixture proportions may not be used in conjunction with lower- 

quality manufacturing, construction, and testing practices. Clearly, the engineer has 

to set prescriptive requirements so that the performance criteria are attainable with 

the lowest level of quality in materials, manufacturing, construction, and testing 

practices. This is one of the main reasons why prescriptive specifications are sub-

stantially overdesigned, frequently with much higher minimum cementitious content 

requirements than necessary to attain the performance requirements.

minimUm CementitioUs Content

Minimum cementitious (CM) content requirements are commonly used in prescrip-

tive specifications. The ACI 318 Building Code does not have a minimum CM con-

tent requirement. The ACI 301 Specification for Structural Concrete has a minimum 

CM content requirement only for trowelled concrete floors with consideration to 

achieve adequate finishability. ACI 301 allows for relaxing the minimum CM con-

tent requirements if adequate finishing quality and strength is demonstrated. In most 

concrete specifications, minimum CM content requirements are used as a proxy for 

a low water- to- cementitious materials ratio (w/ cm), which is desired for improved 

concrete durability. A better way for verifying low w/ cm is through specifying an 

TABLE 13.1

Target Average Strengths for ƒ′c = 4000 psi (27.6 MPa)

QC Standards 

(ACI 214R) Excellent

Very 

Good Good Fair Poor

S, psi (MPa) 350 (2.4) 450 

(3.1)

550 

(3.8)

650 

(4.5)

750 

(5.2)

950 

(6.6)

1250 

(8.6)

f ′cr, psi (MPa)(Option A) 4470 

(30.8)

4600 

(31.8)

4780 

(32.9)

5020 

(34.5)

5250 

(36.2)

5710 

(39.4)

6410 

(44.2)

f ′cr, psi (MPa) (Option B) 5200 (35.9)
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appropriate compressive strength rather than a minimum CM content. Minimum CM 

content requirements do not provide any incentive for improving concrete quality, 

and this becomes obvious from Figure 13.1. In this case, the project had ƒ′c = 4000 psi 

(27.6 MPa) and a minimum CM content requirement of 650 lb/ yd3 (386 kg/ m3). The 

test results varied between 4330 psi (29.9 MPa) and 7730 psi (53.3 MPa) with an 

average of 6130 psi (42.3 MPa), S = 1122 psi (0.8 MPa), resulting in a coefficient 

of variation of 18.3%. According to ACI 214R, the data suggest that the standard of 

concrete control was poor. Yet there were no low strength test results and, as a result, 

there was no incentive to reduce variability and attain improved concrete quality.

maximUm w/ Cm

It is well understood that concrete permeability reduces with decreasing w/ cm. 

The cementitious composition also impacts permeability. ACI 318 Building Code 

requires w/ cm between 0.40 and 0.50, depending upon specific exposure categories 

such as freeze thaw, sulfates, or chlorides. Low w/ cm concrete has become syn-

onymous with better concrete, and there has been a tendency for engineers to fre-

quently specify low w/ cm concrete, even when these exposure conditions do not 

exist, such as for an interior column. A maximum w/ cm specification will typically 

result in a compressive strength much higher than the specified strength require-

ment and as pointed out earlier this does not provide any incentive for improving 

quality. To start with maximum w/ cm should be specified only where it is essential. 

Whenever a maximum w/ cm is specified, a higher compressive strength consistent 

with the w/ cm requirement can be specified. The higher strength can be utilized 

to optimize structural design. Another approach is to move away entirely from a 

maximum w/ cm requirement but instead specify the corresponding durability per-

formance requirement such as a rapid indication of chloride ion penetration (RCP) 

value (ACI ITG-8R-10) as performed according to the ASTM C1202 test.
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FIGURE 13.1 Variability of compressive strength test results from a project concrete class 

with minimum cm content requirements.
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CHANGES TO MIXTURE PROPORTIONS AFTER SUBMITTAL

Once a concrete mixture proportion is submitted for a specific class of concrete in a 

project the producer is held to the same ingredient weights for that class for the dura-

tion of the project. The producer is typically allowed to vary only the admixture dos-

age and attain the concrete performance properties, such as compressive strength, air 

content, and slump. Large volume ready mixed concrete plants receive multiple ship-

ments of cement and aggregate on a daily basis. Even though the material sources are 

the same, concrete performance can vary as shipments change. In addition, changing 

temperatures can result in a change in concrete performance. A specific performance 

requirement such as a 28-day compressive strength requirement can be consistently 

attained with varying material shipments and temperatures by designing the mixture 

for a higher average strength, taking into account the material and temperature varia-

tions expected during the project. This is current standard practice. The producer 

can make use of semi- adiabatic calorimetry, accelerated- cured 2-day cylinder test-

ing, and 7-day standard cured cylinder testing to predict the strengths of cylinders at 

28 days. If a lower 28-day strength is expected, the producer can make minor adjust-

ments to the mixture proportions such as lower w/ cm. This will result in two benefits: 

(1) frequency of lower strength test results and resulting expensive investigations will 

decrease, and (2) producers can now reduce their average strengths since they can 

now react on a rapid, continual basis for potential low breaks. The lower average 

strengths will make the mixture more cost effective and sustainable. Some specifica-

tions do allow a range of w/ cm or batch weights after submittal while some others 

allow only a reduction in the w/ cm by 0.05 or an increase in cementitious content up 

to 10%. ACI 301-10 allows adjustments to mixture proportions or changes in materi-

als along with supporting documentation. For some engineers, a low 7-day strength 

test result may be adequate for lowering the w/ cm of the concrete mixture.

QUALIFICATIONS

The project specifications should have a quality assurance section (NRMCA 

Publication 2PE003, 2009) that has the requirements for the producer, installer, and 

the testing agency.

ProdUCer qUalifiCations

The NRMCA plant certification established in 1966 provides a system for establish-

ing that production facilities of ready mixed concrete plants are physically capa-

ble of furnishing good quality concrete. It reflects, and in many cases exceeds, the 

requirements of standard specifications for ready mixed concrete, such as ASTM 

C 94, AASHTO M 157, and the  Concrete Plant Standards  of the Concrete Plant 

Manufacturers Bureau, CPMB 100. A licensed professional engineer inspects the 

concrete plant once in 2 years and specifically looks at material storage and han-

dling, batching equipment, central mixer, ticketing system, and delivery fleet.
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Quality personnel with responsibility for concrete mixtures could be required to 

be certified as an NRMCA Concrete Technologist Level 2, or equivalent. NRMCA 

also certifies individuals to Level 3 and Level 4 criteria.

NRMCA recently developed a more comprehensive producer quality certifica-

tion. The goal of this certification is to ensure that the producer is operating an 

effective QMS for the production of ready mixed concrete that is well established, 

documented, and implemented, and facilitates continuous improvement. This cer-

tification encompasses plant certification but also includes requirements for com-

pany personnel, quality objectives, laboratory testing, specification review process, 

internal audits, concrete mixture development, ingredient materials testing, internal 

concrete testing, control of mixing water content, record keeping and retention, and 

customer satisfaction.

installer and testing agenCy qUalifiCations

At least one person on the finishing crew should be certified as an ACI Flatwork 

Finisher, or equivalent. When requested, the installer should furnish a Quality 

Plan. Further, the chapter on variations due to testing discussed the requirements in 

the ACI 318 Building Code that can help improve testing quality.

BONUS–PENALTY PROVISIONS

Bonus- penalty provisions in specifications can help improve concrete quality. Some 

agencies such as the Port Authority of New York/ New Jersey and the Virginia 

Department of Transportation (VDOT) have incorporated bonus- penalty provisions 

into their projects. The test results from n sub lots (one test result per sub lot) are used 

to compute (ACI ITG-8R), a quality index (QI) for compressive strength, as

 
QI

X LSL

S
=

−

where X  is the average compressive strength, LSL is the lower specification limit 

or minimum compressive strength, and S is the standard deviation of compres-

sive strength from n sub lots. QI and n are then used to obtain the percent within 

limits (PWL) that represents the estimate of the percentage of material within the 

lot that is above the LSL. A lot may be defined as all the concrete in a bridge deck. 

Sublots and lots can also be defined as given volumes of concrete. Figure 13.2 is a plot 

developed between the quality index and the PWL based on the reported values in 

FHWA-SA-96-026. Table 13.2 shows the pay factor adjustment used by VDOT in a 

project (Sprinkel 2004).

For a project, if LSL = 4000 psi (27.6 MPa), and X = 4600 psi (31.7 MPa), S = 1250 psi 

(8.6 MPa) will result in QI = 0.48, PWL = 67%, and a 23% penalty if Table 13.2 

provisions are adopted. Keeping other values the same, changing S from 1250 psi 
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(8.6 MPa) to 350 psi (2.4 MPa) will result in a QI = 1.71, PWL = 97% and a 4.2% 

bonus. Clearly, improving concrete quality and attaining a lower S can help transform 

a substantial penalty into a bonus! Various quality indexes for strength, air content, 

thickness, smoothness, and rapid indication of chloride ion penetrability (RCPT) are 

calculated, and the overall quality index is used to calculate the bonus- penalty levels 

for a project. Bonus- penalty provisions are still new and do have some drawbacks.

Often these penalties are based on the in- place price of the contract, which is 

significantly more than the price of the concrete. The values of S calculated from 

a very small number of sub lots can be misleading, which makes it difficult for 

concrete suppliers and contractors to plan to target a level of the quality index. To 

protect themselves, they establish very conservative targets and significantly overde-

sign mixtures and construction processes to avoid penalties. From the contractors 

viewpoint, increasing the material cost by $4/yd3 ($5.2/m3), required for a higher 
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FIGURE 13.2 Relationship between quality index and PWL. (Reprinted with permission 

from AASHTO R 9, FHWA-SA-96-026, 1996.)

