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1. Introduction

1.1 Background

The quality of highway materials has always been a major concern for highway engineers
and contractors. It is undeniable that the overall performance of a highway structure is greatly
influenced by those materials used during its construction, maintenance and rehabilitation.
Recently, Departments of Transportation (DOTs) and contractors have implemented Quality
Control/Quality Assurance (QC/QA) techniques in order to improve, among other aspects of
highway construction, the quality of the materials being used. QC/QA programs play an essential
role in assuring the quality of construction and maintenance of the transportation infrastructure

and, material sampling and testing procedures must be performed as part of QC/QA programs.

The Texas Department of Transportation (TxDOT) publication, Contract Administration
Handbook, includes the “Minimum Guide to Sampling and Testing” (hereafter referred to as the
Guide Schedule) for projects in Texas (Appendix A). The Guide Schedule provides a sound
foundation on which appropriate frequencies for key tests of construction materials are based.
However, these schedules are generally based on experience rather than statistics. This is the
case of many state DOTs which use empirical testing procedures with a basis on experience
only. It is generally believed that when experience-based methods are combined with the skills
of engineers and the complete cooperation of contractors, a good product can be produced.
However, a method with a basis in historical experience is workable only under ideal conditions.
From a practical point of view, there is actually a high probability that something will go wrong.
For example, the confidence level is not often quantitatively defined. The degree of acceptable
variation differs from lot to lot. Sampling and testing errors are often so large that the true
variations of the materials may be obscured. Some tests may not measure the true quality of a

product.

Such non-statistically based methods cannot be used to optimize the sample size and
testing frequencies of materials. Besides, to be cost-effective, appropriate testing frequencies
should be based on desired reliability and developed with the use of statistically valid sampling
and testing procedures [FHWA 85].
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1.2  Statistics-Based Methods

Sampling and testing are essential parts of QC/QA programs. Because of the potential
benefits, some agencies have implemented the use of statistical concepts to develop
methodologies for establishing testing frequencies. Statistics-based methodologies have been
successfully used in several industries, such as the aerospace industry, chemical industry,

construction industry, and transportation area.

There are many statistical methods for determining the sample size, such as the Bootstrap
method, the Assume Normal-Pool Variance method, the Noether method, and the Risk-based
method [Duncan 86]. Among these methods, the Risk-based method is the most popular and
effective. The Risk-based method is based on the considerations of two types of risk: producer’s
risk (type I error) and customer’s risk (type II error). The sample size calculated by this method
is associated with material variability, the probability of acceptance, the probability of rejection,
and the tolerable error [Mendenhall 81]. The method can be used in two forms: One form
considers the type I error only and the other form considers both type I error and type II error. A
type I error affects the contractor because it is possible that the agency may reject what is, in
fact, acceptable work or materials. A type Il error affects the agency, since it is possible that the

agency may accept what is, in fact, unacceptable work or materials.

The approach considering type I error only is more common because it is easier to apply.
In contrast, balancing type I error and type II error is more difficult. The methodologies that
control type I error only are the most common because contractors or other sellers are more
concerned with their own risk than with the customer’s risk. These methodologies are easily
defined and applied. However, type II error is very important to transportation agencies because
this type of error occurs when a bad lot is accepted. It causes dissatisfaction and increased future
costs (repair cost, maintenance cost, and rehabilitation cost) as a result of the low-quality
product. Therefore, a type II error is just as important as a type I error in QC/QA programs. The
next problem is balancing these two types of errors. It is a difficult but essential issue in

determining the testing frequencies.

The American Association of State Highway and Transportation Officials (AASHTO)
points out that the choice between type I error and type II error should be dependent on the

consequences of a product’s failure to perform its intended function. This determinant is referred
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to as the level of criticality of the characteristic under consideration. If the product failure results
in loss of life or in the complete uselessness of the unit in which the product is incorporated, it is
critical failure. In such cases, the type II error is normally set almost to zero. When the failure of
a product causes minor consequences, the type Il error can be set larger and the type I error can
be set smaller [AASHTO 90].

A statistically based methodology to determine the appropriate testing frequencies would
help minimize (within practical limits) and balance the risks for both parties. Again, statistically
appropriate testing frequencies, also referred to as the optimum sample size, should be based

primarily on four issues:

The variability of the quality characteristics being measured
The risks that state DOTs or contractors are willing to take

The tolerable errors each can accept

b=

The cost of the testing to be performed

1.3  Objective and Scope

The objective of this research is to develop a methodology to statistically determine
appropriate testing frequencies. TxDOT can use this methodology to examine the effectiveness

of its Guide Schedule for testing highway materials.

The developed methodology should take into account the relationships among sample
size, material variability, tolerable error, agency risk, and contractor risk. Such a methodology
will help TxDOT optimize testing frequencies and improve the effectiveness and efficiency of
construction quality control. This methodology will help increase the service life of highway

infrastructure in Texas by minimizing the percentage of accepted defective materials.

The research can be applied to all highway infrastructures, including flexible and rigid
pavements. It will benefit TxDOT as well as other state DOTs and transportation agencies. In

order to achieve the stated objectives, the following specific tasks were outlined:

e Review the current TxDOT testing frequencies and procedures.

e Survey the current sampling and testing procedures used by state DOTs and other

agencies.
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e Review the relevant literature on QC/QA for highway construction and other
industries.

e Establish sample size relationships.

e Develop a statistically-based methodology for determining the testing frequencies.

e Conduct a sensitivity analysis of optimum sample size on available data from
TxDOT.

Thus, TxDOT will be able to justify changes in its proposed testing schedule as required.

These changes will result in the optimum use of field and laboratory manpower, increase

construction quality, and lead to lower overall life-cycle costs.



2. Methodology

Sample size and testing frequency directly affect the reliability of a test program in
characterizing the population. Using a large sample produces a more reliable decision (i.e., lower
failure rate). However, an increase in sample size is more costly. In reality, economic constraints
generally force engineers to keep the sample size as small as possible. Figure 2.1 illustrates the

trade-off between material testing costs and sample size.

/Cost due to Failure

Testing Cost

Cost

Sample Size

Figure 2.1 The Trade-Off Between Material Testing Costs and Costs due to Failure

Two issues must be addressed to balance testing costs and failure rate:

1. How many tests are required to ensure the product is acceptable at an established

confidence level?

2. Is the resulting test frequency cost effective?

The objective of this chapter is to present a methodology for determining the optimal
sample size and appropriate testing frequencies for materials used in TxDOT. In order to achieve
this objective, statistical analysis procedures and reliability concepts were employed. An
overview of the fundamental statistics and concepts underlying the optimum sampling plan is

presented briefly, as follows.
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2.1 Fundamental Principles

2.1.1 Quality Control and Quality Assurance (QC/QA)

A QC/QA program is important to the proper construction of highway projects. Quality
control has existed since the time when people first began to take an interest in the quality of
manufactured goods. The most significant advancements in quality control have occurred since
1920, with the development of statistical quality control methods [O’Brien 89]. Statistical quality
control is an aspect of total quality control that combines statistical theory with quality control

objectives to enhance the decision-making process.

A QC/QA program has many objectives. From the perspective of producers and
customers, an essential aim is to improve the quality of manufactured goods. Here, quality means
not only adherence to the required specifications of quality characteristics, but includes such
characteristics as uniformity and stability, thus giving the customer a uniform product at all
times. To the producer, quality is, indeed, part of the overall project. Another important objective
is to reduce the cost of construction by reduction in waste, unnecessary work, etc. In general, the

objectives of quality control can be summarized as follows [Estivill 92]:

1. To improve quality, including important elements such as uniformity, stability, and

desirable distributions.

2. To reduce the cost of construction or maintenance by reducing waste, rework,
spoilage, etc.
3. To reduce the cost and time of inspections and testing.

4. To achieve stable, controlled construction methods with better specifications and

tolerances.

5. To promote a mutual goal for all personnel toward doing a better job, including all

levels of management.

The term quality assurance is defined as “all planned and systematic actions necessary to
provide adequate confidence that a structure, system, or component will perform satisfactorily

and conform with project requirements” [O’Brien 89].
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Reasonable quality assurance should be cost effective and serve as an aid to good
productivity. It is the process or procedures selected to achieve design specifications as well as

the policies, strategies, and procedures chosen to define and monitor quality.

A quality assurance program is defined by Stebbing as “a documented set of activities,
resources, and events serving to implement the quality system of an organization” [Stebbing 89].
It is generally implemented to satisfy customer requirements and to improve the overall business

efficiency of the organization. A QA program also has other aims, such as:

1. Increasing customer confidence
2. Enhancing the company’s corporate image

3. Improving employee participation and morale

For transportation agencies, quality assurance involves economic studies to select the
types of materials and methods to be included in the design, construction, and maintenance of
transportation infrastructure. Sampling and testing procedures are important issues in any quality

assurance program.

The criteria of the QC/QA standards are largely directed toward the construction of
facilities. Such standards are published by the American Society for Testing and Materials

(ASTM) and by the American National Standards Institute (ANSI).

2.1.2 Variability of Transportation Materials

Variability is key for both quality control and quality assurance. Variability is an
important parameter of material quality and it is used in determining the percentage of material

within (or outside) specification limits.

Pavement variability refers to the quantification of typical variation found in values or
parameters related to pavements [Willenbrock 76]. The variability of materials and construction
process is one of the measures used to assess quality. Usually, standard deviation is used to

quantify variability.
There are five major types of variability in transportation materials:
1. Inherent variability

2. Sampling and testing variability
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3. Within-batch variability
4. Batch-to-batch variability

5. Overall variability

The inherent variability is the true random variation of the value or parameter being
measured [Willenbrock 76]. It is a function of the characteristics of the product itself. It may
vary in magnitude, but it is generally one of the smallest sources of variability. Inherent
variability can be determined only by the process of sampling and testing. However, it should be

recognized that sampling and testing introduce additional sources of variability.

Sampling variability is a function of sampling technique and is detected when the test
result of a sample increment taken from one part of a batch does not match the test result of a
sample increment taken from another part of the same batch. Testing variability is the lack of
repeatability of testing results among testing portions. Different operators, equipment condition,
calibration, and test procedures can all cause testing variability. These two separate sources of
variability are often combined into one source, and they are sometimes difficult to separate from
other sources of variability because sampling and testing are necessary procedures in estimating
the variability of a product [Willenbrock 76]. As a result, sampling and testing are integral parts
of the overall variability of the product.

Within-batch variability depends on the magnitude of the difference in the measurement
results between two samples taken from the same batch. Examples of contributors to within-
batch variability are aggregate segregation, slump change from the front of the load to the back,
and variability in core depths of a concrete pavement for adjacent cores in the same location

[Willenbrock 76].

Batch-to-batch variability is usually the largest source of variability in some processes. It
represents the difference in test results from one batch to other batches of the same product from
the same process. It is always caused by the process and is greatest when the process is “out of

control”.

Overall variability is the sum of all of the individual sources of variability. Generally,
when the standard deviation of a population is measured, it is the overall standard deviation that

is obtained. The overall variability is the primary value that should ultimately be related to the
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specification limit within the lot. It should be noted, however, that in developing a methodology,

each component should be examined [Anglade 98].

2.1.3 Random Sampling and Sampling Distribution

Random sampling and sampling distribution are fundamental concepts in QC/QA. The
purpose of sampling is to select and observe a portion of the population so that an estimate can
be made about the entire population. The integrity of obtaining a representative sample must be
firmly established and must not be compromised to a conventional approach of simply acquiring
material to perform tests [Schilling 82]. With careful attention to the sampling design, estimates
such as the population mean and standard deviation can be obtained that are unbiased for

population quantities.

Randomization is extremely important to the sampling process. Although many QC/QA
specifications have definitive procedures for random sampling, the essential purpose of
randomization must always be remembered. Randomization should allow each part of the
population an equal chance of being selected and protected against unsuspected sources of bias.
Violation of the randomization principle can produce biased samples that will inaccurately

reflect true characteristics of the population [Lohr 99].

Violation of the random sampling principle may occur when too many samples are
collected and when certain samples are selectively discarded or not tested [Schilling 82].
Samples can be taken constantly during production; however, samples should be collected with
the presumption that they will be tested. The tested samples must align with the principles of
simple random sampling or a modified version, such as stratified random sampling or cluster
random sampling [Lohr 99]. Discarding certain samples from the population because of
insufficient testing can violate the randomization principle. If samples are discarded, the random

sampling procedure must be taken into account.

An inconsistent sampling/testing frequency also contributes to the possibility of violating
the estimation of population properties and may not conform to principles of random sampling.
If the sampling frequency is very high and there are insufficient resources to test the samples,
then consideration must be given to modifying the sampling rate to avoid violation of

randomization principles.
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Statistics can be used to draw conclusions about a population using a sample from that
population. As stated before, random samples should be used, which means, “If the population
contains N elements, and a sample of n of them is to be selected, then if each of the N//(N—n)!n!
possible samples has an equal probability of being chosen, the procedure employed is called

random sampling” [Montgomery 76].

Statistical theory makes considerable use of quantities computed from the observations in

the sample. Montgomery defines a statistic as any function of the observations in a sample that

does not contain unknown parameters. For instance, suppose that y, v,,..., y, represents a sample.

In this example, the sample mean is

y=+=— 2.1

and the sample variance is

5 Z (y i J_} )2
= (2.2)
n—1
These two equations represent the central tendency of the sample and dispersion of the

sample, respectively. The sample standard deviation is described as

e 2.3)

The sampling distribution (the probability distribution of a statistic) can be determined if
the probability distribution of the population from which the sample was drawn is known.
Probability distribution is useful in computing the probabilities associated with several sampling

characteristics.

Transportation material characteristics are generally assumed to be normal by

distribution. This is true for acceptance sampling taken from a large number of units.

10
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The normal distribution is completely specified by two parameters, p and ¢ , where
K = mean,
o =standard deviation, and

x = measurement distribution.

Its frequency function is

i ( x) _ # e—[(x—u)/sf 2.4)

o2t

Its distribution function is
F(x)=—= j_ (O 2.5)

The obvious feature of the normal distribution is the symmetrical distribution on each
side of the mean. The grouping data of normal distribution follow a theorem known as the

central limit theorem. The central limit theorem is defined as follows: “If a population has a

finite variance o’ and a mean p , the distribution of the sample mean approaches the normal
distribution with variance 6 */n and mean p , as the sample size increases” [Ostle 54].

The properties of most materials used by the highway industry seem to be close to the

normal distribution. Therefore, normal distribution is assumed for the analysis of this study.

2.1.4 Acceptance Sampling

Acceptance sampling is a major part of statistical QC/QA. Acceptance sampling permits
the determination of a course of action by establishing the risk of accepting lots of given quality
[Collins 74]. A common procedure is to consider each submitted lot separately and to base the
decisive action on the evidence provided by inspection of one or more random samples chosen

from the lot.

11
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2.14.1 Objectives of Acceptance Sampling.
There are three objectives in acceptance sampling:

1. To protect the agency against the acceptance of a certain quantity of defective

items
2. To ensure the suppliers will improve their product when necessary
3. To assist quality control in the reduction of production costs

To achieve these objectives, the control chart method is often used by transportation
agencies. The control chart supplies useful information about the quality level of the product and
about the degree of control of the various production processes. The most obvious advantage of
the acceptance sampling is to exert more effective pressure for quality improvement than with

pure inspection [Schilling 82].
2.1.4.2 The Operating Characteristic Curve (OC Curve)

The OC curve plays an important role in acceptance sampling. The OC curve is a popular
technique used to evaluate customer and producer risks in accepting or rejecting a lot of
materials. It is a graphical presentation of a sampling technique that shows the relationship

between the quality of a lot and the probability of its acceptance or rejection [Anglade 98].

Figure 2.2 shows an OC curve. Although the OC curve provides useful information to
highway agencies and contractors, it is often viewed in the sense of an adversarial relationship
between the producer and the consumer. The vertical axis shows the probability of acceptance of

a product; the horizontal axis depicts the quality measure.
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Figure 2.2 Operating Characteristics Curve (OC Curve)

In reality, the OC curve shows the probability of a type I (a0 ) and type II (B ) errors. It

2.1.4.3 Lot Size and Sample Size

can help the highway engineer differentiate between what are defined as acceptable materials
and what are defined as unacceptable materials. Furthermore, the OC curve will indicate the

degree of a given sampling plan’s discrimination between acceptable and non-acceptable lots.

One method often used in acceptance sampling is the lot-by-lot sampling technique.

13

Anglade described this method as follows: “One considers each submitted lot of product
separately and bases the decision to accept or reject the lot on the evidence of one or more

samples chosen at random from the lot” [Anglade 98]. When the proper sampling plans are
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implemented, a large proportion of the high quality lot will be accepted and a large proportion of
the low quality lot will be rejected.

The lot size is very important in acceptance sampling. Only by establishing the size of the
lot can the proper sampling locations and testing frequencies (sample size) be selected for either

quality control purposes or to estimate the quantity of the material characteristics.

In the lot-by-lot method, the whole highway project is considered to be a succession of
lots. In the acceptance plan, the lots are presented separately to the engineer for acceptance or
rejection. Each lot is made up of sublots. With sublots, the highway engineer can conduct
stratified sampling or cluster sampling rather than random sampling. In some cases, stratified

sampling and cluster sampling can reduce the sampling variance.

If the lot size is too small, the acceptance plan will need an excessive amount of costly
testing. On the other hand, if the lot size is too large, a very large quantity of material may be

rejected when, in fact, sublots may be acceptable.

A fundamental issue in acceptance sampling is defining an appropriate lot size and
corresponding sample size to estimate the properties of the lot. In many cases, the sample size
drives development of the lot size. Determining a lot size for tonnage is found by multiplying the

number of samples by the sampling frequency.

2.1.4.4 Tolerable Error and Confidence Level

Tolerable error and confidence level are primary factors in applications of acceptance
sampling in the reliability and life-testing areas. Tolerable error specifies limits that both

producer and customer will accept.

According to Mendenhall et al., an interval estimator is a rule that specifies a method for
using the sample measurement to calculate two numbers forming the endpoints of the interval
[Mendenhall 81]. One or both of the endpoints of the interval, being functions of the sample
measurements, may vary in a random manner from sample to sample. Thus, the length and
location of the interval are random quantities, and it cannot be certain that the target parameter 6
will actually fall between the endpoints of any single interval calculated from a single sample.
The objective of setting a confidence interval is to find an interval estimator that generates

narrow intervals enclosing 0 with a high degree of probability [Mendenhall 81].

14
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Suppose that 0 , and E)AU are the lower and upper confidence limits, respectively, for a
parameter 0, if P (é . <6 <6AU) = (I-a ), the probability (/—o ) is called the confidence

coefficient, which is also defined as the confidence level. In other words, the confidence level is

the probability that a confidence interval will enclose 6 [Mendenhall 81].

The confidence level gives the fraction of the number of times, in repeated sampling, that
the intervals constructed will contain the target parameter 0 . If a confidence level associated
with the estimator is high, one can be highly confident that the confidence interval will

enclose O .
2.1.4.5 Hypothesis Testing, Type I Error and Type Il Error

Hypothesis testing and decision errors are crucial concepts in determining sample size.
To test a hypothesis, a procedure is devised to take a random sample, compute an appropriate
test statistic, and then reject or fail to reject the null hypothesis Hy [Mendenhall 81]. Part of this
procedure is specifying the set of values for the test statistic that leads to rejection of Hy. This set

of values is called the critical region for the test.

Two kinds of errors may be committed when testing hypotheses. If the null hypothesis is
rejected when it is true, then a type I error has occurred. If the null hypothesis is not rejected
when it is false, then a type II error has been made. The probabilities of these two errors are

given as follows [Mendenhall 81]:

o = P (type I error) = P (reject Hy | Hy is true)
B = P (type Il error) = P (fail to reject Hy | Hy is false)

The general procedure in hypothesis testing is to specify a value of the probability of type
I error (o ). In this situation, the probability of type II error (P ) has a suitably small value.

However, it is also important to determine the probability of type II errors in any hypothesis-

testing situation. The following example illustrates how to determine the probability of a type II

error for testing the hypothesis (with the variance 6 *> known):

15
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Hyp:p =p,

Hyp #1,

To find the probability of a type Il error, it is assumed that the null hypothesis H, is false,
which implies that the alternative hypothesis H, is true. Under this assumption, the distribution

of the test statistic Zj is

ZONNfﬁ ,1j

()

The distribution of the test statistic under both hypotheses Hy and H, is shown in Figure
2.3. From this figure, it can be seen that the probability of type II error is the probability of Z,

falling between —Z<; and Z%, (given that H, is true). The probability, which is shown as the
shaded portion of the figure, can be expressed as [Mendenhall 81]:

where @(z) denotes the probability to the left of z on the standard normal distribution.

Under Ho Under Ha

L _

0 Zo,

dVn/o

Figure 2.3 The Distribution of Z, under H, and H,
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In the case of pavement material acceptance sampling, whenever a decision is made
based on the results of a small sample size, errors in judgment are possible. Acceptance sampling
programs occasionally will authorize the acceptance of a lot with a relatively high percentage of
defective items, but will also at some point reject a lot containing a relatively low percentage of

defects.

A transportation agency, when making a decision about the acceptance of a lot, has two
choices. It can either accept or reject the lot. These two choices have four consequences, as

presented in Table 2.1.