TABLE 13.2

Example of Pay Factor Adjustments to Contract 

Compensation for Concrete Overlay

Average PWL,% Pay Factor Adjustment

91 to 100 0.006 (PWL-90)

85 to 90 0.0

55 to 84 –0.9 + 0.01 PWL

Source: Adapted from Sprinkel, M. M., “Final Report, Performance 

Specification for High Performance Concrete Overlays on 

Bridges,” VTRC 05-R2, Virginia Transportation Research 

Council, Charlottesville, VA, August 2004, 23 pp.
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cementitious content, for example, is a justifiable risk to avoid a $400/yd3 ($520/m3) 

penalty on a pay factor for strength tests. In this case, the state highway agency might 

get what it wants on one particular quality index but might cause another problem on 

a quality index that may not be part of the payment criteria. For instance, a mixture 

substantially overdesigned for strength may have a higher propensity to crack.

JOB- SITE CONCRETE ACCEPTANCE TESTING

If there is no quality assurance inspection or testing, there is no incentive to monitor 

quality. So it is important that a project require acceptance testing for the desired per-

formance. However, it is important to have test criteria that take into account the vari-

ability of the different test methods. For example, the testing variability of the ASTM 

C1202 test method is about four times higher than that of the ASTM C39 strength 

test. On this basis, it has been suggested (Obla and Lobo 2007, ACI ITG-8R) that the 

acceptance criteria for the ASTM C1202 should be more lenient than that for C39.

CURRENT INFORMATION ON MATERIAL PROPERTIES

ACI 301 states that aggregates used in the project should conform to ASTM C33, and 

test results showing conformance should not be older than 90 days, except for test 

results for soundness, abrasion, and reactivity, which should not be older than 1 year. 

In addition to the tests required in ASTM C33, tests on relative density, absorption and 

bulk density of coarse aggregate are required for concrete mixture proportioning and 

batch weight calculations. It is probably a good idea to use current information (<90 

days) on these aggregate properties as they do vary and can result in substantial changes 

to batch weights and concrete performance. ACI 301 also states that for cementitious 

materials test results that show conformance to specifications should not be older than 

90 days and for admixtures it should not be older than 1 year.

SUMMARY

Concrete specifications should permit the use of the standard deviation from past 

project test results to establish the average strength f ′cr of proposed mixtures for future 

work. This provides an incentive to producers to target a lower standard deviation. 

In contrast, defaulting to the fixed strength over the design option does not provide 

any incentive for improved concrete quality. Moreover, it is not a conservative option 

when concrete quality is poor and can lead to a higher number of strength problems 

during the project.

Concrete specifications should reduce prescriptive requirements and incorporate 

performance requirements. In particular prescriptive minimum cementitious content 

requirements should be removed. Also, maximum w/ cm should not be specified for 

concrete members that do not require low permeability such as for most interior con-

crete members. Minimum cementitious content and maximum w/ cm requirements 

typically lead to compressive strengths substantially higher than that required for the 

specified strength, f ′c, and as a result provide no incentive to target a lower standard 

deviation and improve concrete quality.
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Concrete specifications should have a quality assurance section that incorporates 

the provided qualification requirements for the company and the personnel involved 

in the production, installation, and testing of concrete.

Bonus- penalty provisions have adopted some public agencies appear to pro-

vide incentive for improving concrete quality through a lower standard deviation. 

However, these provisions do have some drawbacks.
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14 Impact of Concrete 

Quality on Sustainability

With the increased focus on sustainable construction, building products are being 

required to document the environmental impact associated with their manufac-

ture and show continuous improvement. For concrete construction, environmental 

impact can be documented from the source ingredient materials, manufacturing pro-

cess, and the composition of the concrete mixture. In the use phase of concrete build-

ings and infrastructure, there are several advantages that can be documented. This 

article focuses on the concrete mixture and demonstrates how improved concrete 

quality can play an important role in developing concrete products with reduced 

environmental impact and contribute to sustainable development.

TARGET A LOW STANDARD DEVIATION

Table 14.1 shows the calculated required average strength for a specified strength 

of 4000 psi (27.6 MPa) based on the ACI 318 and 301 requirements (Appendix A) 

for different levels (ACI 214R) of concrete quality as measured by S. Based on the 

assumption that 1 pound of cement equates to a compressive strength of about 10 psi 

or 1 kg of cementitious material equates to a compressive strength of 0.15 MPa, 

Table 14.1 estimates that the cementitious content for the producer with S = 1250 psi 

(8.6 MPa) is 43% higher than that for the producer with S = 350 psi (2.4 MPa). 

Table 14.1 also includes the environmental impact of one factor—the carbon foot-

print—calculated from life cycle inventory data (Marceau et al. [2007]). The CO2 

footprint for the producer with S = 1250 psi (8.6 MPa) is calculated to be about 41% 

higher than that for the producer with S = 350 psi (2.4 MPa). Using less cement also 

conserves natural resources associated with its manufacture.

BETTER JOB- SITE CURING AND OVERALL TESTING QUALITY

A component of the strength standard deviation discussed above is associated with 

acceptance testing of concrete. The factors that can increase the component of vari-

ability associated with testing include practices for making specimens; standard 

curing and subsequent testing– specimen care during initial curing at the job- site; 

transportation to the lab; curing at the lab; and procedures used to test the speci-

mens for compressive strength. An important effect is temperature and moisture 

afforded to the test specimens for the initial 24- to 48-hour period after they are cast. 

Nonstandardized initial job- site curing practices has been shown to lead to more 

than 1000 psi (7 MPa) reduction in the measured compressive strength test results 

for a typical 4000 psi (28 MPa) concrete mixture (Obla et al. 2005; Bloem 1969). To 
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avoid expensive investigations, the producer typically compensates by increasing 

the target average strength of the mixture. This results in much higher cementitious 

contents and increases the environmental footprint of the concrete mixture. It can 

be estimated that to overcome the 1000 psi (7 MPa) strength loss due to poor job- 

site cylinder curing practices the producer would have to increase the cementitious 

content by 100 lb/ yd3 (59 kg/ m3) or about 20%. During testing, it should be ensured 

that strength specimens are loaded to complete failure to obtain realistic results and 

standard deviation of the test results.

MIXTURE OPTIMIZATION

For a given set of materials used in concrete mixtures, strength increases as the w/ cm 

decreases. Mixture proportioning involves establishing a w/ cm for the required aver-

age strength. However, a specific w/ cm can be attained by choosing different levels 

of cementitious contents and water contents. Table 14.2 derived from an ongoing 

NRMCA research project provides possible cementitious and water contents for 40% 

slag cement concrete mixtures at a w/ cm of 0.47. It is clear that for a given w/ cm the 

combination of lower mixing- water content and associated cementitious materials 

TABLE 14.2

Mixture Proportions for 40% Slag Cement Concrete at Same w/ cm

w/ cm

CM, lb/ yd3 

(kg/ m3)

Water, lb/ yd3 

(kg/ m3) Paste,%

Paste/ Aggregate 

Voids

CA/ FA, lb/ yd3 

(kg/ m3)

0.47 465 (275) 218 (129) 24 0.94 2163/1396 (1283/828)

507 (301) 238 (141) 26 1.02 2105/1359 (1249/806)

528 (313) 248 (147) 27 1.06 2075/1342 (1231/796)

570 (338) 268 (159) 29 1.14 2020/1305 (1198/774)

655 (389) 308 (183) 33 1.30 1906/1231 (1131/730)

TABLE 14.1

Target Average Strengths for ƒć = 4000 psi (27.6 MPa)

QC Standards (ACI 214R) Excellent

Very 

Good Good Fair Poor

S, psi (MPa) 350 (2.4) 450 

(3.1)

550 

(3.8)

650 

(4.5)

750 

(5.2)

950 

(6.6)

1250 

(8.6)

f ′cr, psi (MPa)(Option A) 4470 

(30.8)

4600 

(31.8)

4780 

(32.9)

5020 

(34.5)

5250 

(36.2)

5710 

(39.4)

6410 

(44.2)

Cementitious content, 

lb/ yd3 (kg/ m3)

447 (265) 460 

(273)

478 

(284)

502 

(298)

525 

(311)

571 

(339)

641 

(380)

CO2 footprint, lb/ yd3 

(kg/ m3)

463 (275) 476 

(283)

494 

(293)

518 

(307)

541 

(321)

587 

(348)

657 

(390)
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content leads to a lower paste volume. This paste volume includes air content, which 

has been assumed to be 2% for these nonair- entrained concrete mixtures. The ratio 

of paste volume to the combined aggregate void content is also provided. At lower 

paste volumes, the paste does not completely fill the combined aggregate void con-

tent. As the paste volume increases from 24% to 33%, the amount of coarse and fine 

aggregate decreases by more than 400 lb/ yd3. It was found that as the paste volume 

increased at the same w/ cm the compressive strength was the same, while shrinkage 

and rapid indication of chloride ion penetrability (ASTM C1202) values increased. 

A minimum amount of mixing-water content (240–250 lb/ yd3) (142–148 kg/ m3) was 

required to attain a half- inch (15 mm) slump without admixtures. However, once the 

mixing water content exceeded the minimum value, higher cement content mixtures 

tended to further increase the water demand. So it is suggested that for a target w/ cm, 

the lowest amount of mixing-water content for a half- inch (15 mm) slump be used, 

thereby requiring the lowest amount of cementitious content. Higher workability 

levels can be attained using water-reducing admixtures. For this set of materials, a 

mixing- water content of 248 lb/ yd3 (147 kg/ m3) was required to attain a half- inch (15 

mm) slump. This corresponds to an optimum cementitious content of 528 lb/ yd3 (148 

kg/ m3) for a w/ cm of 0.47, thus resulting in a paste volume of 27%. Table 14.2 shows 

that nonoptimized concrete mixture proportions with paste volume of 33% result in 

up to a 24% increase in cementitious content.