Table 2.1 Decision Making and Type I Error/Type II Error

Ho is true Ho is False
i i Wrong Decision
= Reject Hypothesis s Correct Decision
2 (Ho) Type I Error (o )
R3) . .
8| Accept Hypothesis Correct Decision Wrong Decision
(Ho) Type II Error (B )

Table 2.1 shows that two of these consequences reflect correct decisions, the other two
reflect wrong decisions. As discussed before, these two errors in judgment are named as type I
error and type II error respectively. Therefore, these two errors can be defined as follows:
1. Type I Error: This type of error occurs whenever a hypothesis is rejected when it
should have been accepted. It is also known as an alpha (a ) error.
2. Type II Error: This type of error occurs whenever a hypothesis is accepted when

it should have been rejected. This is also known as a beta (3 ) error.

From Table 2.1, it can be concluded that whenever a decision between two available
alternatives is made, there is a possibility that the decision will be incorrect. This statement is
always true unless one is completely certain about all of the factors that are involved in the

decision.

When conducting hypothesis testing, the null hypothesis in acceptance is expressed in the
form there is no difference between the sample average and the design target value. In the
practice of highway engineering, acceptance is to begin with the interpretation of the situation by

accepting the statement and then collecting data to determine whether or not the statement can be

17
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rejected. If the null hypothesis (H,) can be rejected, then a type I error (o ) can occur

[Willenbrock 76].

It is also important to realize that, according the statistical concept, when an agency
accepts the null hypothesis on the basis of the sample data, it is essentially saying that it does not

have statistical evidence to reject it.
2.1.4.6 Risks and Levels.

As stated before, if a decision is made to reject a lot of material when the material is
actually satisfactory, a type I error has been made. The risk or the probability of making such an
error is generally symbolized by alpha (o ) and, in the highway industry, is called the producer’s
risk.

On the other hand, if a decision is made to accept a material when the material is actually
unsatisfactory, a type Il error has occurred. The risk of making such an error is symbolized by

beta (P ) and is called the customer’s risk. It is usually desirable to set up a sampling plan with

both the producer’s and the customer’s risks in mind. These risks are illustrated in Table 2.2.

Table 2.2 Producer and Customer Interests

Producer Customer
Good product lost
Good lots rejected Producer’s risk Potential higher cost

Type I Error (o )

Potential cust Paid for bad product
Bad lots accepted 0d§n 1?. tczusfo mer Customer’s risk
issatisfaction Type II Error (B )

When the producer’s and customer’s risks are fairly well defined in terms of good
product rejected and bad product accepted, respectively, each has an interest in estimating and

maintaining reasonable levels for the other.

Schilling [Schilling 82] introduced the following concepts and terminologies associated

with this topic:
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1. Producer’s Quality Level (PQL): A level of quality that should be passed most of

the time. It determines the maximum proportion of defectives allowed.

2. Producer’s Risk (PR): The risk of having PQL material rejected by the plan,
which is the type I error (a ) in hypothesis.

3. Consumer’s Quality Level (CQL): A level of quality that should be rejected most

of the time.

4. Consumer’s Risk (CR): The risk of having CQL material accepted by the plan,
which is the type II error ( ) in hypothesis.

5. Indifference Quality Level (IQL): The point where the producer and the consumer

share a 50 percent probability of acceptance or rejection.

Different sample sizes have correspondingly different risk levels. During development of
a sample size for a lot, risks to both the agency and contractor should be evaluated for different
sample sizes. As stated before, both the agency and contractor share risk during the acceptance

process, designated as the o and [ risks. AASHTO has defined these risks as follows
[AASHTO 96]:

1. Seller’s Risk (o ): The risk of rejecting “good” material. In highway construction
this is associated with the risk of a contractor having good material rejected by the
owner.

2. Buyer’s Risk (B ): The risk of accepting “bad” material at reduced or full
payment. In highway construction, this risk is associated with the owner’s risk of
accepting what is actually bad material.

The a risk affects the contractor because it is probable that the agency may reject, what
is in fact, acceptable work. The [ risk affects the agency because it is probable that the agency

may accept, what is in fact, unacceptable work. The true meaning of risk is how much one is

willing to lose in terms of dollars if an action is taken.

A goal of developing statistically based methodology for determining the appropriate

testing frequencies is to minimize (within practical limits) and balance the risks to both parties.
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The choice of a and B depends on the consequences of a product’s failure to perform

its intended function. This failure is referred to as the level of criticality of the characteristic
under consideration. If the failure of a product results in loss of life or in the complete
uselessness of the unit in which the product is incorporated, it is a critical failure. In such cases,
B is normally set to approximately zero. When the product’s failure causes minor

consequences, [3 can be made larger and o can be made smaller. AASHTO has provided

guidelines for selecting both o and [ risks, as shown in Table 2.3 [AASHTO 90]:

Table 2.3 AASHTO Suggested Risk Levels Based on Criticality

Criticality Description a % B %
Critical Wheg the requirement is essential to 50 0.5
preservation of life
. When the requirement is necessary for
Major the prevention of substantial economic loss 1.0 >0
Minor When the requirement does not 0.5 10.0
materially affect performance
When the requirement is established
Contractual | only to provide uniform standards for 0.1 20.0
bidding

For the purpose of this research, TxDOT has determined the maximum level of risk for

both the contractor and the owner as 20% (B < 20% and o < 20%).
2.1.5 Sensitivity Analysis

Sensitivity analysis is the study of how the variation in the output of a model (numerical

or otherwise) can be apportioned, qualitatively or quantitatively, to different sources of variation.

A characteristic of a system is considered to be very sensitive with respect to an element
of the system if the characteristic is greatly influenced by relatively small changes in the
element. Sensitivity analysis aims to ascertain how the model depends upon the information fed

into it, upon its structure, and upon the framing assumptions made to build it.
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2.2 Determining Sample Size

2.2 Determining the Variability of a Testing

As discussed previously, the required sample size and testing frequency are related to the
variability of the material. Characterizing the variability of a material is a key issue in
development of methodology in this research. Figure 2.4 illustrates three degrees of variability:

1) No variability; 2) Small variability; 3) Large variability.

N

1) No variability 2) Small variability 3) Large variability

Figure 2.4 Three Degrees of Variability

Apparently, for situations where there is no variability at all, one test result would
sufficiently represent the true characteristic of that material. However, such a situation rarely
exists in the real world. For materials with larger variability, a bigger sample is required to

properly characterize the material. A larger sample size also means more frequent testing.

The variability of a material for a specific test value can be determined by available
historical data. By assuming the samples are random and the data conform to a normal

distribution, the variability can be represented by the standard deviation (o ).

2.3 Determining Sample Size

It is a generally recognized statistical rule that the accuracy of the estimated mean value
of a population increases as the number of samples taken from the population measured also
increases. The accuracy of the estimate for variability or standard deviation from the mean also
increases with the increase in sample size. It follows, then, that the greater the number of
material tests conducted, the higher the confidence level that the mean will be identified with

sufficient accuracy, that the variability will be better defined, and that substandard materials will
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be identified. This logic leads to the question of how many tests should be conducted in order to

identify satisfactorily the characteristics of the material.

The objective of this section is to establish sample size relationships as a function of
material variability and desired reliability. As described in the previous section, reliability of
testing is defined by the probabilities of type I and type II errors. A type I error is made if Hyis
rejected when Hj is true. The probability of type I error is denoted by a ; a type II error is made

if Hyis accepted when Hy is not true. The probability of type II error is denoted by J .

Generally, there are two methods for determining an adequate statistical sample size. One

considers only type I error; the other considers both type I and type II errors.

These two methodologies are illustrated in the following sub-sections.

2.3.1 Controlling Type I Error

The method of estimating the sample size to control the type I error only is described in
this section. Once the standard deviation is determined from the historical data, three steps are

recommended by Lohr to determine the sample size [Lohr 99].

1. Specify the tolerable error.

The engineer must determine the level of precision needed. The desired precision is often

expressed by probability in absolute terms, as

P(7-7,Ice)=1-a 2.7)
where:

y =sample mean
¥, = population mean

o = type I error

e = tolerable error

The engineer must select a reasonable value for o (type I error or producer’s risk) and e,
which is called the margin of error or tolerable error.

To achieve the desired relative precision, the precision may be expressed as
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2.3 Determining Sample Size

Y=Vl o ej “1-0o 2.8)

2. Find an equation relating the sample size n .

The simplest equation relating the precision and sample size comes from the confidence

interval. To obtain absolute precision, find a value of » that satisfies

o (0}
/2 (2.9)

Solving for n, it has

Z o’
n=_2__ (2.10)
e

where :

n = sample size
Zyn = the (1-a /2)th percentile of the standard normal distribution
c = standard deviation

e = tolerable error

3. Adjust the sample size 7.

The equations presented before are based on asymptotic theory (as the sample size goes
to infinity), therefore, the sample size n should be adjusted.

n
n=—0, 2.11)

where:
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n, = adjusted sample size

n = the sample size which ignores the finite population correction (FPC)
N = population size
Figures 2.5 through 2.7 illustrate the relationships between sample size and the
parameters used to control the type I error: confidence level, standard deviation and tolerable
error. These figures illustrate how the sample size changes with the parameters involved when

considering only type I error.
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Figure 2.5 Relationship Between Sample Size and Confidence Level
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Figure 2.6 Relationship Between Sample Size and Standard Deviation
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Figure 2.7 Relationship Between Sample Size and Tolerable Error

Figure 2.5 shows that the higher the confidence level, the larger the sample size will be.

Sample size n is proportional to 2.
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Figure 2.6 indicates that as variability increases, a larger sample size is required. Sample

. . . 2
size is proportional to ¢ ~.

Figure 2.7 gives the relationship between sample size and tolerable error. The required

sample size decreases as the tolerable error increases. The sample size 7 is inversely proportional

2
to e”.

2.3.2 Controlling Both Type I Error and Type II Error
1. Calculating type II error probability.

Calculating B can be very difficult for some statistical tests, but the Z test can be used to
demonstrate both the calculation of  and the logic employed in selecting the sample size for a

test [Walpole 91].

For the test of Hy: u = o against Hy: 1 < o, it is only possible to calculate type II error
probabilities for any specific point in Ha. Suppose that the experimenter has a specific

alternative, say, u = po — €. The power of this test can be expressed as

1-B =P(}<a,whenu:u0—e)

The probability of a type Il error, f , is

B :P(}>a,when n, =u,—e)

¥ —(u — (. -
Mo=0) L 2= =0 hen =y —0)

7\/2 7\/2 (2.12)

X —(ny—e) _
AR

Therefore, p, has an approximately standard normal distribution and the probability f can be

B=P

where, Z

determined by finding an area under a standard normal curve, as shown in Figure 2.8.
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Reject Hy a Accept Hp
Figure 2.8 Type I Error and Type II Error

2. Find an equation relating the sample size n.

Suppose the test is Hy: | = o against Ha: p < po. If the desired value of oo and B is

specified, the test depends upon two remaining quantities that must be determined. These are n,
the sample size, and a, the point at which the rejection region begins (Figure 2.8). Since o and

B can be written as probabilities involving » and k, there are two unknowns in two equations,

which can be solved simultaneously for n. From the previous step,

B=P Z>% (2.13)
n
B=P 758" Ho €
AR Am
e
B:PZ>—ZQ+V\/_ (2.14)
n
Z, =7 +—% (2.15)
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The sample size for controlling both type I error and type II error can be expressed as

n=

(z,+2,)c?
2

(2.16)
e

where

n = sample size
o =type I error

B = type Il error

Z, = the (1-a )th percentile of the standard normal distribution
Zg = the (1- )th percentile of the standard normal distribution
¢ = standard deviation

e = tolerable error

In particular, when B = 0.5 (i.e., z; = 0), Equation 2.16 would be the same as Equation
2.10, which controls only type I error.

Sometimes it is necessary to consider a failure whenever a test result is above the mean

value. For example, when testing for air voids in asphalt pavement, very high values are
considered unacceptable. In these cases, Equation 2.17 is used.

(Za/z +ZB )202
2

(2.17)
e

3. Relationship between sample size and parameters.

Figures 2.9 through 2.11 illustrate how sample size changes with the parameters involved
by considering both type I and type II errors.

Figure 2.9 shows the relationship between sample size and confidence level. The required
sample size increases as the confidence level goes up. Holding the other parameters constant, the

larger the type II error, (3 ), the smaller the required sample size. Specifically, when B =
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0.5,z5 = 0, the resulting sample size is exactly the same as the one determined by the method

that controls only type I error.
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Figure 2.9 Relationship Between Sample Size
and Confidence Level for Different Levels of 3.
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Figure 2.10 Relationship Between Sample Size
and Standard Deviation for Different Levels of 3
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Figure 2.11 Relationship Between Sample Size
and Tolerable Error for Different Levels of 3

Figure 2.10 illustrates that, for a material with larger variability, a larger sample size is
required. The required sample size n is proportional to the square of standard deviation o . The

change of sample size based on the type II error is similar to the one in Figure 2.10.

Figure 2.11 shows that, as tolerable error increases, the required sample size decreases.
The required sample size 7 is inversely proportional to the square of tolerable error e. Again with
the other parameters constant, the change of sample size affected by type Il error is similar to the
ones in the previous figures. When 3 equals 0.5, the result is exactly the same as in the situation

that controls only type I error.

2.4 Determining Testing Frequencies

Testing frequencies can be specified as either time-based testing frequency or quantity-
based testing frequency. Time-based testing frequency is expressed as “one for each day’s
production,” “one for each 10 days’ production,” etc., while quantity-based testing frequency is

29 ¢¢

described as “one per 1,000 tons,” “one per sublot,” or “one per ten lots,” etc.

Once the required sample size is estimated, the testing frequency (TF) can be determined

by using the following equations:
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1. Time-based testing frequency:

TF = daily production / sample size (2.17)

For example, if the estimated sample size is two and the samples are taken every day,
then the testing frequency is “two for each day’s production.” If the estimated sample size is one,
and the samples are taken every 10 days, the testing frequency is “one for each 10 days’

production.”

2. Quantity-based testing frequency:

TF = batch quantity / sample size (2.18)

For example, if the required sample size is two, assuming the batch quantity is 3000 tons,
then the testing frequency is “one per 1,500 tons.” If the required sample size is two and the

batch quantity is defined as one sublot, then the testing frequency is “two per sublot.”

Sample size and testing frequency are interrelated to each other. Once the sample size is
estimated by using Equation 2.21, testing frequency can be determined by Equation 2.22 or by

Equation 2.23. Inversely, if the testing frequency is known, sample size can also be determined.
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3. Data Collection

There were two types of data collected by the research team for this project: information
on material testing frequencies used by other agencies and tests sample data for different

materials and tests.

A survey was conducted in 1999 to determine the current QC/QA sampling practices
used by state DOTs and other transportation agencies. This survey focused primarily on material
testing frequency issues. The survey was sent by mail to 50 state DOTs and 12 other highway
agencies such as the Federal Highway Administration and foreign transportation agencies.
Twenty-six completed surveys were returned. Appendix C summarizes the methodologies

reported by the surveyed agencies and the specific documents provided by them.

Appendix C also shows that most state DOTs use historical methods for determining
material testing frequencies. Only six of the surveyed agencies suggested that they employ a
statistically based acceptance sampling plan in some material areas. However, according to the
documents these agencies provided, statistical theory is used only for analyzing data, not for
determining sample size. Methodologies for determining the material testing frequency are
generally based on historical experience. Detailed information on statistical methods was not

provided by any of the agencies.

The other data collected were the actual results of laboratory tests and field tests from
over 200 projects in the state of Texas. These test reports were obtained from the TxDOT
districts of Austin, Dallas, El Paso, Fort Worth, Odessa, San Antonio and Yoakum, and from the
Center for Transportation Research (CTR). The reports were, in fact, hard copies of the original
documents; less than 10 percent were in a database format. The data had to be selected from over
15,000 files, organized, and entered onto a spreadsheet file in order to proceed with the statistical

analysis.

TxDOT selected the materials and tests to be included in the research. These are

described in the next section.
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3.1 Highway Materials

The properties and behavior of highway materials are assumed to be normally distributed
for large samples. These properties have been widely studied and their behavior can always be

represented by a normal distribution.

TxDOT determined which construction materials needed to be included in this research

project. Table 3.1 shows a list of all the materials and tests that were included in the research.

Table 3.1 Materials and Tests Analyzed for Optimum Sample Size/Test Frequency

Material Test
Asphalt Concrete e Lab Density
e Air Void
Concrete for Pavements e Air Entrainment
e Strength
e Slump
Concrete for Structures e Air Entrainment
e Strength
e Slump
Subbase and Base Courses e (Gradation
e Liquid Limit
e Plasticity Index
e Wet Ball Mill
e Compaction
Treated Subbase and Base Courses e In-Place Density

The materials and tests were grouped by characteristics and by project type. For example,
concrete for structures was divided into concrete Class C and concrete Class S because of its
specified flexural strength after 28 days; gradation test reports for subbase and base aggregates

were classified by material group according to the AASHTO Soil Classification System.

Some of the projects were very well documented and had a large set of data available.

Only a few reports were received from other projects, but the team considered these reports
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valuable as well in order to obtain the population of results for each material and test. The
research team determined that combining the test results from all the projects from which data

were received could approximate the properties of these populations.

During the analysis, the research team determined that retesting was permitted and the
values from test results that failed to meet the specifications were included as part of the
population. The researchers also concluded that the retests always yielded a value above the

specifications and therefore were also included in the population data.

Table 3.2 shows the complete set of tests studied during the research. It also shows the
sample size and coefficient of variance obtained from the data. By comparing the results of
material variability with the results found on previous studies about the subject it can be
concluded that the samples used have a variability that is consistent with those standards
previously determined by a National Cooperative Highway Research Program (NCHRP) study
[Hughes 96].
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Table 3.2 Tests Studied, Population Data, and Coefficient of Variance

MATERIAL OR PRODUCT TEST FOR TEST NUMBER n Ccv

Gradation Tex-110-E 247 20.9%

MATERIAL GROUP Liquid Limit Tex-104-E 237 8.8%

" Al Plasticity Index Tex-106-E 237 31.4%

&J Wet Ball Mill Tex-116-E 99 5.4%

@ Gradation Tex-110-E 873 6.2%

8 MATERIAL GROUP Liquid Limit Tex-104-E 847 9.1%
1] A2 Plasticity Index Tex-106-E 847 41.3%
% Wet Ball Mill Tex-116-E 351 10.0%
o Gradation Tex-110-E 1837 21.8%
<ZE MATERIAL GROUP Liquid Limit Tex-104-E 1784 10.3%
) A4 Plasticity Index Tex-106-E 1779 46.1%

é Wet Ball Mill Tex-116-E 746 9.7%
dDJ Gradation Tex-110-E 131 27.0%
@ MATERIAL GROUP Liquid Limit Tex-104-E 83 13.7%
D6 Plasticity Index Tex-106-E 133 46.7%

Wet Ball Mill Tex-116-E 23 11.9%

TREATED SUBBASE AND In-Place Density Tex-115-E 417 4.8%

BASE COURSES
SUBBASE AND BASE Compaction Tex-115-E 417 2.2%
COURSES
Fx‘;@ralz;t;zryf)th Tex-448-A 197 11.4%
CONCRETE FOR Slump Tex-415-A 396 26.1%
STRUCTURES 'CLASS §' Slump (Plant) Tex-415-A 112 27.6%
Entrained Air Tex-41 6'A:r Tex-414- 383 16.7%
Flexural Strength Tex-448-A 885 14.2%
Compressive Strength (Age: Tex-418-A 122 14.4%
7 days)
oo s R I
Slump Tex-415-A 310 42.8%
. . Tex-416-A or Tex

Entrained Air A14-A 223 18.1%
Slump Plant Tex-415-A 66 36.6%
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Table 3.2 (continued)

MATERIAL OR
PRODUCT TEST FOR TEST NUMBER n ()%
Flexural Strength o
(Age: 7 days) Tex-448-A 334 10.5%
Flexural Strength o
(Age: 28days) Tex-448-A 258 9.2%
Flexural Strength o
(Age: 90 days) Tex-448-A 71 4.2%
Compressive Strength o
(Age: 7 days) Tex-418-A 538 13.0%
Compressive Strength o
(Age: 28 days) Tex-418-A 489 11.9%
Compressive Strength o
(Age: 90 days) Tex-418-A 92 6.1%
Compressive Strength o
(Age: 7 days) Cores Tex-418-A 338 15.4%
Compressive Strength o
(Age: 28 days) Cores Tex-418-A 379 15.4%
CONCRETE FOR Compressive Strength o
Tex-418-A 199 14.9%
PAVEMENTS (Age: 90 days) Cores
Splitting Tensile Strength o
(Age: 7 days) Tex-421-A 452 11.0%
Splitting Tensile Strength o
(Age: 28days) Tex-421-A 373 12.3%
Splitting Tensile Strength o
(Age:90 days) Tex-421-A 162 9.7%
Splitting Tensile Strength o
(Age: 7 days) Cores Tex-421-A 272 15.5%
Splitting Tensile Strength o
(Age: 28 days) Cores Tex-421-A 355 14.8%
Splitting Tensile Strength o
(Age: 90 days) Cores Tex-421-A 244 19.5%
Slump Tex-415-A 126 46.8%
. . Tex-416-A or o
Entrained Air TexAl4A 125 27.7%
ASPHALT Lab Density Tex-207-F |TxDOT 1997- 0.36%
CONCRETE Air Voids Tex-207-F 1998 16.89%
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4. Data Analysis and Calculations

The final goal of organizing and entering all the data from the different tests was to
perform a much-needed statistical analysis on these populations. A “true” knowledge of the
population had to be determined before any type of analysis could be done. In reality, this “true”
knowledge could only be exact if sampling had occurred at all locations in the material e.g.,
when testing in-place density. For concrete, the number of samples taken from a lot would have
to be large enough to show the normal distribution. The proximity to the normal distribution for

amean (X ) is precise if the sample size (n) is greater than or equal to 30 [Walpole et al. 92].