The NRMCA quality survey of 2012 reported that the target average cementitious 

content to satisfy the specified strength requirement can be calculated as 452 lb/ yd3 

(268 kg/ m3). The 2012 NRMCA SCM survey (Obla et al., 2012) showed that the aver-

age nationwide cementitious content used was 561 lb/ yd3 (333 kg/ m3). In other words, 

the actual cementitious content used was 24% higher than that required to satisfy the 

strength specification. A major reason is likely the use of prescriptive specifications 

such as minimum cementitious content requirements, w/ cm, and so forth. Optimizing 

the paste volume for required performance of fresh and hardened concrete is achieved 

through improved quality management systems, profitability, and environmental 

impact of concrete mixtures.

FEWER RETURNED CONCRETE AND HARDENED CONCRETE ISSUES

Typically, it is estimated that on average about 5% of concrete is returned to the 

plant. While some of this is due to over- ordering, about 1%–2% is estimated (Obla 

2010) to be concrete rejected for noncompliance with project specifications such as 

slump, air content, and so forth. If careful attention is paid to concrete quality, the 

amount of rejected concrete associated with quality problems can be significantly 

reduced. In some markets, returned concrete can be used to make blocks and can 

also be used for paving around the plant. Some plants use reclaimers to separate out 

the aggregates and gray water, while some other plants discharge the returned con-

crete in an area, allow it to harden, crush it into aggregates, and reuse it. Regardless 

of the approach adopted for handling returned concrete, it is obvious that reduction 

in the amount of returned concrete will lead to less energy and resources spent. 
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Additionally, less concrete will have to be produced and supplied to the project, 

thereby conserving materials.

Periodically, concrete producers are asked to repair, replace, or mitigate hardened 

concrete issues because concrete did not meet purchaser’s or specification require-

ments or expectations. Cost to repair hardened concrete can involve core tests (for 

low cylinder strengths), hiring consultants, evaluating cracking, and so forth, and can 

become very expensive, even if it does not go to litigation. Removal and replacement 

can cost 10 times more than the cost of concrete furnished to a project. Additionally, 

considerable resources are expended to troubleshoot and address hardened concrete 

issues such as gas spent to visit the job site, new materials consumed in repair, or 

replacement core testing, which further add to the carbon footprint.

PLANT AND TRUCK MIXER MAINTENANCE

An important aspect of maintaining concrete quality is to maintain concrete plants 

and trucks in good operating condition and capable of supplying concrete in accor-

dance with ASTM C94. This can be ensured by requiring the NRMCA plant certifi-

cation program or a suitable equivalent. An aspect of the plant certification program 

is the annual check of truck mixers for blade wear and concrete buildup. Excessive 

blade wear and concrete buildup will lead to inefficient mixing, which in turn will 

lead to poor concrete quality and more fuel consumed for thorough mixing. Excessive 

buildup of hardened concrete in the range of 5000 lbs can cause more than a 10% 

increase in energy consumption for mixing and transporting the concrete. In addi-

tion, clearly marking the cementitious pipes and having and adhering to a Quality 

Plan ensure that errors such as pumping cement into fly ash silos can be avoided. 

This again does impact sustainable production of concrete.

TEMPERATURE MEASUREMENTS

An earlier chapter discussed the importance of tracking concrete and ambient tem-

peratures at the plant with the aim of producing concrete with consistent water con-

tent and setting times. Tracking concrete and ambient temperatures can also help 

one to accurately estimate the amount of heating required for water and aggregate 

at the plant during cold weather. Similarly, it can help one to accurately estimate the 

amount of ice needed during hot weather. By preventing overestimation, the energy 

for heating and cooling the concrete can be reduced.

BATCHING ACCURACY AND YIELD MEASUREMENTS

An earlier chapter discussed that, if producers track the accuracy to which ingredient 

materials are batched, this can help reduce concrete strength standard deviation and 

prevent significant material batching errors. The same text discussed how by track-

ing batching accuracy it was possible to identify early when batching systems are 

trending to errors and schedule maintenance. Ensuring accurate batching facilitates 

proper inventory control of ingredient materials, reduced waste, and significant cost 
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savings. In addition, regular measurements of concrete yield can help identify if 

material batching errors are occurring.

MIXTURE ADJUSTMENTS

As discussed in the previous chapter, by making mixture adjustments based on trends 

of 7-day strength test results, the producer can avoid potential low strength problems 

(by day 28) and at the same can also reduce their required average strengths. Both of 

these will help sustainability.

SUMMARY

Improved concrete quality practices and lower standard deviations of compressive 

strength result in lower required average strength for a specified strength. This, in 

turn, will require lower cementitious content in the mixture and hence will result in a 

lower carbon footprint of the concrete mixture. The carbon footprint for the producer 

with S = 1250 psi (8.6 MPa) was calculated to be about 41% higher than that for the 

producer with S = 350 psi (2.4 MPa).

Nonstandardized job- site cylinder curing practices can increase the required 

cementitious contents for meeting a specified strength by about 20%. Therefore, 

improved job- site cylinder curing practices can contribute to sustainability.

Concrete mixtures can be optimized to contain low cementitious contents. It is 

suggested that for a target w/ cm the lowest amount of mixing water content for a half- 

inch slump be used, thereby requiring the lowest amount of cementitious content. 

Higher workability levels can be attained with admixture dosages.

By paying attention to concrete quality, the amount of rejected concrete, and fresh 

and hardened concrete issues due to quality reasons can be reduced. This helps sus-

tainability through reduced energy use in handling rejected concrete, supplying new 

concrete as a replacement, lowering the amount of coring, and lowering the amount 

of repair materials.

Proper maintenance of plant and mixers ensures reduced energy and waste asso-

ciated with the production and delivery of concrete. Tracking concrete and ambient 

temperatures at the plant regularly can help reduce the energy for heating and cool-

ing the concrete. Monitoring batching accuracy ensures conservation of materials 

while reducing the variability of the concrete produced.
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15 Elements of a Quality 

Management System 

for a Concrete Producer

Various actions that can help improve quality have been discussed in preceding 

chapters. A concrete producer needs to put it all together into a Quality Management 

System (QMS) and adhere to it. A QMS establishes company policy and goals and 

sets actions and responsibilities for individuals within an organization with regard 

to quality.

ACI 121R defines a Quality Manual (QM) as the entire body of quality- related 

documents that collectively describe the QMS. ACI 121R defines a Quality Plan as the 

overview document that describes the objectives of a QMS. Many construction projects 

require the submission of a quality plan by the contractor and the concrete supplier.

This article discusses the important elements of a QM and the impact these have 

on quality. Clearly, if a process does not improve quality and provide a financial or 

customer benefit it becomes difficult to justify doing that process. This decision can be 

arrived at only when the impact of a process is measured. It is also important to perform 

a cost- benefit analysis of a process and to identify variability that cannot be controlled 

with reasonable cost or resources. NRMCA’s Quality Management System for Ready 

Mixed Concrete Companies (2008) provides detailed guidelines for developing a QM. 

Other NRMCA publications also address the resources and activities appropriate for 

a robust quality management system (NRMCA Publication 2P190, NRMCA Quality 

Control Manual Section 1 and 2). NRMCA recently developed a quality certification 

program for concrete producers. The certification program sets minimum criteria for a 

company- established quality manual and audits whether the company does what they 

state in the QM. The criteria set by the certification program primarily evaluate the 

impact on the quality of the product from a purchaser’s perspective.

WHY SHOULD A COMPANY HAVE A QMS?

A QMS establishes a systematic way of setting quality processes and responsibilities 

and improving a company’s quality. The company’s management should be an inte-

gral part of establishing and supporting the QMS. An earlier chapter discussed how 

by improving concrete quality the cost of poor quality can be lowered and the prof-

itability of the company is enhanced. In a Harvard study (Levine and Toffel 2010) 

of 1000 companies, the companies that adopted and certified to the QMS standard 

ISO 9001 were compared to those that did not. Citing the Harvard study, Ames et al. 

(2011) concluded that:
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 1. Adopters of management system standards have higher rates of corporate 

survival than nonadopters.

 2. Adopters of management system standards have higher sales, employment, 

payroll, and average annual earnings per employee than nonadopters.

 3. Small businesses achieve proportionally more benefits than larger organizations.

For a concrete producer, the QMS also helps with the following:

 1. Demonstrate to customers the company’s ability to consistently provide ready 

mixed concrete that meets their performance criteria and/ or applicable specifi-

cations; this can establish the company as a preferred provider in a market area.

 2. Improve customer satisfaction.

 3. Provide continuity and uniformity of processes in the various regions in 

which the company operates, even after key personnel leave the company.

 4. Enhance proficiency of personnel and their credibility with customers.

 5. Establish a measurement system to facilitate continuous improvement 

through statistically based concepts, when applicable.

WHAT ARE ELEMENTS OF A QMS AND HOW DOES IT 

IMPROVE QUALITY?

qUality oBJeCtiVes and measUrement

An important part of a company’s QMS is a statement of quality objectives that 

are communicated to all personnel. The stated quality objectives in the QM should 

be measurable and directly related to quality. The measured impact resulting from 

the quality objectives should also quantify the tangible benefits of improved quality. 

The following are examples of measurable quality objectives:

 1. Maintain concrete strength deviation of the top two selling mixtures for 

each plant to less than 500 psi. As discussed in Chapter 1 every 100 psi 

(7 MPa) reduction in the strength standard deviation can help attain a con-

crete materials cost savings up to $1.33/yd3 ($1.74/m3).

 2. Maintain amount of rejected concrete (as a percent of the concrete produced) 

for noncompliance with project specifications such as slump, air content, 

etc., to less than 1%. The benefit can be quantified in terms of revenue gen-

erated or saved.

 3. Maintain cost to repair, replace, or mitigate hardened concrete issues (cores, 

etc.) because concrete did not meet purchaser’s or specification require-

ments, expectation, etc., to less than $0.50/yd3 ($0.66/m3). The benefit is 

the impact to profitability and optimum use of personnel and resources for 

proactive quality processes.

 4. Maintain customer perception of company’s quality through an annual cus-

tomer survey in which over 90% of responses are Excellent or Very Good 
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(the choices being Excellent, Very Good, Good, Fair, Poor). The benefit of 

improved customer perception and resulting repeat business is immeasurable.

 5. Average (>10 measurements) relative yield of the top two selling mixtures for 

each plant between 0.99 and 1.01. Maintaining accurate yield improves cus-

tomer relations, increases profitability, and reduces performance variations.

 6. Number of annual quality-related complaints per 100,000 yd3 (75,000 m3) 

of production less than 4. Benefits result from customer perception and 

improved use of company resources.

Maintaining on- time delivery, 100% customer satisfaction, use of fuel- efficient 

trucks, and so forth, though measurable, are not quality related. The same could be 

said about maintaining plant and personnel certifications, which are seen more as a 

means to achieving good quality rather than an actual quality objective.

management Commitment

While most companies may have a written QM, the same cannot be said about the 

proportion of companies that do what is stated in it. A significant reason for this is 

management commitment. For a QM to be a living document that sets the standard 

operating procedures for a company, it is essential that the owner, president, or gen-

eral manager of the company or division be responsible for approving and signing 

the QM, and ensuring that it is being implemented. Implementation, monitoring, 

and making changes to the QM should be the responsibility of the quality commit-

tee. The quality manager and some members of the company’s senior management 

should be part of the quality committee. The quality committee should meet at a 

minimum once every 6 months and discuss changes to the quality practices and 

the QM. The quality manager in the organization should maintain the QM. Any 

company employee should be allowed to suggest changes to the QM, and these sug-

gestions should be made to the quality manager. The quality manager works with 

the operations and sales departments to implement quality initiatives and coordinate 

all quality activities. So it is beneficial for the company’s organizational chart to be 

structured such that the quality manager reports directly to the general manager of 

the company or division.

CUstomer foCUs

It is suggested that customer feedback on the concrete quality be sought through an 

annual survey.

There should be a system for capturing customer complaints and a methodology 

for addressing them. The methodology should address timelines, responsibilities, 

and checklists or flowcharts for addressing customer complaints. Complaints should 

be tabulated for discussion by the quality committee during the internal quality 

audit. In this manner, customer complaints are used to improve product quality and 

make changes to the QM.

Customer education seminars of various durations (1 hour to 1 day) should be 

done periodically. Some topics are scope and qualifications of company’s quality 
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organization, basics of quality concrete and proper placement practices, control of 

mixing- water content, crack prevention, proper curing, performance- based specifica-

tions, acceptance test report distribution, proper procedures for sampling, and testing 

ready mixed concrete. Some presentations can be made to local ACI meetings as well 

as various engineering groups and contractor associations. The primary aim of these 

seminars is (1) to show that the company has credible quality personnel and quality 

practices, (2) to improve specifications to provide incentives for improved quality as 

discussed in earlier chapters, and (3) to improve job- site concrete handling, curing, 

sampling and testing procedures to reduce potential liability to the company.

One important forum for customer focus is the prebid, preconstruction, and/ or pre-

pour conference. The NRMCA/ ASCC Checklist for the Concrete Pre- Construction 

Conference, developed jointly by NRMCA and the American Society of Concrete 

Contractors (ASCC) to assist in planning on major and unique concrete projects can 

be used for this purpose.

Personnel qUalifiCations

Qualified and knowledgeable personnel are essential for producing quality concrete. 

The QM should define job qualification requirements, including necessary educational 

qualifications, experience and scope of responsibilities for quality personnel, plant 

operators, sales, dispatch, and truck mixer operators. These should be general job 

descriptions established by the company. This ensures that the company hires quali-

fied personnel on a consistent basis and supports their career growth while employed 

by the company. The following are suggested personnel qualification requirements:

Quality Manager

The quality manager should have a currently valid NRMCA Concrete Technologist 

Level 3 Certification or equivalent or should have obtained equivalent training as 

provided in Appendix E. Seven years experience with specification review and mix-

ture proportioning is desirable.

Plant Operators

Persons in charge of batching concrete should have a current NRMCA Concrete 

Plant Operator certification or equivalent, or have obtained equivalent training as 

provided in Appendix E.

Field Testing Technicians

Person(s) conducting field testing should have a current ACI Field Grade I certifica-

tion or equivalent, which should include at a minimum training and performance 

evaluation of the following ASTM standards: C31, C138, C143, C172, C173, C231, 

and C1064.

Laboratory Technicians

Person(s) involved and with responsibility for laboratory tests should have a cur-

rent ACI Lab Testing Technician Level I or equivalent, which should include at a 

minimum training and performance evaluation of the following ASTM standards: 
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C39, C78, C117, C127, C128, C136, C192, C566, C617, C702, C1231, and D75. These 

represent the basic test methods used to monitor the characteristics of aggregates 

and of concrete.

Truck Mixer Operators

Truck mixer operators should have a currently valid NRMCA Concrete Delivery 

Professional (CDP) certification or equivalent or have obtained equivalent training 

as provided in Appendix E.

laBoratory testing CaPaBilities

Companies typically have two types of testing laboratories. There may be a central 

laboratory that develops the concrete mixtures for the companies. A company may 

also use a third- party laboratory to perform this type of work. Other laboratories 

located at the plant might perform routine quality testing, such as performing tests 

on aggregate grading or moisture content, and various fresh concrete tests, including 

yield determination. The advantages of both types of laboratories for concrete qual-

ity are discussed below.

Central laboratories should meet the requirements of Appendix F at the mini-

mum. If it is an in- house laboratory, it is likely to be serving several concrete plants 

in the region. Laboratories can seek accreditation by AASHTO, CMEC, A2LA, or 

other accreditation bodies. Laboratories are advised to participate in the biennial 

Cement and Concrete Reference Laboratory (CCRL) laboratory inspection program 

or an alternative third party and make corrective actions to noted items in those 

inspections. Laboratories should also participate in proficiency sample testing pro-

grams, such as those offered by the CCRL or by local groups.

Laboratories located at plants performing routine quality testing need not meet 

the requirements of Appendix F, but still should maintain proper set of equipment 

and capabilities to perform the tests listed below. It is recommended that each con-

crete plant have some testing capabilities with one plant personnel trained to perform 

the tests.

Company central laboratories should be capable of performing the following tests 

at a minimum:

Aggregate Tests

Aggregate sampling (ASTM D75), reducing samples to test size (ASTM C702), aggre-

gate moisture content (ASTM C566), sieve analysis of coarse and fine aggregates 

(C117 and C136), measurement of relative density (specific gravity), and absorption 

of fine and coarse aggregate (ASTM C127 and C128).

Concrete Tests

Slump (C143), air content (C231, C173), density and yield (C138), temperature 

(C1064), making and curing cylinders (C192), capping cylinders (C617 or C1231), 

and compressive strength (C39).

Laboratory facilities that perform routine quality testing should be capable of 

performing all of the above tests except for ASTM C127, C128, C617, or C1231, C39.
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The minimum investment in a central laboratory is the compressive strength 

testing machine, routine calibration costs, and a constant temperature curing facil-

ity. The company needs to employ full-time trained technicians who are overseen 

by a laboratory manager. The main advantage in having a central laboratory is the 

capability of developing concrete mixtures that in turn provide opportunity to do 

mixture optimization. Laboratories can also have advanced testing facilities such as 

for Alkali Silica Reaction, depending on the market it serves. In this case, the invest-

ment in equipment and personnel will be higher, but the capabilities in responding 

to higher performance- based concrete projects will be greater. The investment will 

need to be justified to anticipate payback.

materials management and ConformanCe

The company should use ingredient materials that comply with industry specifica-

tions, understand the variability associated with each material shipment, and take 

steps to manage the variability when the materials are used to produce concrete. 

Concrete ingredient materials should be selected based on performance character-

istics and supplier commitment to quality and service and not necessarily on cost 

and availability. It is not possible for the concrete producer to test each material 

shipment, and therefore it is important for the producer to ensure that the material 

supplier follows a good quality program. The following should be considered:

 1. Component material variability—Cement strength variation can be evaluated 

by obtaining ASTM C917 from suppliers; variation in supplementary cementi-

tious materials from supplier reports and variations in aggregate grading or 

other characteristics that impact the ability to produce consistent concrete.

 2. Product meets ASTM requirements, and supplier can provide production 

variation data at the requested frequency in a timely manner.

 3. Whether suppliers have a quality program and QM, an accredited labora-

tory, and certified quality control technician(s).

 4. Performance and compatibility with other ingredients used to produce con-

crete mixtures.