4.1 Determining Sample Size and Testing Frequencies

To explain the calculations and data analysis of the population data, the research team
referred to the data collected for the test, “Tex-448-A, Flexural Strength of Concrete Using
Simple Beam Third-Point Loading” using concrete for structures ‘Class C and S’ (age: 28 days).
The design of concrete for structures ‘Class C and S’, specifies a minimum value for the

Modulus of Rupture of 470 psi after 28 days.

4.1.1 Descriptive Statistics

The first step of the methodology is to create a descriptive statistics table for each test.

Table 4.1 shows the descriptive statistics that characterize the material and test previously
described. This table includes important information such as the population mean (n), the
standard deviation (o), the coefficient of variance, the range, and the population size, among

others.

A histogram defines a set of intervals and shows how many values in a sample fall into
each interval. It shows the shape of the density of the population. The histograms developed with
the population data for the different tests and materials confirmed the assumption of normality of
the distribution, which was more noticeable in populations with a larger number of samples.
Other graphs were used to prove the normality of the distribution or simply to show different
characteristics of the data. Figure 4.1 shows the three types of graphs used during the research to

characterize the data.
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4. DATA ANALYSIS AND CALCULATIONS

Table 4.1 Descriptive Statistics Table: Concrete for Structures
“Class C & S” — Flexural Strength Test

Concrete for Structures “Class C & S
- Flexural Strength (spec. 470psi)
Mean 613.17
Median 610.00
Mode 670.00
Standard Deviation 86.94
Sample Variance 7557.89
Range 550.00
Minimum 320.00
Maximum 870.00
Population Size 885.00
Ccv 14.18%
] . oM A IS0 75 M ""
800 - ! | o
700 | |
500 [ 5
500 |
400 4 . |
SI:":I _- 1 1 1 ! I I I
ol o R N R
Mormal Quantile Plot

Figure 4.1 Histogram, Outlier Box Plot, and Normal Quantile Plot, Representing the
Population Data of Flexural Strength Test for Concrete “Class C & S”

The Outlier Box Plot illustrates how the data are distributed. The box part within each
plot surrounds the middle half of the data. The lower edge of the rectangle represents the lower

quartile, the higher edge represents the upper quartile, and the line in the middle of the rectangle
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4.1 Determining Sample Size and Testing Frequencies

is the median. The lines extending from the box show the tails of the distribution extending to
the farthest point that is still within 1.5 interquartile ranges from the quartiles. Points farther
away are shown individually as outliers. The diamond inside the box shows the mean of the data

and its 95 percent confidence interval.

The other plot used is the Normal Quantile Plot, which draws all the values of the data as
points in a plot. If the data are normal, the points tend to follow a straight line, as it is revealed in

Figure 4.1.

4.1.2 Sensitivity Analysis

To continue with the analysis of the data, the research team performed a study of
sensitivity analysis to understand the effect of each variable in Equation 2.16 (sample size
equation) to the sample size value, and to finally determine the statistically appropriate testing
frequency of the tests. As described previously, sensitivity analysis is the study of how the
variation in the output of a model can be apportioned, qualitatively or quantitatively, to different
sources of variation. Sensitivity analysis is an important issue in determining appropriate testing

frequencies and optimizing sample size.

In this research, the required sample size is considered to be highly sensitive with respect
to one of the factors of the sample size equation (such as material variability, confidence level, or
tolerable error), if the required sample size is greatly influenced by a relatively small change in
the factor. This section will show the relationships between the dependent variable, sample size,
and independent variables, such as material variability, confidence level, TxDOT’s risk, and
tolerable error for the flexural strength test of concrete for structures “Class C & S”. Tables 4.2

to 4.4 and Figures 4.2 to 4.4, illustrate these relationships.

Table 4.2 along with Figure 4.2 illustrate the relationship between sample size and
confidence level for the flexural strength test. As it was stated in Chapter 2, the confidence level
is equal to 1-o and that is where the produce's risk is considered. Based on the descriptive
statistics table for this material and test (Table 4.1), the research team used a standard deviation

of 86.9 psi and an assumed tolerable error of 130 psi (130 psi = 1.5 o).
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4. DATA ANALYSIS AND CALCULATIONS

Table 4.2 Relationship Sample Size vs. Confidence Level: Concrete for Structures
“Class C & S” — Flexural Strength Test

Conf. | Other Factors Sample Size (n)

Level W 613[p =0.05[p =0.10[p =0.20[p = 0.30[p = 0.40[p = 0.50[p = 0.60]
99 o 86.9 7 6 4 4 3 2 2
97 e 130 6 4 3 3 2 2 1
95 5 4 3 2 2 1 1
90 4 3 2 1 1 1 0
85 3 2 2 1 1 0
80 3 2 1 1 1 0
75 2 2 1 1 0
70 2 1 1 0
60 2 1 1 0
50 1 1 0
40 1 0

Current Specs. TXDOT
(2 Beams for each 3000 S.Y.)
8
7
6 —— (=0.05
o 5 ——p=0.1
= —A— =02
24 —>%—p=0.3
£ —¥—pB=0.4
3
—0—pB=0.5
9 —+—p=0.6
1
0

30 40 50 60 70 80 90 100

Confidence Level

Figure 4.2 Sample Size vs. Confidence Level: Concrete for Structures
“Class C & S” — Flexural Strength Test

The sample size values were then obtained based on Equation 2.16, considering several
levels of risk for TxXDOT. For each level of risk of the parties involved, an optimum sample size

was obtained. The shaded cells represent the current testing frequencies used by TxDOT for this
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4.1 Determining Sample Size and Testing Frequencies

test. Appendix A describes the frequency and sample size of concrete for structures when tested

for flexural strength as: “one test (2 beams) for each 60 C.Y. or fraction thereof.”

Considering a maximum risk of 20 percent (suggested by TxDOT) for both TxDOT ()

and the contractor (o), Table 4.2 shows that the required sample size, based on the population
data, its variability, and assuming a tolerable error of 130 psi, should be one (1) beam. In the
same manner, if the desired risk is only 5 percent for TxDOT but keeping the confidence level
on the material at 80 percent (oo = 20%) the sample size should be increased to three (3) beams.
Thus, the results of Table 4.2 show that, when considering a 20 percent risk for TxDOT and the
contractor, the number of beams should be decreased from two (2) to one (1) for each 60 C.Y. or

fraction thereof.

From this table and figure, the research team concluded that, for a higher confidence

level, a larger sample size is required. Also, at a given confidence level, the size of the sample
increases when the owner’s risk (B) decreases. In other words, the contractor’s risk (o) and the

owner’s risk () will decrease with larger samples. If we refer back to Figure 2.1 in Chapter 2,

larger samples will always minimize the risk of failure, but at the expense of higher costs.

A very important fact derived from the results shown in Table 4.2 is that the adequate
sample size obtained can be related to a level of risk for the two parties involved. For some
materials, it may indicate that the number of samples should be increased under the same testing
frequency in order to decrease a high level of risk. For other materials, decreasing the sample
size will not change the confidence on the good quality of the material and will even represent
cost savings during testing. When compared with the current sample size and testing frequencies
stated in the Guide Schedule (Appendix A), the risk of accepting poor materials by TxDOT can
be defined.
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4. DATA ANALYSIS AND CALCULATIONS

Table 4.3 Relationship Sample Size vs. Tolerable Error: Concrete for Structures
“Class C & S” — Flexural Strength Test

Other Factors Sample Size (n)

e o 0.2 B =0.05|p =0.10|p =0.20|p =0.30[ =0.40|p =0.50|p =0.60
40 Zaipha 0.84 29 21 13 9 6 3 2
50 1l 613 19 14 9 6 4 2 1
60 c 86.9 13 9 6 4 3 1 1
70 10 7 4 3 2 1 1
80 7 5 3 2 1 1 0
85 6 5 3 2 1 1 0
87 6 4 3 2 1 1 0
90 6 4 3 2 1 1 0
100 5 3 2 1 1 1 0
115 4 3 2 1 1 0 0
130 3 2 1 1 1 0 0
150 2 2 1 1 0 0 0
160 2 1 1 1 0 0 0
170 2 1 1 0 0 0 0
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Figure 4.3 Sample Size vs. Tolerable Error: Concrete for Structures
“Class C & S” — Flexural Strength Test

44




4.1 Determining Sample Size and Testing Frequencies

Table 4.3, along with Figure 4.3, illustrates the relationship between sample size and
tolerable error for the flexural strength test. The confidence level is assumed to be 80 percent (o
= 0.2) and the standard deviation is 86.9 psi, as stated in Table 4.1. The required sample size
decreases as the tolerable error increases, which indicates that the relationship is negative. The
type II error, B3, also has the same effect on sample size as in the previous relationship. As risk

increases, the number of samples required will decrease.

The research team found that when the tolerable error (e) exceeds 100 psi (= 1.25 o) the
change on the required sample size is not significantly evident. Figure 2.8 illustrates the
distribution of the population (o) and the distribution of a sample (u,). The difference between
the means of these two distributions is the tolerable error. Thus, considering a tolerable error of
130 psi, the mean value of the sample () is equal to 483 psi. This value is above the minimum
value specified during design (470 psi), which gives some extra confidence on accepting the new

specification.

Table 4.4, along with Figure 4.4, illustrates the relationship between sample size and
standard deviation for the flexural strength test. It is assumed that the confidence level is 80
percent (o = 0.2) and the tolerable error is 130 psi. It is evident that the required sample size
increases as the standard deviation increases. In consideration of the type II error, when
increases from 5 percent to 60 percent, the sample size decreases with the other parameters held
constant. In particular, when g = 0.5 (i.e., Zg= 0), the results are exactly the same as those
obtained from the method that controls only type I error. The relationship between sample size

and type II error shows that the highway agency’s risk (B) decreases as the sample size increases.

The sample size/test frequency analysis for the other tests studied during this research
can be found in Appendix B. The tables in this appendix show the sensitivity analysis for every
test. The tables should be interpreted in the same way as in this section for the test of flexural

strength of concrete for structures.
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4. DATA ANALYSIS AND CALCULATIONS

Table 4.4 Relationship Sample Size vs. Standard Deviation. Concrete for Structures
“Class C & S” — Flexural Strength (28 days)

Other Factors Sample Size (n)

o o 0.2 |B =0.05|p =0.10[ =0.20|f =0.30[B =0.40|p =0.50|p = 0.60
0 Zaipha 0.84 0 0 0 0 0 0 0
20 U 613 0 0 0 0 0 0 0
30 e 130 0 0 0 0 0 0 0
40 1 0 0 0 0 0 0
50 1 1 0 0 0 0 0
60 1 1 1 0 0 0 0
70 2 1 1 1 0 0 0
80 2 2 1 1 0 0 0
90 3 2 1 1 1 0 0
100 4 3 2 1 1 0 0
120 5 4 2 2 1 1 0
130 6 4 3 2 1 1 0
140 7 5 3 2 1 1 0
150 8 6 4 2 2 1 0

——B=0.05
——B=0.1

/ /
Z AR R
4 / /./ —%—pB-04
/ /' /‘/‘ —0—p=05

—+—B=0.6

Sample Size

0 20 40 60 80 100 120 140 160

Standard Deviation

Figure 4.4 Sample Size vs. Standard Deviation. Concrete for Structures
“Class C & S” — Flexural Strength Test
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4.2 Descriptive Statistics of Pavement Materials

4.2  Descriptive Statistics of Pavement Materials

The following tables summarize all the statistical properties of the data collected for the
pavement materials described in Chapter 3. It is important to recognize that the variability of the
tests, represented by the standard deviation, is an approximation of the overall variability of the
material. The overall variability considers inherent variations, variability given by the sampling
and testing process, within-batch variability and batch-to-batch variability. The data of the
different materials were organized by type of material, projects of similar characteristics, and

design specifications.

With the information provided in these tables, the sample size/test frequency analysis

was performed for all the tests. The results of this analysis is shown in Appendix B.

47



1%

%T'T LTy 80T 06 LT 6Ly 61°C 00T 101 101 A-ST1-XoL uonoeduwo) SASUNOO
HSVE ANV dSvddns

%8y LTy Lest STl L'8T €9°Th €69 901 9°SEl LET astior | Ausuaqoopd-yy [SASUNOD HASVE ANV
dSvddNS dd1LVddL

%611 €T £ 13 T 90'81 ST 43 e 9¢ q4-911-%oL TIIAL TTed 1M

%L b €€l Sl 4 €1 4300 VLT S S 9 4-901-X2L xopuy Ajonseld 9d dNOWO

%LET €8 i3 91 vl 16L 18°C 61 0z 0z q-v01-X0L nwry pnbry TYIIHLVIN

%0°LT 1€ 6€€ 9y £6T 10°0€ 8¥'S LT 907 0z T-0TT-XL uonepeIn m

%L'6 9pL b w w €57 vs'E 9¢ L€ 9¢ q-911-%L TN 1186 390 0

%19 6LLT S1 I Al IR 1T € v S 4-901-X2L xopu[ Ajonseld ¥V dNOYUO @

%E01 b8LI 8T S1 €1 9Ly 81°C 0z 1z 1z q-v01-XoL iy pmbry TYIIALVIN z

%8'1T L€81 £¥¢ € i13 9T YLy 1'st Tee w q-011-xL uonEpeEIn O

%001 Isg b 9z 81 LsTl sse 9¢ 9¢ s¢ q-911-%3L, TN 1T 300 2

%ETH L8 01 1 6 vL'T 99'1 € v v 4-901-X0L xapuy Ayonseld v dNO¥O 4

%16 b8 Lz Sl T e 88' 1z 0z 1z q-v01-XoL nwry pnbry TYTIHLVIN m

%T9 €8 789 o€ 8Ig 61°€1 €9'¢ 09 65 65 q-011-X3L uoepeIn “na

%b's 66 Lg 1€ 9 05°€ L8'T Lg s¢ s¢ q4-911-XoL TITAL TTed 1M @

%1€ LET 01 I 6 00°€ €L S S 9 4-901-X0L xapuy Ayonseld IV dNO¥O @

%88 L€T T Sl 6 16T w 61 61 0z q-v01-X0L nwry pnbry TYIIHLVIN

%6'0T LT r'ee el 61 1T1e 197 94T v'ze w T-01T-XL uoepeIn

IR [N [ pe— e el Il T I I T TR R

$35.1N0)) Iseg pue Aseqqns - Qe [, SANsne)s AndLIdsaq Sy dqeL




6v

%L’LT St S8 L't 8¢ 122! YTl €¢ 134 N4 Vil Iy pourenuy
10 V-914-X9L
%897 9Tl S 0 Sy 080 060 SL'1 SL'1 61 V-S1y-X3L dumjg
$310)) (sAep (6 :93V)
%S61 e 0€6 933 SLS €LY0611 80°CTl $99 33 1°LT9 V-ITy-X3L ySuong opisuay, Sumyds
$210)) (SAep 7 :93Y)
%811 993 S06 91¢ 689 09°829L YeL8 00s S8¢ 7685 V-1Th-XoL ySuang opsusy, Sumyds
$210)) (SAep /£ :98Y)
%SGl cLe 658 08¢ 6LS 18°L8Y9 §508 [U%3 §'8¢s 0°1¢s V-1Ty-XoL ySuang opsuay, Sumydg
0/ . . . (skep 06:93V)
%L’6 [ YEL 944 68¢ ¥8°60€€ 0S°LS 06S 065 9°C6S V-1Th-XoL ySuang apsua, Sumyds
o ¢ . . . (skepgg :23y)
%ETL €LE Ly 99 L19 81°798¢ S1°C9 (Ugd €1s £'€0s V-1Th-XoL pSuong spsua g, Sumids
(sAep £ :93y)
%0°11 [494 ¥8¢ 09¢ 1443 90°€LET L8y 09% wy 9 1vy V-1Ty-XoL pSuong spsua g, Sumids
S210)) (SAE 03y SINANAAVd
%611 661 006L 09¢¢ 0¥9v C0°€L6S69 STYeE8 0€es 0L9S ¥'66SS V-81¥-XoL ﬁm:oUbAm o%%%&&ow O ALTIONOD
$210)) (SAep 87 :23V)
%¥'S1 6LE 0v0L S0LT seey LE'0C086S CEELL 9944 0s1s €'1€08 V-81¥-XoL Suang oarssoiduo)
$210)) (sAep £ :98Y)
%¥'S1 8¢€¢€ 0069 0lee 06SY L'6699YY 9¢£'899 006¢ S8eeLy 9'LTey V-81¥-XoL Suang oarssoiduo)
AR . . . (skep (6 :93V)
%19 6 0€69 061¢ opLl LTY868¢E1 187CLE 0819 0s19 [t V-81¥-XoL Suang oarssoiduo)
06 . . . (sAep gz :93Yy)
%611 68Y S€69 0¥0¢ S68¢ S1°L0TS6€ 99'879 00¢s 08¢s £'68CS V-81¥-XoL Suang oarssoiduo)
(sAep £ :98V)
%0°€1 8¢S 0965 0861 086¢ 66'178¢CE S0°69S 0L8E L9ty T8LEY V-81¥-XoL Suang oarssoiduo)
o . . . (sAep (6 :28Y)
Ny 1L 206 L 00¢ 9T SYLI ¥8'€E oL L08 £'808 V-8¥p-XoL pSuong [emxarq
o . . . (sAepgg :03Y)
%6 85T 98 (U89 9¢¢ 19°'101% Y0'v9 €IL €0L 7969 V-8¥p-XoL pSuong [emxard
(sAep / :93V)
%S0T Pee S8L £6¢ [434 r006¢ Sv'C9 S09 S6S 9°C6S V-8vy-XoL pSuong [emxarq
SOUBLIEA uonelasq 1DNdodd
AD junop WINWIXE | WU a3uey ordureg pIepurig 9poN UBIPIN uesN YIGNNN LSFL YOd LSHL MO TYIHALYI

SJUIWIIARJ 10J 9J3.19U0)) - J[qR L, SINsNe)S dANRdLIdSI(Q 9'f d[qe ],




0S

%9°9¢ | 99 6 I 8 SLE 6T Sy S S V-S1pXoL Juelg dumjg
%Il | €zt 8 0 8 L670 660 9 LS S N 1y pourenug
’ 10 V-9 [ $-X0], : :
%8 Th | 01¢€ '8 SL0 <UL 68T 0LT b b b V-S1p-XoL dumyg SO SSVTD
) . . (sAep g 03Y) STINLONALS
%61l | oC 081L oc1s | osoz | ¢€soc066h 9oL | 06ss | oszs | 1ses VBIPXL | e anssordwo) | o ALNONOD
%yl | ce 0859 09¢¢ | ozze | 1501888 vrsLo | oLty | ovsy | z89p V-81#-X0L (skep | 35)
0 qSuang aarssardwo)
%Pl | $88 0.8 0z¢ 0SS 68°LSSL 698 0.9 | o019 €19 V-8tp-XoL (ISueNg [eINXo]
%L 91 | €8¢ L z Ts 0L°0 80 S S S Vorlyal 1y pourenug
’ 10 V-9 TH-X0L : :
%9°LT | TIT $6 i '8 61°C 81 S 'S S V-S1H-XoL (Ouelg) dwnyg S SSVIO,
%19z | 96¢ sTL I $T9 9¢'1 LTT b Sy b V-S1p-XoL dun|g m%m%%%@%%u
%y 1T | L6 098 43, 8Ty 1$°€81S 00'CL 00L | ov9 €9 V-8pp-XoL (skep 7 :23y)
0 Susng [eInxa) ]
oUBLIEA | UOTEIASQ 1ONAodud
AD  |wumop | wnwixepy | wnumuiy [ oSuey ordueg prepuzrg | POV | WP | URON NHEINAN LSHL MOd ISHL YO TYRALVIN

$31N)IN0)S 10§ 93219U0)) :I[qR [, SINsNe)S ANdLIdSI( L'f dIqe L




IS

%691 STl YL d-L0T-X0L SPIOA JIY AVMAVOY |
8661-L661 A-L0T-X_L Aysus(T qe] dOVINH >
o i " ) )
/070 LOAXL s£0 o6 A-L0T-x0L Ansuo( qe] dOVINH
AD uno) uoneIAS( PIEpUR)S uBdIN YAGNNN LSAL |04 1SAL 1oNaod
O TYTIALVIN

SIUIUWIARJ 933.10U0)) Jeydsy :d[qe ], sansnels 2AndLdsa(q 84 d1qeL







5. Sample Size and Testing Frequency

The purpose of this chapter is to present a set of summary tables defining the sample size
and test frequency of the materials and tests included in the research, based on the analysis and

calculations performed in the previous sections.

It is important to remember that the sample size values obtained are based on the
variability of the population data, the maximum level of risk for the parties involved (TxDOT
and contractors), and a tolerable error that realistically takes into consideration the specified

design limits for each one of the materials and tests.

The assumed risk for TxDOT, (), described before as the risk of accepting poor
materials, will be set to a maximum of 20 percent. Similarly, the risk for the contractors (a) of

getting good materials rejected will also be set to a maximum of 20 percent.

Because of the difficulties encountered by the research team during the data-gathering
process, it was not possible to analyze the results of the statistically appropriate sample size with
the rates of production and total quantities of materials delivered to the projects. This task could
definitely reveal new and interesting findings about the testing frequencies being used because
the sample could be related not only to the testing frequency used to gather it but also to the

actual production rates and quantities involved.

The tables on the following pages provide the results for minimum sampling and testing
frequencies according to the risk-based statistics analysis of the data collected from projects in
the state of Texas. The tables will be divided by materials, and for some tests, the sample size
will be given by class, type, or age. The “Table of Reference” column indicates the number of
the table in Appendix B, from where these results were obtained. Chapter 4 describes how to

interpret the results of the tables in Appendix B.
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5. SAMPLE SIZE AND TESTING FREQUENCY

Table 5.1 Statistics Based Testing Frequencies for Subbase and Base Courses

PROJECT ACCEPTANCE TEST
MATERIAL OR TEST FOR TEST LOCATION OR TIMECSF < =~ FRE (I;NCY SOFS TABLE OF
PRODUCT NUMBER QU
SAMPLING SAMPLING REFERENCE
Gradation Tex-110-E | During stockpiling oprs, from stockpile. | . 1 4 660 €.y or 6,000 tons B.53
or from windrow
SUBBASE AND Liquid Limit Tex-104- | During stockpiling oprs, from stockpile. | o 4 600 ¢y or 6,000 tons B.61
BASE COURSES: or from windrow
MATERIAL GROUP i ili i
Plasticity Index Tex-106.E | During stockpiling oprs, from stockpile. | . 1 4 600 .y or 6,000 tons B.69
Al or from windrow
Wet Ball Mill Tex-116-E | During stockpiling oprs. from stockpile, |, 159 609 €.y, or 25,000 tons B.77
or from windrow
Gradation Tex-110-E | During stockpiling oprs, from stockpile. | . 14 600 C.y. or 6,000 tons B.55
or from windrow
SUBBASE AND Liquid Limit Tex-104-F | During stockpiling oprs, from stockpile, . 4 400 € v or 6,000 tons B.63
BASE COURSES: or from windrow
MATERIAL GROUP i ili S i
Plasticity Index Tex-106-E | During stockpiling oprs, from stockpile, {0 1 4 000 ¢ v or 6,000 tons B.71
A2 or from windrow
Wet Ball Mill Tex-116-E During stockpiling oprs. from stockpile, Two every 20,000 C.Y. or B.79
or from windrow 25,000 tons
Gradation Tex-110-E During stockpiling oprs, from stockpile, | Two every 4,000 C.Y. or 6,000 B.57
or from windrow tons
SUBBASE AND Liquid Limit Tex-104-F | During stockpiling oprs, from stockpile, ) 1 4 600 ¢y or 6,000 tons B.65
BASE COURSES: or from windrow
MATERIAL GROUP, i ili i
Plasticity Index Tex-106-E During stockpiling oprs, from stockpile, | Two every 4,000 C.Y. or 6,000 B.73
A4 or from windrow tons
Wet Ball Mill Tex-116-E During stockpiling op.rs from stockpile,|  Three every 20,000 C.Y. or B8l
or from windrow 25,000 tons
Gradation Tex-110-E During stockpl‘lmg oprs, from stockpile, | Two every 4,000 C.Y. or 6,000 B.59
or from windrow tons
SUBBASE AND Liquid Limit Tex-104-E | During stockpiling oprs, from stockpile, {0 4 000 ¢ v or 6,000 tons B.67
BASE COURSES: or from windrow
MATERIAL GROUP i ili i
Plasticity Index Tex-106-E During stockpl‘lmg ogrs, from stockpile, | Two every 4,000 C.Y. or 6,000 B.75
D6 or from windrow tons
Wet Ball Mill Tex-116-E During stockpiling oprs. from stockpile, Two every 20,000 C.Y. or B.83
or from windrow 25,000 tons
TREATED Each 3,000 lin. ft. per course
SUBBASE AND In-Place Density Tex-115-E As designated by the engineer ach >, tr;rxl/.el-;gt; course per B.87
BASE COURSES
SUBBASE AND . . . Each 3,000 lin. ft. per course per
Compaction Tex-115-E As designated by the engineer ’ B.85
BASE COURSES P g v the eng travel-way
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4.2 Descriptive Statistics of Pavement Materials

Table 5.2 Statistics-Based Testing Frequencies for Concrete for Pavements

PROJECT ACCEPTANCE TESTS

MATERIAL OR TEST LOCATION OR
SAMPLING
Flexural Strength At point of concrete | One test (1 beam) for each
(Age: 7 days) Tex-448-A placement 3,000 S.Y. B.23
Flexural Strength At point of concrete | One test (1 beam) for each
(Age: 28 days) Tex-448-A placement 3,000 S.Y. B.25
Flexural Strength At point of concrete | One test (1 beam) for each
(Age: 90 days) Tex-448-A placement 3,000 S.Y. B.27
Compressive Strength At point of concrete | One test (2 beams ) for each
(Age: 7 days) Tex-418-A placement 3,000 S.Y. B.I1
Compressive Strength At point of concrete | One test (1 cylinder) for each
(Age: 28 days) Tex-418-A placement 3,000 S.Y. B.13
Compressive Strength At point of concrete | One test (1 cylinder) for each
(Age: 90 days) Tex-418-A placement 3,000 S.Y. B.I5
Compressive Strength At point of concrete | One test (2 beams) for each
(Age: 7 days) Cores Tex-418-A placement 3,000 S.Y. B.17
Compressive Strength At point of concrete | One test (2 beams) for each
(Age: 28 days) Cores Tex-418-A placement 3,000 S.Y. B.19
Compressive Strength Tex-A18-A At point of concrete | One test (1 cylinder) for each B21
CONCRETE FOR (Age: 90 days) Cores placement 3,000 S.Y. :
PAVEMENTS
Splitting Tensile Strength At point of concrete | One test (1 beam) for each
(Age: 7 days) Tex-421-A placement 3,000 S.Y. B.29
Splitting Tensile Strength At point of concrete | One test (1 beam) for each
(Age: 28 days) Tex-421-A placement 3,000 S.Y. B.31
Splitting Tensile Strength At point of concrete | One test (1 beam) for each
(Age: 90 days) Tex-421-A placement 3,000 S.Y. B.33
Splitting Tensile Strength At point of concrete | One test (2 beams) for each
(Age: 7 days) Cores Tex-421-A placement 3,000 S.Y. B.35
Splitting Tensile Strength At point of concrete | One test (2 beams) for each
(Age: 28 days) Cores Tex-421-A placement 3,000 S.Y. B.37
Splitting Tensile Strength At point of concrete | One test (2 beams) for each
(Age: 90 days) Cores Tex-421-A placement 3,000 S.Y. B.39
Attime and location Two tests per set of strength
Slump Tex-415-A | strength specimens p . E B.41
specimens
are made
. . Tex-416-A or Attime and lqcatlon Three tests per set of strength
Entrained Air strength specimens . B.43
Tex-414-A specimens

are made
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5. SAMPLE SIZE AND TESTING FREQUENCY

Table 5.3 Statistics-Based Testing Frequencies for Concrete for Structures

PROJECT ACCEPTANCE TESTS

MATERIAL OR TEST LOCATION OR
TEST FOR
R N I I
SAMPLING
Flexural Strength At point of concrete | One test (1 beam) for each
(Age: 28 days) Tex-448-A placement 60 C.Y. or fraction thereof B.45
CONCRETE FOR At point of concrete Three tests per set of
STRUCTURES Slump Tox-415-A placement strength specimens B.49
'CLASS S'
Slump (Plant) Tex-415-A Plant Two tests per set of strength B.51
specimens
. . Tex-416-A or | At point of concrete
Entrained Air Tex-A14-A placement One per placement B.47
At point of concrete | One test (1 beam) for each
Flexural Strength Tex-448-A placement 60 C.Y. or fraction thereof 4.2
. . One test (1 cylinder) for
Com(pAressl;/ed:trse)ngth Tex-418-A Atp Olgcz;fn(z::crete each 60 C.Y. or fraction B.1
£ Y P thereof
CONCRETE FOR Compressive Strenath At boint of concret One test (1 cylinder) for
STRUCTURES © /‘; o8 2V8‘3 h BN Tex-418-A po | orco tc €] cach 60 C.Y. or fraction B3
'CLASS C & §' (Age: 28 days) pracemen thereof
Slump Tex-415-A At point of concrete | One test per §et of strength B5
placement specimens
Slump (Plant) Tex-415-A Plant Two tests per set of strength B.7
specimens
. . Tex-416-A or | At point of concrete
Entrained Air Tex-A14-A placement Two per placement B.9
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4.2 Descriptive Statistics of Pavement Materials

Table 5.4 Statistics Based Testing Frequencies for Asphalt Concrete

PROJECT ACCEPTANCE TESTS

MATERIAL OR TEST
O TEST FOR S LOCATION OR FREQUENCY OF TABLE OF
PRODUCT NUMBER TIME OF SAMPLING REFERENCE
SAMPLING

<| HMacP Lab Density | Tex-207-F | SPHtfromQAtest| 1 per 12 quality B.91

S sample assurance tests

o)

© HMACP Air Voids Tex-207-F Selecte?ets“zom QA 1 core per 24 QA tests B.89
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6. TxDOT’s Guide Schedule Versus Statistic
Sample Size

The following tables compare the results from this research with the current Guide
Schedule for Sampling and Testing used by TxDOT. As in the previous chapter, the results of the
research are based on a fixed level of risk. The assumed risk for TxDOT, (B), described before as
the risk of accepting poor materials, will be set to a maximum of 20 percent. Similarly, the risk
for the contractors (o) of getting good materials rejected will also be set to a maximum of 20

percent.

Again, these obtained sample size values are based on the variability of the population
data, the maximum level of risk for the parties involved (TxDOT and contractors), and a
tolerable error that realistically takes into consideration the specified design limits for each of the

materials and tests.

It is important to remember that in the case of decreasing both or simply one of the
assumed risks, o or B, the sample size and test frequency will increase. In the same way, if the

tolerable error is smaller, a larger number of samples will be required.

The column “Sampling and Frequency (TxDOT)” describes the current specifications for
testing by TxDOT. These specifications are intended to be the ones used during the sampling
process of the materials. Therefore, the research team determined that the sample size obtained
as a result of this research, considers the same testing frequency used throughout the sampling

process during construction.

The “End Result” column indicates if the final sample size obtained by the research team
is greater or lower than specified in the Guide Schedule at the given level of risk for both
TxDOT and contractors (20% and 20% respectively). The column points out: 1) If the indicated
test needs additional samples (+); 2) If the sample size could be reduced (—); and 3) If the sample
size currently required by TxDOT is equal to the sample size obtained with the analysis of the

variability of the samples in this research (*).

The overall impact of the methodology, based on the results shown in these tables, is that
at the 20%/20% level of risk for both TxDOT and contractors, the sample size of the 70 percent

of the test studied should be kept the same or decreased. This confirmation could not be made if
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6. TXDOT’S GUIDE SCHEDULE VERSUS STATISTIC SAMPLE SIZE

the level of risk for any of the two parties is decreased. In this case the sample size required is

most likely to increase if compared to the current specifications included in the Guide Schedule.

Table 6.1 Statistics-Based Testing Frequencies vs. Guide Schedule (TxDOT):
Subbase and Base Courses

PROJECT ACCEPTANCE TESTS
MATERIAL OR PRODUCT TEST FOR TEST SAMPLING AND SAMPLING AND END
NUMBER RESULT
FREQUENCY (0-1781) FREQUENCY (TXDOT)
Gradation Tex-110-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
MATERIAL Liquid Limit Tex-104-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
GROUP Al
Plasticity Index Tex-106-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
Wet Ball Mill Tex-116-E Each 20,000 C.Y. or 25,000 Each 20,000 C.Y. or 25,000 "
tons tons
Gradation Tex-110-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
0
&
4 MATERIAL Liquid Limit Tex-104-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
3 GROUP A2
O Plasticity Index Tex-106-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
L
2 Wet Ball Mill Tex-116-E Two every 20,000 C.Y. or Each 20,000 C.Y. or 25,000 4
o 25,000 tons tons
[m)]
Z Gradation Tex-110-E | TVO every 4000 C.Y. or6,0000 1k 1 4 000 C.Y. or 6,000 tons +
< tons
&
< MATERIAL Liquid Limit Tex-104-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
Q GROUP A4
m
2 Plasticity Index | Tex-106-E | "° €verY 4’?225C'Y' or 60001 £k 4,000 C.Y. or 6,000 tons|  +
Wet Ball Mill Tex-116-E Three every 20,000 C.Y. or Each 20,000 C.Y. or 25,000 4
25,000 tons tons
Gradation Tex-110-E | TVOevery 4’?SSSC'Y‘ or 6,000 £ch 4,000 C.Y. or 6,000 tons +
MATERIAL Liquid Limit Tex-104-E | Each 4,000 C.Y. or 6,000 tons Each 4,000 C.Y. or 6,000 tons *
GROUP D6
Plasticity Index | Tex-106-E |1 ™° VoY 4’?225C'Y' or6.0008 " £och 4,000 C.Y. or 6,000 tons|  +
Wet Ball Mill Tex-116-E Two every 20,000 C.Y. or Each 20,000 C.Y. or 25,000 N
25,000 tons tons
TREATED SUBBASE AND . Each 3,000 lin. ft. per course Each 3,000 lin. ft. per course
In-place Density Tex-115-E *
BASE COURSES per travel-way per travel-way
SUBBASE AND BASE . Each 3,000 lin. ft. per course Each 3,000 lin. ft. per course
Compaction Tex-115-E *
COURSES per travel-way per travel-way
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4.2 Descriptive Statistics of Pavement Materials

Table 6.2 Statistics-Based Testing Frequencies vs. Guide Schedule (TxDOT):
Concrete for Pavements

PROJECT ACCEPTANCE TESTS

MATERIAL OR TEST FOR TEST SAMPLING AND SAMPLING AND END
PRODUCT NUMBER RESULT
FREQUENCY (0-1781) FREQUENCY (TxDOT)
Flexural Strength Tex-448-A One test (1 beam) for each One test (2 beams) for each
(Age: 7 days) ex-ases 3,000 S.Y. 3,000 S.Y.
Flexural Strength Tex-A48-A One test (1 beam) for each One test (2 beams) for each
(Age: 28 days) 3,000 S.Y. 3,000 S.Y.
Flexural Strength Tex-448-A One test (1 beam) for each One test (2 beams) for each
(Age: 90 days) ex-ases 3,000 S.Y. 3,000 S.Y.
Compressive Strength Tex-418-A One test (2 cylinders) for One test (2 cylinders) for "
(Age: 7 days) ¢ each 3,000 S.Y. each 3,000 S.Y.
Compressive Strength Tex-418-A One test (1 cylinder) for One test (2 cylinders) for
(Age: 28 days) ex-ates cach 3,000 S.Y. cach 3,000 S.Y.
Compressive Strength Tex-A18-A One test (1 cylinder) for One test (2 cylinders) for i
Age: 90 days each 3,000 S.Y. each 3,000 S.Y.
g Y
Compressive Strength Tex-A18-A One test (2 cylinders ) for One test (2 cylinders ) for "
Age: 7 days) Cores each 3,000 S.Y. each 3,000 S.Y.
8 y
Compressive Strength Tex-A18-A One test (2 cylinders ) for One test (2 cylinders ) for "
Age: 28 days) Cores each 3,000 S.Y. each 3,000 S.Y.
g Y
CONCRETE FOR Com}?ressive Strength Tex-A18-A One tes}t1 (1 cylinder) for One testh (2 cylinders) for i
PAVEMENTS (Age: 90 days) Cores each 3,000 S.Y. each 3,000 S.Y.
Splitting Tensile Strength One test (1 cylinder) for
(Age: 7 days) Tex-421-A cach 3,000 S.Y. NA
Splitting Tensile Strength One test (1 cylinder) for
(Age: 28 days) Tex-421-A cach 3,000 S.Y. NA
Splitting Tensile Strength One test (1 cylinder) for
(Age: 90 days) Tex-421-A cach 3,000 S.Y. NA
Splitting Tensile Strength One test (2 cylinders) for
(Age: 7 days) Cores Tex-421-A each 3,000 S.Y. N/A
Splitting Tensile Strength One test (2 cylinders) for
Age: 28 days) Cores Tex-421-A each 3,000 S.Y. N/A
g Y
Splitting Tensile Strength One test (2 cylinders) for
(Age: 90 days) Cores Tex-421-A each 3,000 S.Y. N/A
Slump Tex-A15-A Two tests per'set of One test per §et of strength .
strength specimens specimens
Entrained Air Tex-416-A or Three tests per set of One test per set of strength .
Tex-414-A strength specimens specimens
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6. TXDOT’S GUIDE SCHEDULE VERSUS STATISTIC SAMPLE SIZE

Table 6.3 Statistics-Based Testing Frequencies vs. Guide Schedule (TxDOT):
Concrete for Structures

PROJECT ACCEPTANCE TESTS

MATERIAL OR TEST FOR TEST SAMPLING AND SAMPLING AND END
PRODUCT NUMBER RESULT
FREQUENCY (0-1781) FREQUENCY (TXDOT)
Flexural Strength Tex-448-A One test (1 beam) for each One test (2 beams) for each )
(Age: 28 days) 60 C.Y. or fraction thereof 60 C.Y. or fraction thereof
CONCRETE FOR Three tests per set of strength One test per set of strength
STRUCTURES Slump Tex-413-A specimens specimens i
'CLASS S'
Slump (Plant) Tex-415-A Two tests per.set of strength One test per §et of strength .
specimens specimens
Tex-416-A or
1 1 *
Entrained Air Tex-414-A One per placement One per placement
One test (1 beam) for each One test (2 beams) for each
Flexural Strength Tex-448-A 60 C.Y. or fraction thereof 60 C.Y. or fraction thereof
Compressive Strength One test (1 cylinder) for each One test (2 cyhnders)'for
Age: 7 d Tex-418-A 60 C.Y. or fraction thereof each 60 C.Y. or fraction -
CONCRETE FOR (Age: 7 days) .Y. or fraction thereo thereof
STRUCTURES . . One test (2 cylinders) for
'CLASS C & S' Compressive Strength Tex-418-A One test (1 cylméer) for each cach 60 C.Y. or fraction )
(Age: 28 days) 60 C.Y. or fraction thereof
thereof
t fst h t t of st h
Slump Tex-415-A One test per §et of strengt One test per set of s rengt .
specimens specimens
. . Tex-416-A or
+
Entrained Air Tex-d14-A Two per placement One per placement

Table 6.4 Statistics-Based Testing Frequencies vs. Guide Schedule (TxDOT)

Asphalt Concrete
PROJECT ACCEPTANCE TESTS
MATERIAL OR TEST FOR TEST SAMPLING AND SAMPLING AND END
RESULT
PRODUCT NUMBER FREQUENCY (0-1781) FREQUENCY (TxDOT)

<| HMACP Lab Density | Tex-207-F| ! Per 12 quality 1 per 12 quality .

(o4 assurance tests assurance tests

@]

&l ROADWAY Air Voids Tex-207-F | 1 core per 24 QA tests 2 cores per 24 QA tests -
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7. Implementation

Every time a new procedure is developed, its implementation represents putting into
practice the results from the research. When the research objective is to improve a previous
methodology or guideline, the implementation represents the coordination of every activity

involved in the previous procedure and the activities proposed by the new one.

The implementation of the project results, which will be presented as a Testing
Frequency Guideline, will have to be divided into several steps. Any testing frequency guideline
modification will be directed primarily toward the specifications on the Guide Schedule, which

serves as the basis for the testing frequencies of materials for projects in Texas.

An implementation process will have to consider several factors. These factors, described
in terms of "actions to be taken," are noted below:

o Collect project level data to continue compiling a database for the estimation of the

variabilities associated with the testing.

e Develop implementation plan for pilot projects where QC/QA specifications are a

concern.
e Report on lessons learned from the pilot projects.

e Measure the potential impact of implementing the methodology on the pilot projects.
e Monitor the future performance of the pilot projects.

o Identify barriers if the same results are to be implemented in every TxDOT district.

o Extend the use of the methodology to contractors and producers.

o Update database and testing frequency results with findings of the implementation

process.

Three potential areas of implementation of the research are briefly discussed in the

following sections.
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7. IMPLEMENTATION

7.1 Pilot Projects

Implementation of trial testing frequencies for selected materials in a pilot project or
projects is a good and effective method. It is extremely useful because, with pilot projects, the
results of the new methodology can be proven to the parties interested. Modifications to the
methodology could also be made with minimum level of risk to the success of the project and

minimal economic consequences.

7.2 Quality Control / Quality Assurance Tool

The statistically appropriate testing frequencies developed in this research could be used
to enhance the current QC/QA programs implemented for asphalt concrete pavements. It could

also be part of future QC/QA programs developed for other materials.

7.3 Updating Design Procedures

The results of this research could also be used in the pavement design process to better
control the reliability of the design. In particular, with the known testing frequencies of the
materials used in the design and the corresponding risk level, the as-designed values of the
design parameters can be well related to the expected as-built values. This would help reduce the

overall costs of a project without compromising the quality of the project.
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8. Conclusions and Recommendations

The objective of this research is to develop a methodology for determining appropriate

testing frequencies for the construction materials used by TxDOT. This chapter presents the

summary of the research results and recommendations for a future study.