For each component material, the testing, documentation, and reporting the company 

requires of its suppliers should be clearly stated in the purchase agreement. Mill test 

reports of each cementitious material should be received with each shipment or bill 

of lading. In addition to mill test reports, other cement, fly ash, and aggregate testing 

to be done by the supplier at the required frequency has been discussed in preced-

ing chapters. All testing results should be reviewed in a timely manner and actions 

should be taken by the producer. The QM should include testing to be done by the 

concrete producer and methods of handling nonconforming materials. If the pro-

ducer actively monitors ingredient material variability, conducts comparative test-

ing, and discusses differences in test results, it will encourage the material supplier 

to improve their quality practices as well. At the minimum, the concrete producer 

should conduct moisture content and aggregate grading tests.
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Material certifications or statements of compliance by the supplier for all ingredi-

ent material sources being used by the company should be collected, reviewed for 

conformance, and stored. Cements should be in conformance with ASTM C150, 

C595, or C1157; normal weight aggregates with ASTM C33; lightweight aggregates 

with ASTM C330; fly ash with ASTM C618; slag cement with ASTM C989; sil-

ica fume with ASTM C1240; blended supplementary cementitious materials with 

ASTM C1697; and chemical admixtures with ASTM C494 and C260. Equivalent 

AASHTO or other national standards (depending on the operating country) are appli-

cable. When nonpotable sources of water are used, documentation for compliance 

with ASTM C1602 should be maintained. For chemical admixtures, recommended 

dosages for various applications and placement conditions should be kept. Chloride 

contents of each of the admixtures should be known due to restrictions of their use 

on some projects. Admixture storage should be properly labeled. Admixtures should 

be protected from freezing or contamination. It is desirable for the dispenser units 

to be visible from the batcher station for immediate detection of any malfunction. 

Yard personnel should be trained so that aggregate stockpiles are managed to mini-

mize segregation and breakage, and to ensure consistent characteristics when intro-

duced into mixers. They should be trained on scooping materials to avoid subgrade 

contamination. Yard personnel should be trained to spot errors in coarse aggregate 

grading (too coarse or fine), and dirty contaminated aggregates. Lightweight aggre-

gate stockpiles should be sprinkled for saturation. Aggregate moisture content and 

mixture adjustment should be continuously managed and moisture probe accuracy 

should be verified on a regular basis. Fine aggregate moistures can be rapidly deter-

mined using the Chapman flask (ASTM C70, NRMCA TIP 6 [2011]).

The method(s) used to deliver each component material to the plant(s), the method 

of storing each material, and how materials are transferred to the mixer should be 

outlined. There should be a process in place at the plant to verify that material ship-

ments agree with the material order. For example, a shipment identified as C33 No. 57 

aggregate should not be accepted if the material order in reality was for a No. 8 

aggregate. There should be a process in place so that different cementitious materials 

are protected from moisture and do not intermingle through the use of separate silos 

or double bin walls, silo fill pipes are clearly labeled, and locks are provided for fill 

pipes to ensure the correct material is filled in the silos.

ProdUCtion Control

The company should clearly understand the variability associated with concrete pro-

duction and take steps to reduce it. The first step is to ensure that production facilities 

and delivery vehicles conform to the requirements of ASTM C94. This might be 

accomplished through the NRMCA certification program or an equivalent inspec-

tion and approval process.

Accuracy of scales and volumetric measuring devices should be verified at stated 

frequencies and procedures established when there is question of measuring accuracy 

as might be observed in the characteristics of concrete produced. Procedures should 

be stated to monitor and to address out-of- tolerance batches. Statistical concepts can 
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be used to monitor and improve batching accuracy as discussed in a preceding chap-

ter. Unlike other materials, water can enter a concrete batch from several sources. 

So the company should follow procedures to control mixing water to within the 

ASTM C94 tolerance of ±3%. Preventive plant maintenance should be performed 

as discussed in Appendix G on a regular basis. Trucks should be inspected daily. 

Procedures should be established to ensure proper mixing of the concrete and for 

correcting slump and air content to required targets before the truck leaves the plant.

sPeCifiCation reView, mixtUre deVeloPment, oPtimization

Companies should have a policy and identify responsibilities for reviewing concrete 

specifications, drawings, and structural notes prior to setting a price for concrete and 

submitting bids. They should look for the opportunity to discuss the concrete speci-

fications with the architect or engineer (A/ E) to promote innovative technology and 

incentivize concrete quality as discussed in a preceding chapter. There should be a 

procedure in place to design and submit concrete mixtures that are workable, eco-

nomical, and meet all of the performance criteria required by the contractor and the 

design engineer. For most major projects, performance criteria are determined by 

reviewing the job specifications, drawings, and structural notes. The quality man-

ager should be responsible for identifying all the properties required of fresh and 

hardened concrete and for developing mixture proportions. There should be a policy 

for steps to be taken regarding the mixture proportions if material sources change. 

NRMCA TIP 2 (2011) discusses establishing the required average strength of con-

crete mixtures. Once the required average strength is established, field or laboratory 

trial batch data can be used to establish that the proposed concrete mixture propor-

tions will produce an average compressive strength that will equal or exceed the 

established required average strength. NRMCA TIP 7 (2012) discusses the develop-

ment of laboratory trial batch data. There may be other prequalification tests for 

shrinkage, alkali silica reactivity, chloride ion penetrability, or other durability eval-

uations to be performed. Companies should monitor mixture optimization typically 

through effective use of cementitious materials. Generally, reducing paste volume 

can help lower costs and improve performance through reduced shrinkage and ther-

mal effects. Use of a higher percent of SCMs can help reduce costs, but the mixtures 

need to be designed so that performance requirements such as early age strengths 

and setting times are still acceptable.

Companies should initiate prebid, preconstruction, and/ or prepour conferences to 

discuss, among other things, issues directly related to concrete quality such as the 

importance of correct job- site curing and cylinder testing, arranging for concrete 

supplier to be put on the distribution list of all concrete test reports, and the allowed 

adjustments to mixture proportions and batch weights.

reCeiVing orders and reCord keePing

Companies should define the process for receiving and fulfilling orders for concrete. 

There should be safeguards to ensure that an order is not skipped or misdirected, 
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and that orders placed much in advance are stored in the system. There should be a 

procedure to ensure on- time delivery and notifying customers of any delays. Even 

though much of this is general good business practice, from a quality standpoint, the 

key is to be able to ensure that when an order is placed the correct concrete mixtures 

are dispatched to the customer.

Companies should have a policy for record keeping. The process of maintaining 

batch records, delivery tickets, test data on concrete mixtures performed by the com-

pany or by the laboratory performing acceptance testing, material certifications, and 

material testing by the supplier and the producer should be clearly stated. The period 

of record retention should be defined in company policy based on type of informa-

tion, types of project, and jurisdictional requirements.

testing

Internal Testing at the Plant

The advantages of plant testing, selection of mixture classes, frequency of test-

ing, types of testing, and data analysis and corrective action have been discussed 

in a preceding chapter. Companies should have a process of incorporating process 

improvements based on the data analysis. Responsibilities for sampling, testing, data 

analysis, and corrective procedures should be identified.

Internal Testing at the Job Site

When the company conducts testing to verify the results obtained by commercial 

testing laboratories, the job- site sampling procedure should be outlined. Ideally, 

company and commercial lab technicians should perform tests on the same sample 

of concrete. These data allow a comparison of testing practices, if that is the purpose 

of internal testing at the job site.

Quality Assurance Test Records

All independent and internal tests performed on the concrete provided by the com-

pany should be obtained and recorded for analysis. Control charts and other statis-

tical processes, as outlined in preceding chapters, should be used to identify data 

trends that could present a problem so that corrective action can be taken before 

the problem occurs. The company should define the process and personnel respon-

sible for collecting and monitoring quality assurance tests performed by third- 

party laboratories.

Nonconforming Acceptance Test Results

Company should state procedures and responsibilities for dealing with nonconform-

ing concrete job- site acceptance test results. Personnel that have the responsibil-

ity to make adjustments for slump, air content, and water/ admixture addition at the 

job- site should be identified. Water held back (if any) should be noted on the deliv-

ery ticket so that water in excess of the design w/ cm is not added to the mixture. 

Job- site added water requested by the purchaser should be recorded and signed off 

on. Companies should identify personnel who are allowed to make adjustments to 
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mixture proportions and the reasons for the adjustments such as feedback analysis 

of job- site test data and/ or low 7-day strength test results. Plant personnel may have 

the authority to make minor changes to mixtures such as admixture dosages, and 

significant modifications to established mixtures, for example, w/ cm, would need to 

be made by the quality manager or his designate.

Procedures for addressing low strength test results and other performance defi-

ciencies should be identified. NRMCA Publication 133 (2011) can be a useful 

resource for investigating low strength test results. Frequent nonconformances of the 

same type (low strength, for example) should be investigated, the underlying reason 

discovered, and changes to the QM made if necessary.

identifiCation/ traCeaBility

Concrete mixtures provided by the company should have a designation or identi-

fication that is understood by company personnel. The quality manager should be 

responsible for this process and for communicating it internally within the company. 

Once the project is approved, the appropriate mixture designation should be commu-

nicated to the appropriate production personnel who will be responsible for verifying 

the correct mixtures are produced and dispatched to the customers. Batch records 

should be identifiable to delivery tickets. Most plants have computerized systems to 

record actual batch weights. Linked to the batch records should be information that 

includes concrete truck number, driver name, plant, date/ time of batch, project name, 

location and method of placement, and job- site adjustments, if any. This information 

is useful when troubleshooting concrete problems in the field and for future data 

mining for quality enhancements.

qUality aUdit

An internal audit is an important process to be conducted by the quality manager to 

ensure that personnel down the line are performing their delegated quality tasks as 

defined in the QM and to obtain feedback on any necessary changes in the process 

for improved efficiency. An internal audit checklist should ideally be developed to 

maintain a record of quality activities. Internal audit process should be stated in the 

QM. Internal quality audits should be conducted at least once a year. The audit team 

assigned to conduct the audit should be identified and records of each audit should 

be maintained by the quality manager. The results of each audit should be reviewed 

and discussed at the following quality committee meeting. Based on the results of the 

audit, corrective actions should be identified and provided to the responsible manager 

who should subsequently be responsible for correcting any nonconformances within 

a reasonable period of time.

retUrned ConCrete and washwater

Company should have a policy on how they manage returned concrete and washwater. 

Responsibilities should be identified, and the policy and process communicated to 

relevant plant personnel.
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SUMMARY

A concrete producer who is serious about quality should consistently meet the stated 

specification and purchaser requirements while attaining concrete with a low vari-

ability as measured by the standard deviation of compressive strength test results. 

The quality management system should be geared toward continuous improvement 

and positively contribute to the company’s bottom line. This objective cannot be 

achieved without a quality management system with executive management com-

mitment and oversight. In the case of a quality manual, size is not important. It 

should set reasonable activities and establish a company culture all company person-

nel always follow. Needless to say, it is not worthwhile to include processes that do 

not help improve quality and provide financial value.
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Glossary
Average of a list of “n” numbers is the sum of the numbers divided by n.

Batch is the quantity of material mixed at one time or in one continuous process. A 

truckload of concrete is considered a batch.

Coefficient of variation is the standard deviation expressed as a percentage of the 

average. It is denoted as V.

Composite sample is obtained when two or more grab samples obtained at fixed 

time or other intervals are mixed together. The variability of test results 

performed on grab or composite samples can be different.

Control chart is a graphical tool use to determine whether a process is in control over 

time. Control charts are discussed in depth in the chapter on Basic Statistics.

CUSUM chart is a type of control chart used to detect step changes, that is, change 

in mean value. CUSUM charts are discussed in depth in the chapter on 

Basic Statistics.

Grab sample is a random sample obtained in one operation from a lot.

Population includes all the possible items that characterize a physical property of a 

class of objects or materials. It includes all the parts of the total. Examples: 

Thickness of the entire pavement, strength of concrete in a column.

Quality assurance (QA) is defined by ACI 121R-08 as actions taken by an orga-

nization to provide and document assurance that what is being done and 

what is being provided are in accordance with the contract documents and 

standards of good practice for the work. According to Juran, the main 

purpose of quality assurance is to verify that control is being maintained. 

Performance is evaluated after operations, and the resulting metrics are 

used to determine conformance to customer needs and expectations.

Quality control (QC), also called process control, is defined as those actions and 

considerations necessary to control the level of quality being produced in 

the end product. ACI 121R-08 defines QC as actions taken by an organiza-

tion to provide control and documentation over what is being done and what 

is being provided so that the applicable standard of good practice and the 

contract documents for the work are followed. According to Juran (2010), 

QC’s main purpose is maintaining control. Performance is evaluated dur-

ing operations, and performance is compared to targets during operations. 

In the process, metrics are utilized to monitor adherence to standards.

Random sample is a sample obtained such that all portions of the population have 

an equal chance or probability of being selected. For statistical evaluations, 

it is important that the sampling be random to ensure that no particular 

portion is selected more often than others, which can cause the results to be 

biased. In some cases, procedures for random sampling may be modified to 

ensure that the sample is representative; concrete from a truck mixer should 

be sampled from the middle portion of the load.

Range is the difference between the highest and lowest values in a series of results.
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Required average compressive strength is the targeted average compressive 

strength of concrete used in mixture proportioning to ensure a high likeli-

hood that the concrete will meet specified strength acceptance criteria. It 

is denoted as f ćr.

Sample is a subset of data from the population. Examples: A portion of concrete 

sampled from a single ready mixed concrete truck for testing, Strength 

of three cores from a column. The test results from a sample are used to 

estimate the characteristics of the population. The thickness of the entire 

pavement is estimated from the average thickness of 100 cores (samples) 

obtained from the pavement.

Specified compressive strength is the compressive strength of concrete used in 

design. It is denoted as f ć.

Standard deviation is a calculated value that provides an indication of the variation 

from the mean value of the data set. It is denoted as S. The formula for the 

calculation is given in the chapter on Basic Statistics.

Stratified random sampling is used to make sure that samples are obtained from 

different sections of a population. In this case, the population is divided 

into sublots and the random samples are obtained from within each sublot. 

A 100 ft length of pavement may be divided into 10 sublots, and one core 

will be obtained randomly from within each 10 ft length of pavement.

Strength test result is the average compressive strength of two or more cylinders 

made from the same sample of concrete and tested at the same age. A single 

cylinder strength result does not constitute a test result. According to ACI 

318, at least three 4 × 8 in. (100 × 200 mm) or two 6 × 12 in. (150 × 300 

mm) cylinders must be averaged for a single test result. Some specifying 

agencies, however, require only two 4 × 8 in. (100 × 200 mm) cylinders.

Within- batch coefficient of variation is calculated based on the average range and 

average strength of 10 consecutive strength test results. It is denoted as V1. 

Within- batch range can be used to estimate testing variability and is dis-

cussed in the chapter on Variation Due to Testing.

Within- batch range is the difference between the maximum and minimum 

strengths of individual concrete specimens that comprise one strength 

test result. The within- batch range is typically expressed as a percent of 

the strength test result for that batch. Within- batch range can be used to 

estimate testing variability and is discussed in Chapter 10, Variation in 

Concrete Performance Due to Testing.

www.EngineeringEbooksPdf.com



175

Appendix A—Submittal 

Requirements and Acceptance 

According to the ACI 318 

Building Code
ACI 318—Building Code Requirements for Structural Concrete and ACI 301—

Standard Specification for Structural Concrete contains detailed requirements for 

judging the adequacy (or acceptability) of test results. They also contain specific 

requirements and procedures for the mixture proportions proposed for use in the 

project. These mixture submittal requirements and approval procedures are consid-

ered necessary to ensure that the concrete furnished will actually meet the strength 

requirements. ACI 318, the building code, provides a basis for arriving at the mixture 

proportions to obtain required strength and durability in a structure and a process for 

checking the quality of concrete from test results during and after placement. The 

primary intent of the building code is to protect the safety of the public. ACI 301 

is a model specification for concrete construction and is frequently invoked in job 

contract documents either in its entirety or in part. The basic provisions of ACI 301 

and ACI 318 are essentially similar, but there are some minor differences in details, 

and the concrete producer should make sure to read the job specification to know 

what is required.

Note that for strength acceptance, a “test result” is the average of standard- cured 

cylinders—at least two 6 × 12 in. or three 4 × 8 in. cylinders breaks. The cylinders 

should have been prepared from the same sample of concrete obtained in accordance 

with procedures for obtaining samples of concrete for tests outlined in ASTM C 172.

ACI uses a statistical basis to establish the target average strength of a concrete 

mixture based on the specified strength the design engineer uses to design the struc-

ture. The required average strength, ƒ′cr, that the concrete mixture needs to attain is 

always higher than the specified strength, ƒ′c. This ensures that the strength tests have 

a low probability of falling below the specified strength. The acceptance criteria, 

discussed later, are based on these mixture approval procedures. The steps in the 

procedure can be outlined as follows:

 1. If a similar mixture has been used in previous jobs, determine the expected 

standard deviation (S) from past test records.

 a. This is done by submitting a past record of at least 30 consecutive tests 

made on a similar mixture with similar materials and conditions of pro-

duction. The specified strength of the concrete mixture represented by 

the test records should be within 1000 psi (7 MPa) of specified strength 

(ƒ′c) for the proposed work.
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 b. If it is difficult to find a past single job with 30 tests, the standard devia-

tion can be computed for two jobs totaling 30 or more tests. In this case, 

the standard deviations are computed separately for each job and then 

statistically averaged. This option can only be used if the total number 

of tests from the two records is 30 or more.

Statistical average of two standard deviatioons, S
n S n S

n n
=

−( )( ) + −( )( )

+ −( )
1 1

2
2 2

2

1 2

1 1

2

  where n1 and S1 are the number of tests and standard deviation from Job 

1, respectively, and n2 and S2 are the number of tests and standard devia-

tion from Job 2.

 c. If a past record of 15–29 tests (from 1 job) on a similar mixture is avail-

able, then the standard deviation should be increased by the modifica-

tion factor from Table 5.3.1.2. In this case, the set of test data should 

represent a single record of consecutive tests that span a period of not 

less than 45 calendar days.

 2. Determine the required average strength for the concrete mixture.

 a. If a past test record with at least 15 tests is available, use the standard 

deviation (S) from step 1(a), 1(b), or 1(c).

The required average strength, ƒ′cr, will be the larger of either 

Equation 5.1 or 5.2.

 ƒ′cr = ƒ′c + 1.34 S (5.1)

 ƒ′cr = ƒ′c + 2.33 S – 500 (5.2)

(In SI units for MPa, Equation 5.2 is equivalent to ƒ′cr = ƒ′c + 2.33 S – 3.5.)

TABLE 5.3.1.2

Modification Factor for Standard 

Deviation When Less Than 30 Tests 

Are Available (from ACI 318)

No. of Testsa

Modification Factor for 

Standard Deviationb

Less than 15 Use Table 5.3.2.2

15 1.16

20 1.08

25 1.03

30 or more 1.00

a Interpolate for intermediate numbers of tests
b Modified standard deviation to be used to deter-

mine required average strength, ƒ′cr
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For specified strength greater than 5000 psi (35 MPa), use the larger 

of either Equation 5.1 or 5.2.

 ƒ′cr = 0.90ƒ′c + 2.33 S (5.3)

Of Equations 5.1 and 5.2, Equation 5.1 will govern when the stan-

dard deviation, S, is less than 505 psi [3.5 MPa].

If the variability is known by the coefficient of variation (V) instead 

of S, the above three equations can be rewritten in terms of V 

as follows:

 

′ =
′

− ×( )
f

f
cr

c

1 1 34. V  (5.1a)

 

′ =
× ′

− ×( )
f

f
cr

c0 9

1 2 33

.