8.1

Conclusions

The major research efforts and key findings from this study are summarized as follows:

1.

A survey was conducted during the early stages of this research to collect information
on current QC/QA practices among state DOTs and other agencies. The survey shows
that most state DOTs use historical or experience-based methods to determine testing

frequencies of materials.

A literature review was undertaken to identify, collect, and synthesize studies on the
state-of-the-art of QC/QA practices. Different methods are used by different agencies
in determining testing frequency. These methodologies can be grouped into three
categories: 1) experience-based methods, 2) statistics-based methods, and 3)
economics-based methods. Statistics-based methods have long been the accepted
standard in the practice of acceptance sampling. In particular, the risk-based
statistical method that controls both type I error and type II error proves to be the

most promising approach for determining appropriate testing frequencies.

A methodology was developed to estimate required sample size and testing frequency

based on statistical theory, reliability concepts, and economic principles.

Statistically appropriate testing frequencies or required sample sizes are based on
primarily four factors: 1) the variability of the quality characteristic being measured,
2) the risks that a state DOT or contractor is willing to take, 3) the tolerable errors
each is willing to accept, and 4) the cost of the testing to be performed. The required

sample size can be determined by Equation 2.16.
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8. CONCLUSIONS AND RECOMMENDATIONS

Once the required sample size is estimated, the testing frequency (TF) can be

determined by using the following calculations:

a. Time-based testing frequency:

TF = daily production / sample size

b. Quantity-based testing frequency:
TF = batch quantity / sample size

5. Type I errors and type II errors are critical to the determination of sample sizes. The
producer’s risk (type I error) affects the contractor, because it is probable that the
agency may reject what is, in fact, an acceptable work. The customer’s risk (type II
error) affects the agency, because it is probable that the agency may accept what is in
fact an unacceptable work. The true meaning of risk is how much one is willing to
lose in terms of dollars if an action is taken. The goal of developing statistically based
methodology for determining the appropriate testing frequencies is to minimize

(within practical limits) and/or balance the risks of both parties.

6. The sensitivity analysis shows that the statistical model for determining the sample
size presented in Chapter 2 (Equation 2.16) is sensitive to the change of material
variability, confidence level (type I error), type II error, and the range of acceptability
(tolerable error). According to the equation, the sample size is proportional to the
variability (square of standard deviation). That is, for materials with larger variability,
a larger sample size will be required in order to achieve the same reliability of
material testing for a test with a smaller variability. The required sample size is
inversely proportional to the square of the tolerable error. The larger the tolerable
error, the smaller the required sample size. As for the confidence level, the

contractor’s risk (o ) and the agency’s risk (B ) will decrease if the sample size

Increases.
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8.2 Recommendations

8.2 Recommendations

The issues deserving additional research in the future are recommended as follows:

1. The statistics-based methodology developed in this research can be used not only for
evaluating current QC/QA practice used at TxDOT, but also for determining
appropriate testing frequencies for QC/QA programs.

2. Collection of project level data to continue compiling the developed database will
increase the reliability of the methodology. Furthermore, by gathering data at the
beginning of the construction activities on new projects, the rates of production can

be taken into consideration to enhance the developed methodology.

3. As for continuing this research, it is recommended that a computer program be
developed to speed up the calculation of the required sample size and ensure higher

accuracy.
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Appendix A

The “Guide Schedule of Sampling and Testing,” which applies to all the contracts under

construction, is presented in the following tables.
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Appendix B

The following the tables are the sensitivity analysis of all the tests included in the research.
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Table B.1 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Compressive Strength 7 Days

Conf. | Other Factors Sample Size (n)

Level u 4682[B =0.05]p =0.10[p = 0.20[p = 0.30]p = 0.40[p = 0.50[p =0.60]
99 G 675.1 4 4 3 2 2 1 1
97 e 1300 3 3 2 2 1 1 1
95 3 2 2 1 1 1 1
90 2 2 1 1 1 0 0
85 2 1 1 1 0 0 0
80 2 1 1 1 0 0 0
75 1 1 1 0 0 0 0
70 1 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 0 0 0 0 0 0
40 1 0 0 0 0 0 0
5
4

——B=0.05
o ——p=0.1
N 3 —A—B=0.2
2 ——p=0.3
§ 9 —¥— B=0.4
——pB=0.5
—+—pB=0.6
1
0 n

30

40 50

60

70

Confidence Level

80

90

100

Figure B.1 Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Compressive Strength 7 Days
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Table B.2 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Compressive Strength 7 Days

Other Factors Sample Size (n)

=
Il

o 02 |B =0.03[g=0.10]p = 0203 = 0.30[p = 0.40)

B =0.60

300

Z, 0.84 31 23 14 10

350

—_
~
~

400

n 4682 23 11
s 675.1 18

o)

500

11

600

(o]

650

680

700

800

900

1000

1100

1300

1500

o
=1 [=1=11=]r=] =N =N =N =N 5N BN T S PN S

—\—\mew-h-hmouooa
222NN lw] O

O|=2 =2 =22 =2 ININININ|W;

(=] [=] (=] = B B e e e S SA K981 9] K e)

=ININ|WW|A|O|O|N

[=l (=]l [=]l[=l[=l[=][=]l (=]l (=] =] = = B 1\®
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?\ .
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i\ b
A el
A\\\\ ——p-05

—+—B=0.6

B=0.05
B=0.1

0 200 400 600 800 1000 1200 1400 1600

Tolerable Error

Figure B.2 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Compressive Strength 7 Days
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Table B.3 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Compressive Strength 28 Days.

Conf. | Other Factors Sample Size (n)
Level n 5951|8 =0.05|8 = 0.10[5 = 0.20|8 = 0.30[5 = 0.40|3 = 0.50|5 = 0.60]
99 G 706.4 4 3 2 2 1 1 1
97 e 1500 3 2 2 1 1 1 1
95 2 2 1 1 1 1 0
90 2 1 1 1 1 0 0
85 2 1 1 1 0 0 0
80 1 1 1 0 0 0 0
75 1 1 1 0 0 0 0
70 1 1 0 0 0 0 0
60 1 1 0 0 0 0 0
50 1 0 0 0 0 0 0
40 0 0 0 0 0 0 0
4
3 [ ——p-0.05
o —— =01
i;_; —h&— =02
2 2 ——p=0.3
§ —X— p=0.4
—— =05
1 / ——p=0.6
0 i
30 40 50 60 70 80 90 100

Confidence Level

Table B.3 Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Compressive Strength 28 Days
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Table B.4 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Compressive Strength 28 Days.

Other Factors

Sample Size (n)

e o 02 |5 =003 =0.10[5 =0.20[3 = 0303 = 0.40]3 = 0.505 = 0.60
300 Z, 0.84 34 25 16 10 7 4 2
400 u 5951 19 14 9 6 4 2 1
500 c 706.42 12 9 6 4 2 1 1
600 9 6 4 3 2 1 0
700 6 5 3 2 1 1 0
800 5 4 2 1 1 1 0
900 4 3 2 1 1 0 0
1100 3 2 1 1 0 0 0
1300 2 1 1 1 0 0 0
1500 1 1 1 0 0 0 0
1700 1 1 0 0 0 0 0
1900 1 1 0 0 0 0 0
2000 1 1 0 0 0 0 0
2100 1 1 0 0 0 0 0

40
35
30 K
\ —— B=0.05

o 25 —— p=0.1

5 1\ o0

220 —— p=0.3

£ \\ —¥— p=0.4

@ 15 A —— -

B=0.5
A R

1000 1500

Tolerable Error

2500

Figure B.4 Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Compressive Strength 28 Days.
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Table B.5 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Slump

Conf. | Other Factors Sample Size (n)
Level 0 4.0/8=0.05[8 =0.10[8 = 0.20[8 = 0.30[ 3 = 0.40[8 = 0.50] 8 = 0.60]
99 G 1.7 6 5 4 3 3 2 2
97 e 3 5 4 3 2 2 2 1
95 4 3 3 2 2 1 1
90 3 3 2 2 1 1 1
85 3 2 2 1 1 1 0
80 3 2 1 1 1 1 0
75 3 2 1 1 1 0 0
70 2 2 1 1 1 0 0
60 2 1 1 1 0 0 0
50 2 1 1 0 0 0 0
40 2 1 1 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0
0 1 1 0 0 0 0 0
6
5 I
’/‘/. —— =005
. 4 —— p=0.1
& —h— =02
é- 3 / i‘ _x_ﬂ:oj
5 i —¥— B=0.4
@ 2 j lli‘ ——p=0.5
G | ——p=06
14
0 % T %% 4
0 20 40 60 80 100

Confidence Level

Figure B.5 Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Slump




Table B.6 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Slump

Other Factors Sample Size (n)

e o 0.2 [8=0038=010p =020 =030 =0.40[8 =0.50[8 = 0.6()
0.8 Zy2 1.28 39 30 20 15 11 7 5

1 u 4.0 25 19 13 9 7 5 3
1.2 c 1.70 17 13 9 7 5 3 2
1.5 11 8 6 4 3 2 1
1.6 10 7 5 4 3 2 1
1.7 9 7 4 3 2 2 1
1.8 8 6 4 3 2 1 1
1.9 7 5 4 3 2 1 1
2 6 5 3 2 2 1 1
2.2 5 4 3 2 1 1 1
2.5 4 3 2 2 1 1 0
2.8 3 2 2 1 1 1 0
3 3 2 1 1 1 1 0
3.5 2 2 1 1 1 0 0
45

40

35 \

\ —— =0.05

30 l\ ——p-0.1
25 \ —A— =02

IR by
AN .
N, o)

Sample Size

Tolerable Error

Figure B.6 Sample Size vs. Tolerable Error. Concrete for Structures ‘Class C & S’ — Slump
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Table B.7 Relationship Sample Size vs. Confidence Level.

Concrete for Structures ‘Class C & S’ — Slump Plant

0 20 40 60 80 100

Confidence Level

Conf. | Other Factors Sample Size (n)
Level n 5.3|8 =0.05|8 =0.10]8 = 0.20[5 = 0.30[5 = 0.40|8 = 0.50|8 = 0.60
99 c 1.9 7 6 5 4 3 3 2
97 e 3 6 5 4 3 2 2 2
95 5 4 3 3 2 2 1
90 5 4 3 2 2 1 1
85 4 3 2 2 1 1 1
80 4 3 2 1 1 1 0
75 3 2 2 1 1 1 0
70 3 2 1 1 1 0 0
60 3 2 1 1 0 0 0
50 2 2 1 1 0 0 0
40 2 1 1 0 0 0 0
30 2 1 1 0 0 0 0
20 2 1 0 0 0 0 0
10 1 1 0 0 0 0 0
0 1 1 0 0 0 0 0
8
| /
—— (=0.05
o —— 3=0.1
7 —A— =02
2 —%— =03
£ —¥— p=0.4
@ ——(=0.5
—— =06

Figure B.7 Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Slump Plant
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Table B.8 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Slump Plant

Other Factors Sample Size (n)
e o 0.2 |8 =0.05(8=0.10[8 =0.20|8 = 0.30|8 = 0.40[8 = 0.50{5 = 0.60
0.8 Zy2 1.28 50 38 26 19 14 10 6
1 U 5.3 32 25 17 12 9 6 4
1.2 c 1.94 22 17 12 9 6 4 3
1.5 14 11 7 5 4 3 2
1.6 13 10 7 5 3 2 2
1.7 11 9 6 4 3 2 1
1.8 10 8 5 4 3 2 1
1.9 9 7 5 3 2 2 1
2 8 6 4 3 2 2 1
2.2 7 5 3 3 2 1 1
25 5 4 3 2 1 1 1
2.8 4 3 2 2 1 1 0
3 4 3 2 1 1 1 0
3.5 3 2 1 1 1 1 0
60
50 Q
—— (-0.05

40 —B— 0.1
.\\ —A— =02
30 —— =03
‘\\\\ —¥— =04
20 ——p-05

—— =06

Sample Size

0 0.5 1 1.5 2 2.5 3 3.5 4

Tolerable Error

Figure B.8 Sample Size vs. Tolerable Error. Concrete for Structures ‘Class C & S’ — Slump
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Table B.9 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Air content.

Conf. | Other Factors Sample Size (n)

Level n 5.4|8 =0.05|5 =0.10|8 = 0.20[5 = 0.30]8 = 0.40[5 = 0.50|8 = 0.60
99 o 1.0 8 6 5 4 3 3 2
97 e 1.5 6 5 4 3 3 2 2
95 6 5 3 3 2 2 1
90 5 4 3 2 2 1 1
85 4 3 2 2 1 1 1
80 4 3 2 1 1 1 0
75 3 3 2 1 1 1 0
70 3 2 2 1 1 0 0
60 3 2 1 1 1 0 0
50 2 2 1 1 0 0 0
40 2 1 1 0 0 0 0
30 2 1 1 0 0 0 0
20 2 1 1 0 0 0 0
10 1 1 0 0 0 0 0
0 1 1 0 0 0 0 0

9
——B=0.05
1) —l—B=0.1
3 —A—pB=02
2 ——=0.3
§ —¥—B=0.4
—0— (=05
—+—B=0.6
0 20 40 60 80 100
Confidence Level

Figure B.9 Sample Size vs. Confidence Level.
Concrete for Structures ‘Class C & S’ — Air content.
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Table B.10 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Air Content.

Other Factors

Sample Size (n)

o 0.2 |6 =0.05p=0.101 =0.20[8 = 0.30[8 = 0.40|8 = 0.50|8 = 0.60

0.5 Z.2 1.28 33 25 17 13 9 6 4

0.6 U 54 23 18 12 9 6 4 3

0.7 c 1.0 17 13 9 6 5 3 2

0.8 13 10 7 5 4 2 2

0.9 10 8 5 4 3 2 1

1 8 6 4 3 2 2 1

1.1 7 5 4 3 2 1 1

1.2 6 4 3 2 2 1 1

1.3 5 4 3 2 1 1 1

1.4 4 3 2 2 1 1 1

1.5 4 3 2 1 1 1 0

2 2 2 1 1 1 0 0

2.5 1 1 1 1 0 0 0

3 1 1 0 0 0 0 0

——pB-0.05
o —l—B=0.1
» —&—p-02
2 ——p=0.3
£ —¥— p=0.4
@ —8— (=05
—+—B=0.6

0 0.5 1

1.5 2 25 3 35

Tolerable Error

Figure B.10 Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class C & S’ — Air Content
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Table B.11 Relationship Sample Size vs. Confidence Level.

Concrete for Pavements — Compressive Strength 7 Days

Conf. | Other Factors Sample Size (n)

Level u 4378 £ =0.50[4 =0.60
99 c 569.1 9 8 6 5 4 3 3
97 e 800 7 6 5 4 3 2 2
95 7 5 4 3 2 2 1
90 5 4 3 2 2 1 1
85 5 4 3 2 1 1 1
80 4 3 2 2 1 1 1
75 4 3 2 1 1 1 0
70 4 3 2 1 1 1 0
60 3 2 1 1 1 0 0
50 3 2 1 1 0 0 0
40 2 2 1 1 0 0 0

10
——B=0.05

° ——p=0.1

» —A—p=02

2 —%—p=03

g —¥— =04

® ——p=0.5

—+—B=0.6

30

Confidence Level

Figure B.11 Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 7 Days




Table B.12 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 7 Days

Other Factors Sample Size (n)

e o 0.2 |B =0.058=0.10/8 =0.20|8 = 0.30{8 = 0.40|58 = 0.50| 8 = 0.60
300 Z, 0.84 22 16 10 7 4 3 1
400 u 4378 12 9 6 4 2 1 1
500 G 569.1 8 6 4 2 2 1 0
600 6 4 3 2 1 1 0
700 4 3 2 1 1 0 0
800 3 2 1 1 1 0 0
900 2 2 1 1 0 0 0
1000 2 1 1 1 0 0 0
1100 2 1 1 1 0 0 0
1200 1 1 1 0 0 0 0
1300 1 1 1 0 0 0 0
1400 1 1 0 0 0 0 0
1500 1 1 0 0 0 0 0
1600 1 1 0 0 0 0 0

25

20 \

—— B=0.05
- q\ ——B=0.1
7] —&— (=02
§ 10 A —H—p=0.4
-\x\\ —0—p=0.5
5 N —+—p=0.6
0 M

200 400 600 800 1000 1200 1400 1600 1800

Tolerable Error

Figure B.12 Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 7 Days
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Table B.13 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 28 Days

Conf. | Other Factors Sample Size (n)

Level M 5289|3 = 0.05[ = 0.10[3 = 0.20[8 = 0.30]8 = 0.40[8 = 0.50[8 = 0.60
99 c 628.7 6 5 4 3 3 2 2
97 e 1000 5 4 3 2 2 1 1
95 4 3 2 2 1 1 1
90 3 3 2 1 1 1 0
85 3 2 1 1 1 0 0
80 2 2 1 1 0 0 0
75 2 2 1 1 0 0 0
70 2 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 1 0 0 0 0 0
40 1 0 0 0 0 0 0

7

6 ) 4

5 ——B=0.05
o ——p=0.1
>4 —A—p=02
2 / . —%—=0.3
£3 —¥— B=0.4
? 2 / —0—[=0.5

—+—pB=0.6
1 4
0 p
30 40 50 60 70 80 90 100

Confidence Level

Figure B.13 Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 28 Days
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Table B.14 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 28 Days

Other Factors Sample Size (n)

e o 0.2 |8=0038=0.10p =020 =0.30[8 =0.40[8 = 0.50[ = 0.60)
300 Z, 0.84 27 20 12 8 5 3 1
400 u 5289 15 11 7 5 3 2 1
500 o 628.7 10 7 4 3 2 1 1
600 7 5 3 2 1 1 0
700 5 4 2 2 1 1 0
800 4 3 2 1 1 0 0
900 3 2 1 1 1 0 0
1000 2 2 1 1 0 0 0
1100 2 1 1 1 0 0 0
1200 2 1 1 1 0 0 0
1300 1 1 1 0 0 0 0
1400 1 1 1 0 0 0 0
1500 1 1 0 0 0 0 0
1600 1 1 0 0 0 0 0

30

25 X

\ ——B=0.05

o D —m—p=0.1
P \ —A—p=0.2
é_ 15 x\ —X—p=0.3
5 —K— B=0.4
@ \ —0—p=0.5
\ —+—pB=0.6

800

1000

1200 1400 1600

Tolerable Error

1800

Figure B.14 Sample Size vs. Tolerable Error.

Concrete for Pavements — Compressive Strength 28 Days

106




Table B.15 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 90 Days

Conf. | Other Factors Sample Size (n)

Level m 6111|6 =0.05|8 =0.10|5 = 0.20|8 = 0.30[5 = 0.40|8 = 0.50[ 8 = 0.60
99 o 372.8 2 2 1 1 1 1 1
97 e 1000 2 1 1 1 1 0 0
95 2 1 1 1 1 0 0
90 1 1 1 0 0 0 0
85 1 1 0 0 0 0 0
80 1 1 0 0 0 0 0
75 1 1 0 0 0 0 0
70 1 0 0 0 0 0 0
60 1 0 0 0 0 0 0
50 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0
3
2

——B=0.05
s, ——B=0.1
7] —&—B=0.2
° —%—pB=03
g 1 —H—p=0.4
(7]
—0— (=05
—+—B=0.6
1
0 ; ;
30 40 50 60 70 80 90 100

Confidence Level

Figure B.15 Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 90 Days
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Table B.16 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 90 Days

Other Factors Sample Size (n)

e o 0.2 [8=0.03p=0.10{=0.20[8 =0.30]3 = 0.40[8 = 0.50] 8 = 0.60)
200 Z, 0.84 21 16 10 7 4 2 1
300 u 6111 10 7 4 3 2 1 1
350 G 372.8 7 5 3 2 1 1 0
400 5 4 2 2 1 1 0
500 3 2 2 1 1 0 0
600 2 2 1 1 0 0 0
700 2 1 1 1 0 0 0
800 1 1 1 0 0 0 0
900 1 1 0 0 0 0 0
1000 1 1 0 0 0 0 0
1100 1 1 0 0 0 0 0
1200 1 0 0 0 0 0 0
1500 0 0 0 0 0 0 0
2000 0 0 0 0 0 0 0

25
0| 3
——B=0.05
——p=0.1
] |
& 15 —A— =02
2 —%—p=03
§ 10 —¥— B=0.4
\ —8—p=0.5
—+—B=0.6
5 \\
0 i

0 500 1000 1500 2000 2500

Tolerable Error

Figure B.16 Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 90 Days
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Table B.17 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 7 Days (Cores)

Conf. | Other Factors Sample Size (n)
Level u 4328|5 =0.05 S =0.20[8 =0.30]5 = 0.40,

is)
Il

B =0.60

is)
Il

—_
—_

99 c 668.4

97 e 800

95

90

85

80

75

70

60

50

(=)
=l nv|w|w]s|lolo|N|o] S
e
olo|o|o|o|lo|=]|an|v|a]

= IN| WA~ JO]|O]00]|©

O|O| =2 |=2INININ|W|A~ |0
[=] =] =] = = B LN LS [ B (e
[=][=][=]l(=] = = = LS S [t 4
O|O|O|O|O|O|O|=2|=2|N|W

40

Sample Size

12

10
//- ——p=0.05

8 ——p=0.1
—A—pB=02
6 —%—B=0.3
/ /( —¥—pB=0.4
4 7( —0—p=0.5
——B=0.6
2 p
0
30 40 50 60 70 80 90 100

Confidence Level

Figure B.17 Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 7 Days (Cores
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Table B.18 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 7 Days (Cores)

Other Factors Sample Size (n)

e o 0.2 |B =0.03p =0.10[ = 0.20[p = 0.30[B = 0.40[B = 0.50[ = 0.60
300 Z, 0.84 31 22 14 9 6 4 2
400 u 4328 17 13 8 5 3 2 1
500 o 668.36 11 8 5 3 2 1 1
550 9 7 4 3 2 1 0
600 8 6 4 2 2 1 0
650 7 5 3 2 1 1 0
700 6 4 3 2 1 1 0
750 5 4 2 1 1 1 0
800 4 3 2 1 1 0 0
850 4 3 2 1 1 0 0
900 3 2 2 1 1 0 0
950 3 2 1 1 1 0 0
1000 3 2 1 1 1 0 0
1100 2 2 1 1 0 0 0

35
30
25 —&— (=0.05
o ——B=0.1
& 20 —h— =02
2 —%—pB=03
E 15 —¥— B=0.4
@ —0—p=0.5
10 —+—B=0.6
5
0

0 200 400 600 800 1000 1200

Tolerable Error

Figure B.18 Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 7 Days (Cores)
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Table B.19 Relationship Sample Size vs. Confidence Level.

Concrete for Pavements — Compressive Strength 28 Days (Cores)

Conf.
Level

Other Factors

Sample Size (n)

n

5031|8 = 0.03]3 = 0.10]3 = 0.20[3 = 0.30]3 = 0.40)

=

B =0.60

99
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—+—B=0.6

Figure B.19 Sample Size vs. Confidence Level.

Concrete for Pavements — Compressive Strength 28 Days (Cores)
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Table B.20 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 28 Days (Cores)

Other Factors Sample Size (n)

e o 0.2 |B =0.058=0.10/8 =0.20|8 = 0.30{8 = 0.40|58 = 0.50| 8 = 0.60
350 Z, 0.84 30 22 14 9 6 3 2
400 U 5031 23 17 11 7 5 3 1
500 G 773.3 15 11 7 4 3 2 1
600 10 7 5 3 2 1 1
700 8 5 3 2 1 1 0
750 7 5 3 2 1 1 0
780 6 4 3 2 1 1 0
800 6 4 3 2 1 1 0
900 5 3 2 1 1 1 0
1100 3 2 1 1 1 0 0
1300 2 2 1 1 0 0 0
1400 2 1 1 1 0 0 0
1500 2 1 1 0 0 0 0
1600 1 1 1 0 0 0 0

35
——=0.05
o ——B=0.1
3 —A—B=02
2 ——p=0.3
&,% —¥—p=0.4
——pB=0.5
—+—B=0.6

800 1000

Tolerable Error

1200

1400

1600

1800

Figure B.20 Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 28 Days (Cores
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Table B.21 Relationship Sample Size vs. Confidence Level.

Concrete for Pavements — Compressive Strength 90 Days (Cores)

Conf. | Other Factors Sample Size (n)

Level M 5599|5 = 0.05[ = 0.10[ 8 = 0.20] 8 = 0.30[8 = 0.40[ 3 = 0.50[ 8 = 0.60
99 c 834.2 5 4 3 3 2 2 1
97 e 1500 4 3 2 2 1 1 1
95 3 3 2 1 1 1 1
90 3 2 1 1 1 1 0
85 2 2 1 1 1 0 0
80 2 1 1 1 0 0 0
75 2 1 1 0 0 0 0
70 1 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 1 0 0 0 0 0
40 1 0 0 0 0 0 0
6

5
——B=0.05
. 4 ——p=0.1
9 —A—p=0.2
33 ——p=0.3
£ —¥—B=0.4
@ 9 ——p=0.5
——pB=0.6
1
0 : ‘
30 40 50 60 70 80 90 100

Confidence Level

Figure B.21 Sample Size vs. Confidence Level.
Concrete for Pavements — Compressive Strength 90 Days (Cores)
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Table B.22 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 90 Days (Cores)

Other Factors Sample Size (n)

e o 0.2 |8 =0.03=0.10[8 =0.20[8 = 0.30[8 = 0.40[5 = 0.50[8 = 0.60
300 Z, 0.84 48 35 22 15 9 5 3
400 u 5599 27 20 12 8 5 3 1
500 o 834.2 17 13 8 5 3 2 1
700 9 6 4 3 2 1 0
750 8 6 3 2 1 1 0
800 7 5 3 2 1 1 0
850 6 4 3 2 1 1 0
900 5 4 2 2 1 1 0
950 5 3 2 1 1 1 0
1000 4 3 2 1 1 0 0
1100 4 3 2 1 1 0 0
1200 3 2 1 1 1 0 0
1400 2 2 1 1 0 0 0
1600 2 1 1 1 0 0 0

60
50
\ ——B=0.05
. 40 ——p=0.1
P l\\ —A— =02
230 —%—p=0.3
£ \ —¥—B=0.4
n
20 A —0—p=0.5
\ \\ —+—pB=0.6
o A\
0

800 1000 1200 1400 1600 1800

Tolerable Error

Figure B.22 Sample Size vs. Tolerable Error.
Concrete for Pavements — Compressive Strength 90 Days (Cores)
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Table B.23 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Flexural Strength 7 Days

Conf. | Other Factors Sample Size (n)
Level M 593|8 = 0.05[3 = 0.10[8 = 0.20[8 = 0.30[8 = 0.40[3 = 0.50[3 = 0.60]
99 c 62.5 6 5 4 3 3 2 2
97 e 100 5 4 3 2 2 1 1
95 4 3 2 2 1 1 1
90 3 3 2 1 1 1 0
85 3 2 1 1 1 0 0
80 2 2 1 1 0 0 0
75 2 1 1 1 0 0 0
70 2 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 1 0 0 0 0 0
40 1 0 0 0 0 0 0
7
6 4
5 ——B=0.05
o / —l—p=0.1
& 4 —h—B=02
%_ / . —*—3=0.3
E 3 —K—B=0.4
’ / —0—p=05
2 —+—B=0.6
1 4
0

30 40 50 60 70 80 90 100

Confidence Level

Figure B.23 Sample Size vs. Confidence Level.
Concrete for Pavements — Flexural Strength 7 Days
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Table B.24 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Flexural Strength 7 Days

100 150 200 250

Tolerable Error

Other Factors Sample Size (n)
e o 0.2 |8=0.05p=010|8 =020 =030 =0.40]3 =0.50[3 = 0.60
30 Z, 0.84 27 19 12 8 5 3 1
40 n 593 15 11 7 5 3 2 1
50 o 62.5 10 7 4 3 2 1 1
60 7 5 3 2 1 1 0
70 5 4 2 1 1 1 0
80 4 3 2 1 1 0 0
100 2 2 1 1 0 0 0
120 2 1 1 1 0 0 0
130 1 1 1 0 0 0 0
150 1 1 0 0 0 0 0
160 1 1 0 0 0 0 0
180 1 1 0 0 0 0 0
200 1 0 0 0 0 0 0
220 0 0 0 0 0 0 0
30

25 S
\ ——$=0.05
0 20 ——p=0.1
» .\\ —A—p=02
2 15 ——B=0.3
£ \. —¥—pB=0.4

3 A
—0— =05
\ —+—pB=0.6

Figure B.24 Sample Size vs. Tolerable Error.
Concrete for Pavements — Flexural Strength 7 Days.
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Table B.25 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Flexural Strength 28 Days

Conf. | Other Factors Sample Size (n)
Level mn 690|4 =0.05(8 =0.10|5 = 0.20|5 = 0.30[5 = 0.40[8 = 0.50|8 = 0.60,
99 c 62.3 6 5 4 3 3 2 2
97 e 100 5 4 3 2 2 1 1
95 4 3 2 2 1 1 1
90 3 3 2 1 1 1 0
85 3 2 1 1 1 0 0
80 2 2 1 1 0 0 0
75 2 1 1 1 0 0 0
70 2 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 1 0 0 0 0 0
40 1 0 0 0 0 0 0
7
6 L 4
5 ——B=0.05
o / ——p=0.1
>4 —A— =02
2 / y —%—p=03
£3 —¥— B=0.4
’ / —8—p-0.5
2 —+—p=0.6
1 p
0 i

30 40 50 60 70 80 90 100

Confidence Level

Figure B.25 Sample Size vs. Confidence Level.
Concrete for Pavements — Flexural Strength 28 Days
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Table B.26 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Flexural Strength 28 Days

100
Tolerable Error

150 200

250

Other Factors Sample Size (n)

e o 0.2 |B=0.058=0.10(8 =0.20/5 = 0.30|3 = 0.40{3 = 0.50(5 = 0.60

30 Z, 0.84 27 19 12 8 5 3 1

40 n 690 15 11 7 5 3 2 1

50 o 62.3 10 7 4 3 2 1 1

60 7 5 3 2 1 1 0

70 5 4 2 1 1 1 0

80 4 3 2 1 1 0 0

100 2 2 1 1 0 0 0

120 2 1 1 1 0 0 0

130 1 1 1 0 0 0 0

150 1 1 0 0 0 0 0

160 1 1 0 0 0 0 0

180 1 1 0 0 0 0 0

200 1 0 0 0 0 0 0

220 0 0 0 0 0 0 0

30
25 !
\ ——B=0.05
o 20 —8—p=0.1
& .\\ —h—p=0.2
%_ 15 —*—B=0.3
£ —¥—p=0.4
@ A\\- —0—p=

p=0.5
——B=0.6

Figure B.26 Sample Size vs. Tolerable Error.

Concrete for Pavements — Flexural Strength 28 Days
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Table B.27 Relationship Sample Size vs. Confidence Level.

Concrete for Pavements — Flexural Strength 90 Days

Conf. | Other Factors Sample Size (n)
Level m 808|5 =0.05|4 =0.10|8 = 0.20[5 = 0.30]3 = 0.40[5 = 0.50]8 = 0.60
99 c 33.8 2 1 1 1 1 1 0
97 e 100 1 1 1 1 1 0 0
95 1 1 1 1 0 0 0
90 1 1 1 0 0 0 0
85 1 1 0 0 0 0 0
80 1 1 0 0 0 0 0
75 1 0 0 0 0 0 0
70 1 0 0 0 0 0 0
60 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0
2
2
2
1 ——p=0.05
o ——p=0.1
N1 —A—pB=02
21 —*%—B=0.3
g —¥—B=0.4
(7]
—0— (=05

1 ——B=0.6

0

0

0 : ;

30 40 50 60 70 80 90 100

Confidence Level

Figure B.27 Sample Size vs. Confidence Level.
Concrete for Pavements — Flexural Strength 90 Days
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Table B.28 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Flexural Strength 90 Days

Other Factors

Sample Size (n)

100

Tolerable Error

150

200

e o 0.2 |8=0.03p=0.10{8=0.20[8 = 0.30]3 = 0.40[8 = 0.50] 8 = 0.60)
20 Z, 0.84 18 13 8 5 3 2 1
25 u 808 11 8 5 3 2 1 1
30 c 33.8 8 6 4 2 2 1 0
40 4 3 2 1 1 1 0
50 3 2 1 1 1 0 0
60 2 1 1 1 0 0 0
70 1 1 1 0 0 0 0
80 1 1 1 0 0 0 0
90 1 1 0 0 0 0 0
100 1 1 0 0 0 0 0
110 1 0 0 0 0 0 0
120 0 0 0 0 0 0 0
150 0 0 0 0 0 0 0
200 0 0 0 0 0 0 0
20
18 T
16
14 \ ——(=0.05
——=0.1
812 *\\* —h— E—o 2
s =0.
2 10 ——B=0.3
g 5 \ —¥—p=0.4
(7]
] \ —0—(=0.5
——p=0.6
R e
K7
PRI
O p

250

Figure B.28 Sample Size vs. Tolerable Error.
Concrete for Pavements — Flexural Strength 90 Days
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Table B.29 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 7 days

Conf. | Other Factors Sample Size (n)
Level M 442 =0.038 =0.10[8 = 0.20[8 = 0.30[3 = 0.40]3 = 0.50]8 = 0.60)

99 c 48.7

97 e 80

95

90

85

80

75

70

60

50

=22 INININ|WW A O|O
O] 2212 NININ|W] O,
O|O|O|=2]2 22NN W
QOO0 =222 ININ|W
[=]l[=]l[=] (=] (=] [=] = = L] L
[=l[=ll=]l =]l (=]l [=] =l = = "]
[=]l[=]l[=]l (=]l [=l[=]l[=][=] = = L]

40

Sample Size

5 / —— =0.05
/ /. ——p=0.1
4 —h— =02
ﬂ /‘ —%—p=0.3
3 X —K—B=0.4
/ —0—B=0.5
2

——B=0.6

30 40 50 60 70 80 90 100
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Figure B.29 Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 7 days
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Table B.30 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 7 days

Other Factors

Sample Size (n)

100 150 200 250

Tolerable Error

e o 0.2 |8=0038=0.10{ =020 =0.30]8 =0.40[8 = 0.50[8 = 0.60)
30 Z, 0.84 16 12 7 5 3 2 1
40 u 442 9 7 4 3 2 1 0
50 o 48.7 6 4 3 2 1 1 0
60 4 3 2 1 1 0 0
80 2 2 1 1 0 0 0
100 1 1 1 0 0 0 0
110 1 1 1 0 0 0 0
120 1 1 0 0 0 0 0
130 1 1 0 0 0 0 0
140 1 1 0 0 0 0 0
150 1 0 0 0 0 0 0
160 1 0 0 0 0 0 0
170 1 0 0 0 0 0 0
200 0 0 0 0 0 0 0
18
16 ¢
14 \ N
\ ——=0.05
0 2 \\ ——p=0.1
% 10 —&— (=02
= \\ —*%—p=03
E 8 —¥— p=0.4
: AR\ .
6 p=0.5
——p=0.6

Figure B.30 Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 7 days
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Table B.31 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 28 days

Confidence Level

Conf. | Other Factors Sample Size (n)
Level M 503|8 = 0.05[3 = 0.10[8 = 0.20[8 = 0.30[8 = 0.40[3 = 0.50[3 = 0.60]

99 c 62.1 6 5 4 3 3 2 2

97 e 100 5 4 3 2 2 1 1

95 4 3 2 2 1 1 1

90 3 3 2 1 1 1 0

85 3 2 1 1 1 0 0

80 2 2 1 1 0 0 0

75 2 1 1 1 0 0 0

70 2 1 1 0 0 0 0

60 1 1 0 0 0 0 0

50 1 1 0 0 0 0 0

40 1 0 0 0 0 0 0

7

6 /

5 ——B=0.05
o ’/‘ ——=0.1
.‘;_; 4 —&— (=02
2 / X he03
£3 K| —%—p-04
’ / —0—(=0.5

2 —+—p=0.6

14

0 - : ;

30 40 50 60 70 80 90 100

Figure B.31 Sample Size vs. Confidence Level.

Concrete for Pavements — Splitting tensile strength 28 days
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Table B.32 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 28 days

Other Factors

Sample Size (n)

e o 02 | =00355=0.105 = 0203 = 0303 = 0.40,3 = 0.50 3 = 0.60
30 Z, 0.84 26 19 12 8 5 3 1
40 u 503 15 11 7 5 3 2 1
50 c 62.1 10 7 4 3 2 1 1
60 7 5 3 2 1 1 0
80 4 3 2 1 1 0 0
100 2 2 1 1 0 0 0
110 2 1 1 1 0 0 0
120 2 1 1 1 0 0 0
130 1 1 1 0 0 0 0
140 1 1 1 0 0 0 0
150 1 1 0 0 0 0 0
160 1 1 0 0 0 0 0
170 1 1 0 0 0 0 0
200 1 0 0 0 0 0 0
30
25 M
\ —— =0.05

o ——p=0.1

3 —A—p=02

] —— =03

E —¥—p=0.4

@ ——B=0.5

——B=0.6

0 50 100 150 200 250

Tolerable Error

Figure B.32 Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 28 days
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Table B.33 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 90 days

Sample Size

Conf. | Other Factors Sample Size (n)

Level m 593|5 =0.05|8 =0.10[8 = 0.20|8 = 0.30[8 = 0.40|5 = 0.50{8 = 0.60
99 c 57.5 5 4 3 3 2 2 1
97 e 100 4 3 2 2 2 1 1
95 4 3 2 2 1 1 1
90 3 2 1 1 1 1 0
85 2 2 1 1 1 0 0
80 2 1 1 1 0 0 0
75 2 1 1 0 0 0 0
70 2 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 1 0 0 0 0 0
40 1 0 0 0 0 0 0

6
5 ’

/ r —— p=0.05
4 ——B=0.1

/ / —A—B=0.2
3 f ——B=0.3

/< —¥—B=0.4
9 K |—e—p=0s

——B=0.6

30 40 50 60 70 80 90 100

Confidence Level

Figure B.33 Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 90 days
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Table B.34 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 90 days

Other Factors Sample Size (n
e o 0.2 |8 =0.03=0.10[8 =0.20[8 = 0.30[8 = 0.40[8 = 0.50[ 8 = 0.60
30 Z, 0.84 23 17 10 7 4 3 1
40 n 593 13 9 6 4 3 1 1
50 o 57.5 8 6 4 2 2 1 0
60 6 4 3 2 1 1 0
80 3 2 1 1 1 0 0
100 2 1 1 1 0 0 0
110 2 1 1 1 0 0 0
120 1 1 1 0 0 0 0
130 1 1 1 0 0 0 0
140 1 1 0 0 0 0 0
150 1 1 0 0 0 0 0
160 1 1 0 0 0 0 0
170 1 1 0 0 0 0 0
200 1 0 0 0 0 0 0
25
wl
\ ——B=0.05
g 15 1 -
7 p=0.2
] \\ ——p=03
e 10 A —¥—B=0.4
(72}
——p=0.5
—+—pB=0.6
IR\ B
0
50 100 150 200 250

Tolerable Error

Table B.34 Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 90 days
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Table B.35 Relationship Sample Size vs. Tolerable Error.

Concrete for Pavements — Splitting tensile strength 7 days (Cores)

Confidence Level

Conf. | Other Factors Sample Size (n)

Level u 521 £ =0.10 408 =0.50|8 =0.60
99 c 80.5 10 8 7 5 4 4 3
97 e 100 8 6 5 4 3 2 2
95 7 6 4 3 2 2 1
90 6 4 3 2 2 1 1
85 5 3 2 2 1 1 0
80 4 3 2 1 1 0 0
75 3 2 1 1 1 0 0
70 3 2 1 1 0 0 0
60 2 2 1 0 0 0 0
50 2 1 0 0 0 0 0
40 1 1 0 0 0 0 0

12

10

——B=0.05
. 8 ——B=0.1
7] —A—p=02
2 6 —%—p=0.3
& ./'/:/ —K—p=04
? 4 ——p=0.5
/ —+—B=0.6
2 —a
0
30 50

Figure B.35 Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 7 days (Cores)




Table B.36 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 7 days (Cores)

Other Factors Sample Size (n)
e o 0.2 |8 =0.03=0.10[8 =0.20[8 = 0.30[8 = 0.40[8 = 0.50[ 8 = 0.60
30 Z, 0.84 16 12 7 5 3 2 1
40 u 442 9 7 4 3 2 1 0
50 o 48.7 6 4 3 2 1 1 0
60 4 3 2 1 1 0 0
80 2 2 1 1 0 0 0
100 1 1 1 0 0 0 0
110 1 1 1 0 0 0 0
120 1 1 0 0 0 0 0
130 1 1 0 0 0 0 0
140 1 1 0 0 0 0 0
150 1 0 0 0 0 0 0
160 1 0 0 0 0 0 0
170 1 0 0 0 0 0 0
200 0 0 0 0 0 0 0
18
16 *
14 \
\ ——B=0.05
o \\ ——p=0.1
@ 10 —A—p=02
e \\ —%—p=0.3
E 8 —¥— p=0.4
: A\ e
6 B=0.5
—+—pB=0.6

100 150 200 250

Tolerable Error

Figure B.36 Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 7 days (Cores)
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Table B.37 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 28 days (Cores)

Conf. | Other Factors Sample Size (n)

Level n 589(8 =0.05|4 =0.10[8 = 0.2015 = 0.30| 8 = 0.40|5 = 0.50]3 = 0.60
99 o 87.3 12 10 8 6 5 4 3
97 e 100 9 8 6 4 3 3 2
95 8 7 5 4 3 2 1
90 7 5 3 2 2 1 1
85 5 4 3 2 1 1 0
80 5 3 2 1 1 1 0
75 4 3 2 1 1 0 0
70 4 2 1 1 0 0 0
60 3 2 1 0 0 0 0
50 2 1 1 0 0 0 0
40 1 1 0 0 0 0 0

14
12 /‘
10
——B=0.05
o j f ——p=0.1
N o8 —A— (=02
2 / z /‘ —¢—p=03
§ 6 X | —%—p=04
—0—(=0.5
4 ——B=0.6
2 p
O p
30 40 50 60 70 80 90 100
Confidence Level

Figure B.37 Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 28 days (Cores)
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Table B.38 Relationship Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 28 days (Cores)

Other Factors Sample Size (n)
e o 0.2 =005 =018 =0.20]8 =038 = 0.408 = 0.50] 8 = 0.6()
50 Z, 0.84 19 14 9 6 4 2 1
60 u 589 13 10 6 4 3 1 1
70 o 87.3 10 7 4 3 2 1 1
80 7 5 3 2 1 1 0
90 6 4 3 2 1 1 0
100 5 3 2 1 1 1 0
110 4 3 2 1 1 0 0
120 3 2 1 1 1 0 0
130 3 2 1 1 1 0 0
140 2 2 1 1 0 0 0
150 2 2 1 1 0 0 0
160 2 1 1 1 0 0 0
170 2 1 1 0 0 0 0
200 1 1 1 0 0 0 0
20
18 A
16 \
\ ——B=0.05
o —l—B=0.1
) —A—p=02
2 —¢—p=0.3
<‘§ —¥—p=0.4
—0—p=0.5
—+—p=0.6

50

100 150 200 250

Tolerable Error
Figure B.38 Sample Size vs. Tolerable Error.