. V  (5.1b)

 

′ =
′−( )

− ×( )
f

f
cr

c 500

1 2 33. V  (5.1c)

 b. If no test records (or less than 15 tests) are available to calculate the 

standard deviation, the required average strength (ƒ′cr) shall be deter-

mined from Table 5.3.2.2. This option generally will require the con-

crete producer to design a mixture for a higher strength.

 3. The concrete producer as part of the submittal for the proposed job should 

furnish data to demonstrate that the proposed concrete mixture proportions 

will produce the required average strength needed. This can be done by 

either one of the following methods.

 a. A record of between 10 and 30 consecutive tests of field concrete. This 

would generally be the same test record that was used to document the 

standard deviation, but it could also be a different set of test results. It 

TABLE 5.3.2.2

Required Average Compressive Strength When Data Are Not 

Available to Establish a Standard Deviation (from ACI 318)

US Customary Units SI (Metric) Units

Specified 

Compressive 

Strength, ƒ′cr, psi

Required Average 

Compressive 

Strength, ƒ′cr, psi

Specified 

Compressive 

Strength, ƒ′c, MPa

Required Average 

Compressive 

Strength, ƒ′cr, MPa

Less than 3000 psi ƒ′c + 1000 Less than 21 ƒ′c + 7.0

3000 to 5000 ƒ′c + 1200 21 to 35 ƒ′c + 8.3

Over 5000 1.10 ƒ′c + 700 Over 35 1.10 ƒ′c + 5.0
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could also be a combination of tests from more than one job made with 

the same class of concrete.

 b. A series of laboratory trial batches in accordance with ASTM C192. A 

three- point curve with w/ cm ratio or cementitious content that encom-

passes the required average strength, ƒ′cr, should be developed. The 

trial mixtures should be designed to produce a slump within ±0.75 in. 

of maximum permitted and an air content for air- entrained concrete 

within ±0.5 percent of the maximum permitted.

 4. When past test records for documenting average strength potential do not 

exist or the size of the project does not justify trial batch evaluation, the 

code provides for an alternative to allow the job to proceed. “Other experi-

ence or information” may be used to achieve the concrete mixture propor-

tions and the required average strength should be at least 1200 psi greater 

than the specified strength. This provision requires the engineer’s permis-

sion and is not permitted for specified strength exceeding 4000 psi.

 5. Data collected during the course of the job can be used to reevaluate the 

required average strength, ƒ′cr, when more than 15 test results have been 

accumulated. This can be useful if the required average strength was deter-

mined from Table 5.3.2.2, due to lack of strength records, or if the standard 

deviation of the current job has significantly changed.

EVALUATION AND ACCEPTANCE OF CONCRETE 
ACCORDING TO ACI 318

The code requires that certified technicians perform all tests on fresh concrete at the 

job site and on hardened concrete in the laboratory. It also indicates that laboratories 

conducting acceptance testing should be accredited or inspected for conformance 

with the requirements of ASTM C1077. It also suggests that test reports should be 

promptly distributed to the various parties to allow for timely determination of com-

pliance or for corrective action.

Acceptance of concrete is based on samples of concrete obtained in accordance 

with ASTM C172, test specimens prepared and cured in accordance with ASTM C31, 

and tested in accordance with ASTM C39. The test age for cylinder strengths is 28 

days or as required by the job specification. Once the mixture is approved and the job 

has started, the tests of standard- cured specimens made from the job concrete must 

satisfy both of the following requirements before the concrete is considered acceptable:

 1. The average of all sets of three consecutive strength tests equal or exceed 

the specified strength (ƒ′c).

 2. No single strength test (average of two cylinders) falls below the specified 

strength (ƒ′c) by more than 500 psi [3.5 MPa] if ƒ′c is 5000 psi (35 MPa) or 

lower, or falls below ƒ′c by more than 10% if ƒ′c is greater than 5000 psi 

(35 MPa).
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These acceptance criteria are related to Equations 5.1–5.3 used to calculate the 

required average strength. If the concrete mixture is meeting the target required 

average strength, with a similar standard deviation of test results as that of the test 

record used in the submittal, the statistical probability of failing to meet both the 

acceptance criteria is 1 in 100. The building code indicates that, if concrete fails to 

meet these criteria, steps should be taken to increase the average of the subsequent 

test results. This might mean that a new target strength level is necessary. The build-

ing code suggests that the average level of strength can be increased by

• Increasing the cementitious material content,

• Changing the mixture proportions,

• Better control on the slump and air content,

• Reduction in the delivery time, and

• An improvement in the testing, including evaluating whether the standard 

procedures are being followed.

When a strength test fails the second criterion, the building official will be con-

cerned about the safety of the structure and a more thorough evaluation of the por-

tion of the structure represented by the low strength result is necessary. This might 

include reevaluation of the ƒ′c needed in that portion, core testing, or load testing.

EXAMPLE OF ACI REQUIREMENTS

The specified strength (ƒ′c) for a job is 3000 psi or 21 MPa. The standard deviation (S) 

calculated from 30 tests of the same class of concrete produced from the same plant 

is 650 psi or 4.5 MPa.

The required average strength (ƒ′cr) is determined from the larger value calculated 

from the ACI equations:

 ƒ′cr = ƒ′c + 1.34 S

 ƒ′cr = 3000 + (1.34 × 650) = 3871 psi

 ƒ′cr = 21 + (1.34 × 4.5) = 27.03 MPa

 ƒ′cr = ƒ′c + 2.33 S – 500

 ƒ′cr = 3000 + (2.33 × 650) – 500 = 4015 psi

 ƒ′cr = 21 + (2.33 × 4.5) – 3.5 = 27.99 MPa

The concrete mixture should be designed to produce an average strength of at least 

4015 psi or 27.99 MPa.
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Appendix B—Calculation 

of Strength Variation from 

Water Content Variation

The ACI 211.1 table of strength versus w/cm for non air-entrained concrete has been 

plotted below with the best-fit straight lines for both the inch-lb and metric units. 

The slope is -9633 psi and -67 MPa. The following table shows the calculated change 

in strength (based on the straight line equation) for a one pound (kilogram) 

change in cementitious content for concrete with a mixing water content of 

300 lb/yd3 (180 kg/m3) and for different target w/cm values. The numbers would be 

slightly higher for lower water content.

w/ cm

Change in Strength, 

psi/ lb of Cement

Change in Strength, 

MPa/kg of Cementitious

0.4  5 0.06

0.5  8 0.09

0.6 12 0.14

0.7 16 0.18

www.EngineeringEbooksPdf.com



182 Appendix B

It is seen that the strength change for a change in one pound of cementitious is 

8-12 psi (0.09-0.14 MPa) for concrete in the 4000 to 5000 psi (27 to 33 MPa) range 

and for w/cm of 0.50 to 0.60. 

Using the straight line equation, the percentage change in strength for a ±5% 

change in cementitious or water content for concretes for a given water content is 

calculated and is shown below:

w/ cm Change in Strength, %

0.4  3.3%

0.5  4.9%

0.6  7.4%

0.7 11.4%

Thus it is clear that a 5% change in cementitious content will result in a 5% change 

in compressive strength only around w/cm of 0.50. 

Higher w/cm concrete mixtures appear to be more vulnerable to cementitious and 

water content variations as compared to lower w/cm concrete mixtures. A given per-

cent change in cementitious or water contents does not lead to the same percent change 

in compressive strength because strength is related inversely to water-cementitious 

ratio, and not directly to cementitious or water content as commonly assumed.
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Appendix C—FLYASH 

Tests (NRMCA Draft 

Standard Practice 1988)
UNIFORMITY OF COLOR

An approximately 1 in. (25 mm) thick layer of fly ash shall be carefully placed on 

top of the previous sample of ash in a 1000 mL hydrometer jar (ASTM D422). Rate 

the color of the current sample in comparison to the immediately preceding sample 

according to the following scale.

Grade 2 Description

–2 Much lighter, a color difference clearly detected

–1 Slightly lighter, color difference detectable by most observers

0 Same, no color difference by at least half of a group of four observers

+1 Slightly darker, color difference detectable by most observers

+2 Much darker, a color difference clearly detected

FOAM INDEX TEST (MEININGER 1981)

The foam index test measures rapidly the effect of a fly ash sample on the required 

air- entraining admixture dosage to obtain the required entrained air content in a 

concrete mixture and will help detect a change in fly ash properties from previous 

shipments. The foam index test has not been standardized by ASTM. The procedure 

described here has been used at NRMCA since later 1970s. Place 16 grams cement 

+4 grams fly ash in a wide- mouth glass bottle. Add 50 mL water, cap bottle, and 

shake for 1 minute. Add air- entraining agent (diluted 1:20 with water) in measured 

increments using an accurate pipette. After each addition, cap and shake vigorously 

for 15 seconds. Remove cap and observe the stability of the foam. The amount of 

diluted air- entraining agent needed to produce a stable foam that just covers the 

surface is the foam index of the fly ash. The foam index test can also be run on 

20 grams of cement alone to understand the influence of cement shipment. The foam 

index test might also be run, including 40 grams of sand to understand the influence 

of sand shipments.

MORTAR AIR CONTENT AND AIR LOSS 
(LANE 1991) (MODIFIED C311)

ASTM C311 suggests using air entraining admixture (AEA) dosage to target mortar 

air content of 18%. Research had indicated (Meinenger [1981]) that to attain 18% 
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mortar air content, an excessive amount of AEA was required, which was ineffective 

in evaluating the effect fly ash had on air entrainment. Therefore, an AEA dosage 

to target mortar air content between 10% and 14% was used for all fly ash samples 

from that source. The AEA is added to the mixing bowl while the sand is being 

introduced, and the rest of the experimental steps are similar to C311. After weigh-

ing the 400 mL measure containing the mortar, the mortar air content was calculated 

gravimetrically using the equation provided in C311. This was the initial air content. 