Concrete for Pavements — Splitting tensile strength 28 days (Cores)
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Table B.39 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 90 days (Cores)

Conf. | Other Factors Sample Size (n)

Level M 627 =0.05]8 =0.10[8 = 0.20[8 = 0.30]8 = 0.40[8 = 0.50[8 = 0.60
99 G 122.1 14 11 9 7 6 5 4
97 e 130 11 9 7 5 4 3 2
95 10 8 5 4 3 2 2
90 8 6 4 3 2 1 1
85 6 5 3 2 1 1 1
80 5 4 2 2 1 1 0
75 5 3 2 1 1 0 0
70 4 3 2 1 1 0 0
60 3 2 1 1 0 0 0
50 2 1 1 0 0 0 0
40 2 1 0 0 0 0 0
16

—— pB=0.05
o ——p=0.1
) —A—p=0.2
2 —%—p=03
&,% —K—B=0.4

—@—p=0.5

——B=0.6

30 40 50 60 70 80 90 100

Confidence Level

FigureB.39 Sample Size vs. Confidence Level.
Concrete for Pavements — Splitting tensile strength 90 days (Cores)
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Table B.40 Relationship Sample Size vs. Tolerable Error.

Concrete for Pavements — Splitting tensile strength 90 days (Cores)

50

100

Tolerable Error

Other Factors Sample Size (n)
e o 0.2 [8=0.05[8=0.10[p =0.20[8 =0.30[8 = 0.40 = 0.50[8 = 0.60]
50 Z, 0.84 37 27 17 11 7 4 2
60 U 627 26 19 12 8 5 3 1
70 G 122.1 19 14 9 6 4 2 1
80 14 10 7 4 3 2 1
90 11 8 5 3 2 1 1
100 9 7 4 3 2 1 1
110 8 6 3 2 1 1 0
120 6 5 3 2 1 1 0
130 5 4 2 2 1 1 0
140 5 3 2 1 1 1 0
150 4 3 2 1 1 0 0
160 4 3 2 1 1 0 0
170 3 2 1 1 1 0 0
200 2 2 1 1 0 0 0
40
——B=0.05
o —l— B=0.1
3 —A—B=02
%‘ ——p=0.3
g —¥— =04
@ —0— (=05
——B=0.6

150

250

Figure B.40 Sample Size vs. Tolerable Error.
Concrete for Pavements — Splitting tensile strength 90 days (Cores)
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Table B.41 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Slump

Conf. | Other Factors Sample Size (n)

Level M 1.9 = 0.05[ = 0.1 = 0.20[8 = 0.3([ = 0.40]8 = 0.5([ 8 = 0.60
99 o 0.896 6 5 4 3 3 2 2
97 e 1.5 5 4 3 3 2 2 1
95 5 4 3 2 2 1 1
90 4 3 2 2 1 1 1
85 3 3 2 1 1 1 1
80 3 2 2 1 1 1 0
75 3 2 1 1 1 0 0
70 3 2 1 1 1 0 0
60 2 2 1 1 0 0 0
50 2 1 1 1 0 0 0
40 2 1 1 0 0 0 0
30 1 1 1 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0

0 1 1 0 0 0 0 0

——B=0.05

I ——B=0.1

o —A— (=02

2 ——p=0.3

E —¥—p=0.4

@ ——p=0.5
——pB=0.6

40 60 80 100

Confidence Level

Figure B.41 Sample Size vs. Confidence Level.
Concrete for Pavements — Slump
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Table B.42 Relationship Sample Size vs. Tolerable Error. Concrete for Pavements — Slump

Other Factors Sample Size (n)
e o 0.2 |B8=0.058=0.108 = 0.20]5 = 0.30|5 = 0.40|5 = 0.50|5 = 0.60|
0.4 Zyo 1.28 43 33 23 16 12 8 5
0.45 u 1.9152 34 26 18 13 9 6 4
0.5 o 0.8957 27 21 14 11 8 5 3
0.75 12 9 6 5 3 2 1
0.8 11 8 6 4 3 2 1
1 7 5 4 3 2 1 1
1.1 6 4 3 2 2 1 1
1.2 5 4 3 2 1 1 1
1.3 4 3 2 2 1 1 0
1.4 4 3 2 1 1 1 0
1.5 3 2 2 1 1 1 0
1.7 2 2 1 1 1 0 0
1.8 2 2 1 1 1 0 0
1.9 2 1 1 1 1 0 0
50
45
40 X
35 \ ——B=0.05
P 1‘ ——p=0.1
N \.\ —A—B=0.2
225 ——p=0.3
g2 A \ —K— p=0.4
X\ \ ——B=0.5
—+—pB=0.6
Tolerable Error

Figure B.42 Sample Size vs. Tolerable Error. Concrete for Pavements — Slump
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Table B.43 Relationship Sample Size vs. Confidence Level.
Concrete for Pavements — Air Content

20 40

Conf. | Other Factors Sample Size (n)

Level m 45| =0.05[4 =0.10[8 = 0.20| = 0.30|8 = 0.40[5 = 0.505 = 0.60

99 o 1.2 12 10 8 7 5 5 4

97 e 1.5 10 8 6 5 4 3 3

95 9 7 5 4 3 3 2

90 7 6 4 3 2 2 1

85 6 5 4 3 2 1 1

80 6 4 3 2 2 1 1

75 5 4 3 2 1 1 1

70 5 4 2 2 1 1 0

60 4 3 2 1 1 0 0

50 4 3 2 1 1 0 0

40 3 2 1 1 0 0 0

30 3 2 1 1 0 0 0

20 2 2 1 0 0 0 0

10 2 1 1 0 0 0 0

0 2 1 0 0 0 0 0

14

——$=0.05

o ——B=0.1

7] —A—p=02

2 —%—p=03

§ —¥—B=0.4

—0— (=05

—+—B=0.6

60

Confidence Level

100

Figure B.43 Sample Size vs. Confidence Level.
Concrete for Pavements — Air Content
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Table B.44 Relationship Sample Size vs. Tolerable Error. Concrete for Pavements — Air Content

Other Factors Sample Size (n)
€ o 0.2 |B=0.055=0.10[8 =0.20|8 = 0.30[8 = 0.40[8 = 0.50]5 = 0.60
0.5 Zyp2 1.28 53 40 28 20 15 10 6
0.6 u 4.5 37 28 19 14 10 7 4
0.7 c 1.2 27 21 14 10 7 5 3
0.8 21 16 11 8 6 4 2
0.9 16 12 9 6 4 3 2
1 13 10 7 5 4 3 2
1.1 11 8 6 4 3 2 1
1.2 9 7 5 3 3 2 1
1.3 8 6 4 3 2 1 1
14 7 5 4 3 2 1 1
1.5 6 4 3 2 2 1 1
2 3 3 2 1 1 1 0
2.5 2 2 1 1 1 0 0
3 1 1 1 1 0 0 0
60
50 M
\ —— B=0.05

o ——p=0.1

» —&—p-02

= —%—p=03

E —K— p=0.4

@ —0—p=0.5

——B=0.6

0 0.5 1 15 2 25 3 35
Tolerable Error

Figure B.44 Sample Size vs. Tolerable Error. Concrete for Pavements — Air Content.
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Table B.45 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class S’ -Flexural Strength 28 Days

Conf. | Other Factors Sample Size (n)

Level M 632 =0.05]8 =0.10[8 = 0.20[8 = 0.30] 8 = 0.40[8 = 0.50[8 = 0.60
99 G 72.0 8 7 5 4 3 3 2
97 e 100 6 5 4 3 2 2 1
95 6 4 3 2 2 1 1
a0 4 3 2 2 1 1 1
85 4 3 2 1 1 1 0
80 3 2 1 1 1 0 0
75 3 2 1 1 0 0 0
70 2 2 1 1 0 0 0
60 2 1 1 0 0 0 0
50 1 1 0 0 0 0 0
40 1 1 0 0 0 0 0
9
8 ’

7 /

%r ——(-0.05

o ° / —8—p=0.1
® 5 —A—pB=0.2
% / X ——B=0.3
E 4 —¥—p=04

3 e B=0.5

—+—pB=0.6

2

1 n

0

30 40 50 60 70 80 90 100

Confidence Level

Figure B.45 Sample Size vs. Confidence Level.
Concrete for Structures ‘Class S’ -Flexural Strength 28 Days
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Table B.46 Relationship Sample Size vs. Tolerable Error. Concrete for Structures ‘Class S’ -
Flexural Strength 28 Days

Other Factors Sample Size (n)

e a 0.2 |6 =0.05p =0.101 =0.20[8 = 0.30[8 = 0.40|8 = 0.50| = 0.60
30 Z, 0.84 36 26 16 11 7 4 2
40 0 632 20 15 9 6 4 2 1
50 G 72.0 13 9 6 4 3 1 1
60 9 6 4 3 2 1 0
70 7 5 3 2 1 1 0
80 5 4 2 2 1 1 0
100 3 2 1 1 1 0 0
120 2 2 1 1 0 0 0
130 2 1 1 1 0 0 0
150 1 1 1 0 0 0 0
160 1 1 1 0 0 0 0
180 1 1 0 0 0 0 0
200 1 1 0 0 0 0 0
220 1 0 0 0 0 0 0

40

35

30 —— B=0.05

o 25 —l—B=0.1
» —h— (=02
% 20 ——p=0.3
£ —¥— p=0.4

®n 15
——pB=0.5
10 —— B=0.6

5

0 ‘
0 50 100 150 200 250
Tolerable Error

Figure B.46 Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class S’ -Flexural Strength 28 Days
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Table B.47 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class S’ —Air Content

Conf. | Other Factors Sample Size (n)

Level m 5.0|8 =0.05|5 =0.10|8 = 0.20[5 = 0.30]8 = 0.40[8 = 0.50|8 = 0.60
99 o 0.84 6 5 4 3 2 2 2
97 e 1.5 5 4 3 2 2 1 1
95 4 3 2 2 2 1 1
90 3 3 2 1 1 1 1
85 3 2 2 1 1 1 0
80 3 2 1 1 1 1 0
75 2 2 1 1 1 0 0
70 2 2 1 1 1 0 0
60 2 1 1 1 0 0 0
50 2 1 1 0 0 0 0
40 1 1 1 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0

0 1 1 0 0 0 0 0
——$=0.05
o ——p=0.1
i'I!) —&—(=0.2
2 —%—p=0.3
§ —¥—pB=0.4
—— (=05
——p=06
0 20 40 60 80 100
Confidence Level

Figure B.47 Sample Size vs. Confidence Level. Concrete for Structures ‘Class S’ —Air Content
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Table B.48 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class S’ — Air Content

Other Factors Sample Size (n)
e o 0.2 |8 =0.03[8=0.10]8 =020 =0.30[8 =0.40[5 = 0.50] 8 = 0.60
0.5 Z oy 1.28 24 18 13 9 7 5 3
0.6 u 5.0 17 13 9 6 5 3 2
0.7 o 0.8 12 9 6 5 3 2 1
0.8 9 7 5 4 3 2 1
0.9 7 6 4 3 2 1 1
1 6 5 3 2 2 1 1
1.1 5 4 3 2 1 1 1
1.2 4 3 2 2 1 1 1
1.3 4 3 2 1 1 1 0
1.4 3 2 2 1 1 1 0
1.5 3 2 1 1 1 1 0
2 1 1 1 1 0 0 0
2.5 1 1 1 0 0 0 0
3 1 1 0 0 0 0 0
30
——B=0.05
o ——p=0.1
o —A—p=0.2
2 —%—p=03
g —¥—p=0.4
@ —0— (=05
——B=0.6

1 1.5

Tolerable Error

2

3.5

Figure B.48 Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class S* — Air Content
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Table B.49 Relationship Sample Size vs. Confidence Level.
Concrete for Structures “Class S’ - Slump

Conf. | Other Factors Sample Size (n)

Level M 458 =0.05[8 =0.10[ = 0.20[8 = 0.30[3 = 0.40[8 = 0.50]5 = 0.60]
99 G 1.166 11 9 7 6 5 4 3
97 e 1.5 9 7 5 4 4 3 2
95 8 6 5 4 3 2 2
90 7 5 4 3 2 2 1
85 6 4 3 2 2 1 1
80 5 4 3 2 1 1 1
75 5 4 2 2 1 1 0
70 4 3 2 1 1 1 0
60 4 3 2 1 1 0 0
50 3 2 1 1 1 0 0
40 3 2 1 1 0 0 0
30 2 2 1 1 0 0 0
20 2 1 1 0 0 0 0
10 2 1 1 0 0 0 0
0 2 1 0 0 0 0 0

——B=0.05
) ——B=0.1
7] —A— =02
2 —X—p=0.3
§ —¥—B=0.4
—0—B=0.5
——B=0.6
0 20 40 60 80 100
Confidence Level

Figure B.49 Sample Size vs. Confidence Level. Concrete for Structures “Class S”’ - Slump
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Table B.50 Relationship Sample Size vs. Tolerable Error.
Concrete for Structures ‘Class S’ - Slump

Other Factors Sample Size (n)

e o 0.2 |£ =0.05p=0.1015 =0.20|8 = 0.30[5 = 0.40|8 = 0.50| 8 = 0.60
0.4 Zy2 1.28 73 56 38 28 20 14 9
0.45 u 4.46 57 44 30 22 16 11 7
0.5 o 1.17 47 36 24 18 13 9 6
0.75 21 16 11 8 6 4 3
0.8 18 14 10 7 5 3 2

1 12 9 6 4 3 2 1
1.1 10 7 5 4 3 2 1
1.2 8 6 4 3 2 2 1
1.3 7 5 4 3 2 1 1
1.4 6 5 3 2 2 1 1
1.5 5 4 3 2 1 1 1
1.7 4 3 2 2 1 1 0
1.8 4 3 2 1 1 1 0
1.9 3 2 2 1 1 1 0

80

——$=0.05

o —l—B=0.1
3 —A—B=02
2 ——=0.3
§ —¥—p=04
—0—(=0.5

—+—B=0.6

Tolerable Error

Figure B.50 Sample Size vs. Tolerable Error. Concrete for Structures ‘Class S’ - Slump
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Table B.51 Relationship Sample Size vs. Confidence Level.
Concrete for Structures ‘Class S’ -Slump (Plant)

Conf. | Other Factors Sample Size (n)

Level n 5.4|8 =0.05| =0.10[8 = 0.20|3 = 0.30 5 = 0.40[B = 0.50|8 = 0.60
99 o 1.48 10 8 6 5 4 4 3
97 e 2 8 7 5 4 3 3 2
95 7 6 4 3 3 2 2
90 6 5 3 3 2 1 1
85 5 4 3 2 2 1 1
80 5 4 2 2 1 1 1
75 4 3 2 2 1 1 0
70 4 3 2 1 1 1 0
60 3 2 2 1 1 0 0
50 3 2 1 1 0 0 0
40 3 2 1 1 0 0 0
30 2 2 1 0 0 0 0
20 2 1 1 0 0 0 0
10 2 1 1 0 0 0 0

0 1 1 0 0 0 0 0
12
——(=0.05
o —l—B=0.1
_‘;;; —&— (=02
% —X— =03
§ —¥— B=0.4
——p=0.5
—+—B=0.6
0 20 40 60 80 100
Confidence Level

Figure B.51 Sample Size vs. Confidence Level. Concrete for Structures ‘Class S’ -Slump (Plant)
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Table B.52 Relationship Sample Size vs. Tolerable Error.
Structures ‘Class S’ - Slump (Plant)

Tolerable Error

Other Factors Sample Size (n)
e o 0.2 |B=0.03[8=0.108 =0.20[8 = 0.3([B = 0.40] 5 = 0.50[B = 0.60
0.8 Z oy 1.28 29 22 15 11 8 6 4
0.9 1! 5.36 23 18 12 9 6 4 3
1 c 1.48 19 14 10 7 5 4 2
1.1 15 12 8 6 4 3 2
1.2 13 10 7 5 4 2 2
1.4 10 7 5 4 3 2 1
1.5 8 6 4 3 2 2 1
1.6 7 6 4 3 2 1 1
1.7 6 5 3 2 2 1 1
1.8 6 4 3 2 2 1 1
2 5 4 2 2 1 1 1
2.2 4 3 2 1 1 1 0
2.4 3 2 2 1 1 1 0
2.6 3 2 1 1 1 1 0
35
30
25 ——(=0.05
o ——=0.1
3 20 —A—B=02
2 —%—=0.3
E 15 —K—p=0.4
@ —0—(=0.5
10 ——=0.6
5
0 :
0 0.5

Figure B.52 Sample Size vs. Tolerable Error.
Structures ‘Class S’ - Slump (Plant)
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Table B.53 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group Al - Gradation

Conf. | Other Factors Sample Size (n)
Level 0 224 =0.03[8 =0.10[ = 0.20[8 = 0.30[8 = 0.40[8 = 0.50[8 = 0.60]
99 G 4.6 6 5 4 3 3 2 2
97 e 8 5 4 3 2 2 2 1
95 4 3 3 2 2 1 1
90 4 3 2 2 1 1 1
85 3 2 2 1 1 1 0
80 3 2 1 1 1 1 0
75 3 2 1 1 1 0 0
70 2 2 1 1 1 0 0
60 2 1 1 1 0 0 0
50 2 1 1 0 0 0 0
40 2 1 1 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0
0 1 1 0 0 0 0 0
7
6
5 f ——p=0.05
o ——B=0.1
» —A— (=02
2 —%—p=03
§ —¥—B=0.4
—0— (=05
—+—B=0.6

0 20 40 60 80 100

Confidence Level

Figure B.53 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group Al - Gradation
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Table B.54 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group Al - Gradation

Other Factors Sample Size (n)
e o 0.2 |8 =0.033=0.10[8 =0.20[8 = 0.30[8 = 0.40[8 = 0.50[ 8 = 0.60
3 Zyp 1.28 20 15 11 8 6 4 2
3.5 n 22 15 11 8 6 4 3 2
4 o 4.61 11 9 6 4 3 2 1
4.5 9 7 5 3 2 2 1
4.75 8 6 4 3 2 2 1
5 7 6 4 3 2 1 1
5.25 7 5 3 3 2 1 1
5.5 6 5 3 2 2 1 1
6 5 4 3 2 1 1 1
6.5 4 3 2 2 1 1 1
7 4 3 2 1 1 1 0
7.5 3 2 2 1 1 1 0
8 3 2 1 1 1 1 0
9 2 2 1 1 1 0 0
25
20
——B=0.05
o ——p=0.1
X 15 —A—p=02
2 —%¢—p=03
& 10 —¥—p=0.4
n
—0—p=0.5
—+—p=0.6
5
0

Tolerable Error

10

Figure B.54 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group Al - Gradation
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Table B.55 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 - Gradation

Conf. | Other Factors Sample Size (n)
Level M 50]8 = 0.05]8 = 0.10[8 = 0.208 = 0.30[8 = 0.40[3 = 0.50[3 = 0.60)
99 c 3.6 3 2 2 2 1 1 1
97 e 9 2 2 1 1 1 1 1
95 2 2 1 1 1 1 0
90 2 1 1 1 1 0 0
85 2 1 1 1 0 0 0
80 1 1 1 1 0 0 0
75 1 1 1 0 0 0 0
70 1 1 1 0 0 0 0
60 1 1 0 0 0 0 0
50 1 1 0 0 0 0 0
40 1 1 0 0 0 0 0
30 1 0 0 0 0 0 0
20 1 0 0 0 0 0 0
10 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0
4
——B=0.05
o ——p=0.1
'J'; —&— (=02
2 —%—=0.3
§ —¥— B=0.4
——p=0.5
—+—pB=0.6

Confidence Level

Figure B.55 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 - Gradation
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Table B.56 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A2 - Gradation

12

Tolerable Error

Other Factors Sample Size (n)
e o 0.2 |B=0.058=0.10]8 = 0.20]5 = 0.30] = 0.40[3 = 0.50] = 0.60
3 Zy2 1.28 13 10 7 5 3 2 2
3.5 n 59 9 7 5 4 3 2 1
4 o 3.63 7 5 4 3 2 1 1
4.5 6 4 3 2 2 1 1
5 5 3 2 2 1 1 1
5.5 4 3 2 1 1 1 0
6 3 2 2 1 1 1 0
6.5 3 2 1 1 1 1 0
7 2 2 1 1 1 0 0
7.5 2 2 1 1 1 0 0
8 2 1 1 1 0 0 0
8.5 2 1 1 1 0 0 0
9 1 1 1 1 0 0 0
10 1 1 1 0 0 0 0
14
12 A
10 \ —&— (=0.05
o .\\ ——B=0.1
> 8 —A—pB=02
= A \\0\ —%—p=03
E 6 —¥—B=0.4
@ K\g\’\ —0— (=05
4 —+—B=0.6
2
0

Figure B.56 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A2 - Gradation
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Table B.57 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 - Gradation

40 60 80 100

Confidence Level

Conf. | Other Factors Sample Size (n)
Level M 22| =0.058 =0.10[8 = 0.20[8 = 0.30[3 = 0.40[3 = 0.50[8 = 0.60)
99 c 4.7 6 5 4 3 3 2 2
97 e 8 5 4 3 3 2 2 1
95 5 4 3 2 2 1 1
90 4 3 2 2 1 1 1
85 3 3 2 1 1 1 0
80 3 2 2 1 1 1 0
75 3 2 1 1 1 0 0
70 3 2 1 1 1 0 0
60 2 2 1 1 0 0 0
50 2 1 1 1 0 0 0
40 2 1 1 0 0 0 0
30 1 1 1 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0
0 1 1 0 0 0 0 0
7
6 ,
/- ——B=0.05

o —l—p=0.1
» —A—p=02
2 ——p=03
§ —¥—B=0.4
—0—p=0.5
——p=0.6

Figure B.57 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 - Gradation
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Table B.58 Relationship Sample Size vs. Tolerable Error.