In addition, the stability of the entrained air system was measured according to the 

procedure below:

Immediately after weighing the 400 mL measure the mortar, including the mortar 

used for flow determination, was returned to the mixing bowl. The bowl was covered 

to prevent evaporation. After a 45-minute rest period (from the time of mixing), the 

bowl was uncovered and remixed at medium speed for 5 minutes. The target flow 

of 80% to 95% was attained with some water adjustments after which the mortar air 

content was measured again gravimetrically by weighing the mortar- filled 400 mL 

measure. This was the final mortar air content. The difference between the initial and 

final air content provided information about the stability of the entrained air content.

www.EngineeringEbooksPdf.com



185

Appendix D—Initial 

Curing of Acceptance Test 

Cylinders and Transportation 

(NRMCA ASCC Checklist)

 1. Initial curing (up to 48 h)

Immersed in water- controlled temperature

Storage box- controlled temperature; record daily minimum and maxi-

mum temperature

Note: In the absence of cylinder storage with daily record of minimum/ maximum 

temperatures, cylinders shall be immersed in water immediately after molding

 2. Responsibility for providing cylinder storage box

 3. Responsibility for maintaining temperature in storage box between 60° and 

80°F (16°C–27°C) during first 16–48 hours after molding

 4. Describe how storage box temperature will be maintained

 5. When will cylinders made on days preceding nonwork days be transported 

to the laboratory?

 6. Describe arrangements for access to construction site on nonwork days

 7. Responsibility for final curing as per ASTM C31
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Appendix E—Outline 

of Training Requirements

QUALITY CONTROL/ QUALITY ASSURANCE MANAGERS

In lieu of certifications, the following outlines the minimum training for QA/ QC 

manager. These personnel should have had at least 36 hours of training:

Fundamentals of quality concrete Batching accuracy requirements and controls

Types of concrete for different applications and 

concrete materials required

Requirements for concrete in ACI 318, ACI 301 

and state specifications

Ingredient materials, applicable specifications, 

and material certifications

Basic statistical concepts for quality control 

measurements and monitoring

Aggregate tests and associated calculations General quality control procedures and testing

Mixture proportioning and adjustments to 

mixtures for yield, moisture, changes in material 

characteristics

Hot and cold weather concrete and adjustments to 

mixtures

Fresh concrete properties and test methods Handling, placing, and finishing concrete and 

applicable requirements for concrete, depending 

on methods used

Hardened concrete properties and test methods Management of returned concrete and impact on 

quality

Fundamentals of durability and requirements for 

concrete

Troubleshooting concrete problems and defects

Concrete production and plant operations—

requirements of ASTM C94

Ability to establish and train personnel on 

adjustments to concrete mixtures at the job site

The QA/ QC personnel should have documented at least 8 hours of annual continuing 

education on this subject matter. Attendance of national and local technical training, 

conventions, and committee meetings are acceptable.

PLANT OPERATOR

In lieu of certifications, the following outlines the minimum training for plant opera-

tors. Plant operators should have had at least 8 hours of training:

Basic concrete technology Intra- plant material handling and storage

Types of concrete and concrete materials Batching sequence and control

Aggregate moisture tests and adjustments Daily plant startup and shutdown checklist

Effects of changes in materials to mixtures Plant maintenance

continued
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(Continued)

Control of slump and air Inventory management of materials

Basics of mixture proportioning Identification of out- of- spec loads and disposition

Fresh concrete tests and properties Yield adjustment

Production—general concepts and plant operation Temperature control of concrete

Accuracy requirements for scales, meters Order handling and delivery tickets

Batching accuracy requirements and controls Plant safety

The plant operator should have documented at least 4 hours of annual training on 

this subject matter.

TRUCK MIXER OPERATOR

In lieu of certifications, the following outlines the minimum training for truck mixer 

operators. Truck mixer operators should have had at least 8 hours of training:

Basic concrete technology Procedures for placing and finishing concrete

Types of concrete and concrete materials Factors impacting concrete due to ambient temperature

Mixing requirements, water additions Handling and recording customer complaints

Control of slump and air Delivery tickets and job- site notes

Company policy on job- site water additions Environmental regulations—delivery and job site

Truck and mixer operation, maintenance and 

production of concrete

Safety—driving and personal

Fresh concrete test methods and procedures—

recognition of improper procedures

Handling job- site concrete rejection

Truck mixer operator should have documented at least 4 hours of annual training on 

this subject matter.
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Appendix F—Checklist 

for Laboratories Used for 

Mixture Development

 1. The laboratory shall maintain documentation of the following:

 1.1 Laboratory equipment inventory.

 1.2 Personnel qualifications.

 2. The laboratory is under the direction of a licensed professional engineer 

with at least 3 years experience in materials testing or an individual with at 

least 7 years experience in concrete technology and materials testing.

 3. Concrete laboratory technicians possess current technician certification 

that covers ACI Field Grade I and ACI Strength Testing Technician certifi-

cation. ACI Lab Level 1 is an acceptable alternative.

 4. Laboratory maintains current published annual book of ASTM or other 

standards on tests that it performs.

 5. Internal quality audits for the lab are conducted annually, and records 

are maintained.

 6. Curing tank/ room requirements:

 6.1 Curing tank/ room that can be used for curing test specimens and meets 

the requirements stated in ASTM C511.

 7. Documentation of equipment

 7.1 Verification maintained in the laboratory.

 7.1 Verification documented annually for scales, balances, slump cone 

(ASTM C143), air content (C173), temperature (C1064), dimensions of 

cylinder molds (C470); sieves checked for defects. Frequency at every 

3 months for pressure air meters (C231), sulfur capping (C617).

 7.2 Compressive strength machine should conform to C39. Its calibration is 

annually verified.
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Appendix G—Preventive 

Equipment Maintenance

SILOS FOR CEMENTITIOUS MATERIALS

• Check tightness of separation walls in multicompartment silos by deter-

mining accumulation of cementitious materials in compartment left in 

“empty” condition.

• Check for accidental “cross- feed” in transfer devices.

• Monitor the high- bin indicators, anti- overfill devices and pressure sensors 

for correct operations.

• Inspect the dust collection systems in accordance with the manufactur-

er’s recommendations.

AGGREGATES

• Periodically empty and inspect the wear of the overhead aggregate bins.

• Monitor transfer devices, turnhead limit switches, and full- bin signals for 

correct operation.

• Process to verify product type in different storage bins.

CHEMICAL ADMIXTURES

• Inspect agitation devices as required to maintain uniform solution densities 

(e.g., standard calcium chloride solutions). Tanks, hoses, and dispensers for 

seasonal admixtures should be operated weekly.

• Ensure that admixture dispensers are functioning correctly. Make sure that 

sight glasses are clean and are provided with legible graduations. Periodically 

check for tank integrity and for leaking hoses and faulty connections.

BATCHING EQUIPMENT

• Make sure that weigh batchers remain freely suspended; that the scale link-

ages are clean; that wind protection is adequate for cement weigh batchers; 

there is no binding against the frame or other obstructions (check when 

weighing capacity loads); and there is no binding of scale cables (at entry 

port to control house).

• Ensure that the cement weigh batcher is properly vented, and there is no back 

pressure on the scale system from pneumatically charging the cement or poz-

zolan silos (aerator; or from pneumatic unloading of transportation units).
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• Rotate the sheaves or cable pulleys periodically for uniform wear.

• Discuss record maintenance policies relative to time and cross reference to 

delivery tickets.

• Make provision for periodically checking the actual admixture discharge 

into mixer. Obstructions at end of discharge line, or low air pressure in 

pneumatic discharge, may cause holdback that may enter next batch.

CENTRAL MIXER

• Designate the frequency of checking for buildup of hardened concrete and 

blade wear.

• Define the frequency of performing mixer uniformity test, if conducted.

• Check mixing time to programmed timer.

TRUCK MIXERS

• Check for concrete buildup, blade wear, functioning revolution counter, 

accuracy of water measuring device, and general condition of truck water 

system (legible quantity indications; clean gauge, water leaks).

• Verify the TMMB rating plate for mixer and agitator capacity and manu-

facturer’s plate for operating details.

• On units with hydraulic slump meters, verify correlation of hydraulic pres-

sure to slump of standard mixes and load size established.
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Improving
Concrete
Quality
“I think this book will be a “must” for every concrete QC practitioner. I certainly plan on getting a 

copy. There is currently no document in the concrete industry that a quality control manager can 

turn to that fully describes the duties of the QC Department. Dr. Obla has rectified this situation 

with a book that covers step by step the areas that a QC Department must address. Materials, 

production and testing are all covered in this one document. Dr. Obla is to be congratulated on 

finally bringing all the necessary information together.”

––James M. Shilstone, Jr., FACI Command Alkon, Inc. 

“...it will be an invaluable reference book to improve concrete quality monitoring, testing and 

controls. The book provides a hands-on approach for concrete manufacturers to measure and 

improve concrete quality in easy to understand measurements and implementable concepts.”

––Charl Marais, Aggregate Industries

“It provides a brilliant analysis with some vivid examples of how improved concrete quality can 

transform into ultimate saving for the producer, thus improving the profitability of his business. 

Optimization of concrete mixtures through strict control on quality will go a long way in improving 

the durability and hence the sustainability of concrete. From this perspective, the book would 

be valuable not only for the producers of concrete but also for the designers, consultants, site 

engineers, etc. – in fact a wide spectrum of professional civil engineering fraternity.”

––Vijay Kulkarni, principal consultant, Ready Mixed Concrete Manufacturers’ Association (RMCMA), 

India, former president- Indian Concrete Institute (ICI), former editor, The Indian Concrete Journal (ICJ)
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