Sub-base and base courses. Material Group A4 — Gradation

Other Factors

Sample Size (n)

e o 0.2 [B=0.038=0.10[8 =0.20[8 = 0.30[8 = 0.40[8 = 0.50/ 5 = 0.60
3 Zyp 1.28 21 16 11 8 6 4 3
3.5 U 22 16 12 8 6 4 3 2
4 o 4.74 12 9 6 5 3 2 1
4.5 9 7 5 4 3 2 1
5 8 6 4 3 2 1 1
5.5 6 5 3 2 2 1 1
6 5 4 3 2 1 1 1
6.5 5 3 2 2 1 1 1
7 4 3 2 2 1 1 0
7.5 3 3 2 1 1 1 0
8 3 2 2 1 1 1 0
8.5 3 2 1 1 1 1 0
9 2 2 1 1 1 0 0
10 2 1 1 1 1 0 0
25
20
—&— 3=0.05
—l—B=0.1
8 15
) —&—p=0.2
2 —%—p=03
§ 10 —¥—B=0.4
—&—p=0.5
—+—B=0.6
5
0 ‘
2
Tolerable Error

Sub-base and base courses. Material Group A4 — Gradation

Figure B.58 Sample Size vs. Tolerable Error.
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Table B.59 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group D6 - Gradation

Conf. | Other Factors Sample Size (n)

Level u 20[8 =0.03[8 =0.10[ = 0.20[8 = 0.30[ 8 = 0.40[8 = 0.50[3 = 0.60]
99 G 5.5 7 6 4 4 3 2 2
97 e 9 5 4 3 3 2 2 1
95 5 4 3 2 2 1 1
90 4 3 2 2 1 1 1
85 4 3 2 1 1 1 1
80 3 2 2 1 1 1 0
75 3 2 1 1 1 0 0
70 3 2 1 1 1 0 0
60 2 2 1 1 0 0 0
50 2 1 1 1 0 0 0
40 2 1 1 0 0 0 0
30 2 1 1 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0

0 1 1 0 0 0 0 0
——B=0.05
) —l—B=0.1
7] —A— (=02
2 —%—p=03
§ —¥— B=0.4
—0—(=0.5
—+—B=0.6

40 60 80 100

Confidence Level

Figure B.59 Sample Size vs. Confidence Level.

Sub-base and base courses. Material Group D6 - Gradation
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Table B.60 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 — Gradation

Tolerable Error

12

Other Factors Sample Size (n)
e o 0.2 |B=0038=0.10s=0.20[p =030 =0.40[3 =0.50[3 = 0.60)
3 Zy2 1.28 29 22 15 11 8 5 3
3.5 u 20 21 16 11 8 6 4 3
4 G 5.48 16 12 8 6 4 3 2
4.5 13 10 7 5 4 2 2
5 10 8 5 4 3 2 1
5.5 8 7 4 3 2 2 1
6 7 5 4 3 2 1 1
6.5 6 5 3 2 2 1 1
7 5 4 3 2 1 1 1
7.5 5 3 2 2 1 1 1
8 4 3 2 2 1 1 0
8.5 4 3 2 1 1 1 0
9 3 2 2 1 1 1 0
10 3 2 1 1 1 0 0
30
25
——B=0.05
o 20 —— 0.1
3 —A—p=02
% 15 ——p=0.3
E —¥— p=0.4
@ 10 —0—p=0.5
—+—B=0.6
5
0

FigureB.60 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 — Gradation
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Table B.61 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group Al —Liquid Limit

Confidence Level

Conf. | Other Factors Sample Size (n)

Level M 20|8 =0.03[8 = 0.10[3 = 0.20[8 = 0.30] 8 = 0.40[3 = 0.50[ 8 = 0.60)

99 c 1.7 2 2 1 1 1 1 1

97 e 5 2 1 1 1 1 1 0

95 2 1 1 1 1 0 0

90 1 1 1 1 0 0 0

85 1 1 1 0 0 0 0

80 1 1 1 0 0 0 0

75 1 1 0 0 0 0 0

70 1 1 0 0 0 0 0

60 1 1 0 0 0 0 0

50 1 0 0 0 0 0 0

40 1 0 0 0 0 0 0

30 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

3

——B=0.05

o —l—p=0.1

) —A—p=02

2 —%—p=0.3

§ —¥—B=0.4

——p=0.5

——pB=0.6

Figure B.61 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group Al —Liquid Limit
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Table B.62 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group Al —Liquid Limit

Other Factors

Sample Size (n)

e o 02 |8 =003 =0.10[5 = 0203 = 0.30]3 = 0.40[ = 0.50] = 0.60)
1 Zopo 1.28 25 19 13 10 7 5 3
1.5 u 20 11 9 6 4 3 2 1
2 G 1.72 6 5 3 2 2 1 1
2.5 4 3 2 2 1 1 0
3 3 2 1 1 1 1 0
3.5 2 2 1 1 1 0 0
4 2 1 1 1 0 0 0
4.5 1 1 1 0 0 0 0
5 1 1 1 0 0 0 0
5.5 1 1 0 0 0 0 0
6 1 1 0 0 0 0 0
6.5 1 0 0 0 0 0 0
7 1 0 0 0 0 0 0
7.5 0 0 0 0 0 0 0
30
25 2 3
\ ——(=0.05
. 20 ——p=0.1
3 .\\ —A— =02
% 15 —*—B=0.3
: A\ o
—0— (=05
——=0.6

Tolerable Error

Figure B.62 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A1 —Liquid Limit
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Table B.63 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 —Liquid Limit

Confidence Level

Conf. | Other Factors Sample Size (n)

Level M 21| =0.05[8 =0.10[8 = 0.20[8 = 0.30] 8 = 0.40]8 = 0.50[8 = 0.60
99 G 1.9 3 2 2 1 1 1 1

97 e 5 2 2 1 1 1 1 1

95 2 1 1 1 1 1 0

90 2 1 1 1 1 0 0

85 1 1 1 1 0 0 0

80 1 1 1 0 0 0 0

75 1 1 1 0 0 0 0

70 1 1 0 0 0 0 0

60 1 1 0 0 0 0 0

50 1 1 0 0 0 0 0

40 1 0 0 0 0 0 0

30 1 0 0 0 0 0 0

20 1 0 0 0 0 0 0

10 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

3

——B=0.05

o —l—B=0.1
» —A—p=02
2 —%—=0.3
§ —¥—B=0.4
—0—B=0.5

—+—B=0.6

Figure B.63 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 —Liquid Limit
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Table B.64 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A2 —Liquid Limit

Other Factors Sample Size (n)

e o 0.2 | =0.053=0.10(8 = 0.20[5 = 0.30|8 = 0.40|3 = 0.50| 3 = 0.60

1 Zyp 1.28 30 23 16 12 8 6 4
1.5 U 21 13 10 7 5 4 3 2

2 o 1.88 8 6 4 3 2 1 1
2.5 5 4 3 2 1 1 1
3 3 3 2 1 1 1 0
3.5 2 2 1 1 1 0 0
4 2 1 1 1 1 0 0
4.5 1 1 1 1 0 0 0
5 1 1 1 0 0 0 0
5.5 1 1 1 0 0 0 0
6 1 1 0 0 0 0 0
6.5 1 1 0 0 0 0 0
7 1 0 0 0 0 0 0
7.5 1 0 0 0 0 0 0

35

——B=0.05

o —l— B=0.1
i'I!) —&— (=02
= —%—p=0.3
§ —¥—p=0.4
—0—p=0.5

—+—pB=0.6

Tolerable Error

Figure B.64 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A2 —Liquid Limit
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Table B.65 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 —Liquid Limit

Conf. | Other Factors Sample Size (n)

Level u 21| =0.05| = 0.10| = 0.20[5 = 0.30]5 = 0.405 = 0.503 = 0.60

99 G 2.2 3 3 2 2 2 1 1

97 e 5 3 2 2 1 1 1 1

95 2 2 1 1 1 1 1

90 2 2 1 1 1 1 0

85 2 1 1 1 1 0 0

80 2 1 1 1 0 0 0

75 1 1 1 1 0 0 0

70 1 1 1 0 0 0 0

60 1 1 1 0 0 0 0

50 1 1 0 0 0 0 0

40 1 1 0 0 0 0 0

30 1 1 0 0 0 0 0

20 1 0 0 0 0 0 0

10 1 0 0 0 0 0 0

0 1 0 0 0 0 0 0

4

——B=0.05

o —l—B=0.1

» —A—p=02

2 —%—=0.3

§ —¥—B=0.4

—0—B=0.5

—+—B=0.6

Confidence Level

Figure B.65 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 —Liquid Limit
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Table B.66 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A4 —Liquid Limit

Other Factors

Sample Size (n)

o 02 [8=0.038=010[5=0.20[8=030[8 =040 =0.50[3 = 0.60
1 Zyp 1.28 41 31 21 16 1 8 5
1.5 u 21 18 14 10 7 5 3 2
2 c 2.18 10 8 5 4 3 2 1
2.5 7 5 3 2 2 1 1
3 5 3 2 2 1 1 1
3.5 3 3 2 1 1 1 0
4 3 2 1 1 1 0 0
4.5 2 2 1 1 1 0 0
5 2 1 1 1 0 0 0
5.5 1 1 1 1 0 0 0
6 1 1 1 0 0 0 0
6.5 1 1 1 0 0 0 0
7 1 1 0 0 0 0 0
7.5 1 1 0 0 0 0 0
45
40 *
35 \
\ ——p=0.05
30 L
o \\ ——p=0.1
» 25 —A— =02
= A \\ —%—p=0.3
E 20 \\\ —¥—B=0.4
® 15 X\\.\\ —8—p=0.5

Tolerable Error

Figure B.66 Sample Size vs. Tolerable Error.

Sub-base and base courses. Material Group A4 —Liquid Limit
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Table B.67 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group D6 —Liquid Limit

20

40 60

Confidence Level

80

100

Conf. | Other Factors Sample Size (n)
Level m 20|8 =0.05(8 =0.10[8 = 0.20|8 = 0.30|8 = 0.40[8 = 0.50[5 = 0.60
99 o 2.8 6 5 4 3 3 2 2
97 e 5 5 4 3 2 2 1 1
95 4 3 2 2 2 1 1
90 3 3 2 1 1 1 1
85 3 2 2 1 1 1 0
80 3 2 1 1 1 1 0
75 2 2 1 1 1 0 0
70 2 2 1 1 1 0 0
60 2 1 1 1 0 0 0
50 2 1 1 0 0 0 0
40 1 1 1 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0
0 1 1 0 0 0 0 0
6
5 f
ﬂ ——B=0.05

o 4 ——p=0.1
7 ﬂ /" —a— 0.2
23 X ——p=0.3
c'n% / X pos
2 —0—p=0.5
—+—B=0.6

Sub-base and base courses. Material Group D6 —Liquid Limit

Figure B.67 Sample Size vs. Confidence Level.
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Table B.68 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 —Liquid Limit

Other Factors

Sample Size (n)

e o 02 |B=0038=0.10[5 =0.20[3 = 0.30]5 = 0.405 = 0.50|5 = 0.60
1 Zyp 1.28 68 52 36 26 19 13 8
1.5 u 20 30 23 16 12 8 6 4
2 c 2.81 17 13 9 6 5 3 2
2.5 11 8 6 4 3 2 1
3 8 6 4 3 2 1 1
3.5 6 4 3 2 2 1 1
4 4 3 2 2 1 1 1
4.5 3 3 2 1 1 1 0
5 3 2 1 1 1 1 0
55 2 2 1 1 1 0 0
6 2 1 1 1 1 0 0
6.5 2 1 1 1 0 0 0
7 1 1 1 1 0 0 0
7.5 1 1 1 0 0 0 0
80
70
60 \ ——$-0.05
\ —— p=0.1
8 %0 !\\ —A—B=0.2
= .
%_ 40 ——p=0.3
§ 20 ‘\\\ —¥—B=0.4
>\\\;\ ——p=05
—+—B=0.6

Tolerable Error

Figure B.68 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 —Liquid Limit
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Table B.69 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group Al —Plasticity Index

Conf. | Other Factors Sample Size (n)

Level N 6|5 =0.05[8 =0.10[ = 0.20[8 = 0.30[8 = 0.40[8 = 0.50[3 = 0.60]

99 c 1.7 2 2 1 1 1 1 1

97 e 5 2 1 1 1 1 1 0

95 2 1 1 1 1 0 0

90 1 1 1 1 0 0 0

85 1 1 1 0 0 0 0

80 1 1 1 0 0 0 0

75 1 1 0 0 0 0 0

70 1 1 0 0 0 0 0

60 1 1 0 0 0 0 0

50 1 0 0 0 0 0 0

40 1 0 0 0 0 0 0

30 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

3

——B=0.05

o ——p=0.1

) —A— (=02

2 —*%—p=03

§ —¥— B=0.4

—0—p=0.5

—+—B=0.6

Confidence Level

Figure B.69 Sample Size vs. Confidence Level.

Sub-base and base courses. Material Group Al —Plasticity Index
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Table B.70 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group Al —Plasticity Index

Other Factors

Sample Size (n)

o 0.2 |B =003 =0.1008 = 0.20[5 = 0303 = 0.40[5 = 0.50] 3 = 0.60

1 Zyp 1.28 26 20 13 10 7 5 3

1.5 p 6 11 9 6 4 3 2 1

2 c 1.73 6 5 3 2 2 1 1

2.5 4 3 2 2 1 1 0

3 3 2 1 1 1 1 0

3.5 2 2 1 1 1 0 0

4 2 1 1 1 0 0 0

4.5 1 1 1 0 0 0 0

5 1 1 1 0 0 0 0

5.5 1 1 0 0 0 0 0

6 1 1 0 0 0 0 0

6.5 1 0 0 0 0 0 0

7 1 0 0 0 0 0 0

7.5 0 0 0 0 0 0 0

30
25 *
\ ——(-0.05

, 2 —8—p=0.1
® .\\ —&— =02
215 —%—p=0.3
£ ‘\\\ —¥—B=04
® —o—p=05
—— =06

Tolerable Error

Figure B.70 Sample Size vs. Tolerable Error.

Sub-base and base courses. Material Group A1l —Plasticity Index
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Table B.71 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 —Plasticity Index

Conf. | Other Factors Sample Size (n)

Level m 4|8 =0.05|8 =0.10| = 0.20|3 = 0.30[5 = 0.40[5 = 0.50|8 = 0.60|
99 c 1.7 4 3 3 2 2 1 1
97 e 3.5 3 3 2 2 1 1 1
95 3 2 2 1 1 1 1
90 2 2 1 1 1 1 0
85 2 2 1 1 1 0 0
80 2 1 1 1 1 0 0
75 2 1 1 1 0 0 0
70 2 1 1 1 0 0 0
60 1 1 1 0 0 0 0
50 1 1 1 0 0 0 0
40 1 1 0 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 0 0 0 0 0 0
0 1 0 0 0 0 0 0
5
4

——B=0.05
o —l—p=0.1
» —A—p=02
2 —%—p=03
§ —¥— B=0.4

——p=0.5

—+—B=0.6

Confidence Level

Figure B.71 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 —Plasticity Index
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Table B.72 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A2 —Plasticity Index

Other Factors Sample Size (n)
e o 0.2 |8 =0.05(8=0.10[5 =0.20|8 = 0.30|3 = 0.40| 8 = 0.50{5 = 0.60
1 Zyp 1.28 23 18 12 9 7 4 3
1.5 n 4 10 8 5 4 3 2 1
1.6 o 1.66 9 7 5 4 3 2 1
1.7 8 6 4 3 2 2 1
1.8 7 6 4 3 2 1 1
1.9 6 5 3 2 2 1 1
2 6 4 3 2 2 1 1
2.1 5 4 3 2 1 1 1
2.2 5 4 3 2 1 1 1
2.3 4 3 2 2 1 1 1
25 4 3 2 1 1 1 0
3 3 2 1 1 1 0 0
3.5 2 1 1 1 1 0 0
4 1 1 1 1 0 0 0
——B=0.05
o ——p=0.1
i'I!) —&— (=02
= —*%—p=03
§ —¥—p=0.4
—0—p=0.5
—+—pB=0.6

0 0.5 1 1.5

2 2.5 3 3.5 4 4.5

Tolerable Error

Figure B.72 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A2 —Plasticity Index
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Table B.73 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 —Plasticity Index

Conf. | Other Factors Sample Size (n)

Level m 4.7|8 =0.054 =0.10[8 = 0.20| = 0.30|3 = 0.40[8 = 0.50|5 = 0.60
99 c 2.2 7 6 4 4 3 3 2
97 e 3.5 6 5 3 3 2 2 1
95 5 4 3 2 2 1 1
90 4 3 2 2 1 1 1
85 4 3 2 1 1 1 1
80 3 2 2 1 1 1 0
75 3 2 2 1 1 1 0
70 3 2 1 1 1 0 0
60 2 2 1 1 0 0 0
50 2 1 1 1 0 0 0
40 2 1 1 0 0 0 0
30 2 1 1 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0

0 1 1 0 0 0 0 0
8
——B=0.05
o —l—3=0.1
i;_; —&— (=02
2 —%—pB=03
§ —¥—B=0.4
—0—p=0.5
——p=0.6
0 20 40 60 80 100

Confidence Level

Figure B.73 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 —Plasticity Index
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Table .B.74 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A4 —Plasticity Index

Other Factors Sample Size (n)
e o 0.2 |8 =0.05(8=0.10[5 =0.20|8 = 0.30|3 = 0.40| 8 = 0.50{5 = 0.60
1 Zyp 1.28 40 30 21 15 11 8 5
1.5 U 4.7 18 14 9 7 5 3 2
1.8 o 2.15 12 9 6 5 3 2 1
2 10 8 5 4 3 2 1
22 8 6 4 3 2 2 1
2.4 7 5 4 3 2 1 1
2.6 6 5 3 2 2 1 1
2.8 5 4 3 2 1 1 1
3 4 3 2 2 1 1 1
3.2 4 3 2 1 1 1 0
3.4 3 3 2 1 1 1 0
3.6 3 2 2 1 1 1 0
3.8 3 2 1 1 1 1 0
4 2 2 1 1 1 0 0
45
40 <
35 \
\ ——B=0.05
o 30 .\\ ——p=0.1
» 25 —A—p=02
= \\ —%—p=0.3
£ 20 A\ —¥—p=0.4
® X \\ —0—p=0.5
\\ —+—pB=0.6

Tolerable Error

Figure.B.74 Sample Size vs. Tolerable Error.

Sub-base and base courses. Material Group A4 —Plasticity Index
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Table B.75 Relationship Sample Size vs. Confidence Level.

Sub-base and base courses. Material Group D6 —Plasticity Index

20 40 60 80 100

Confidence Level

Conf. | Other Factors Sample Size (n)

Level m 5.9|p =0.05|f =0.10]3 =0.20[ =0.30[p =0.40[p =0.50| = 0.60]

99 c 2.7 8 7 5 5 4 3 3

97 e 4 7 6 4 3 3 2 2

95 6 5 4 3 2 2 1

90 5 4 3 2 2 1 1

85 4 3 2 2 1 1 1

80 4 3 2 2 1 1 0

75 4 3 2 1 1 1 0

70 3 3 2 1 1 1 0

60 3 2 1 1 1 0 0

50 3 2 1 1 0 0 0

40 2 2 1 1 0 0 0

30 2 1 1 0 0 0 0

20 2 1 1 0 0 0 0

10 1 1 0 0 0 0 0

0 1 1 0 0 0 0 0
——B=0.05

o —l—p=0.1

» —A—p=02

2 —*%—p=03

§ —¥— B=0.4

——p=0.5

—+—p=0.6

Table B.75 Relationship Sample Size vs. Confidence Level.

Sub-base and base courses. Material Group D6 —Plasticity Index

167




Table B.76 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 —Plasticity Index

Other Factors Sample Size (n)
e o 0.2 |B =0.05(p =0.10[p =0.20|3 =0.30|p =0.40[B =0.50{p =0.60
1.3 Zyp 1.28 38 29 20 15 11 7 5
1.5 n 5.9 29 22 15 11 8 5 3
1.8 o 2.74 20 15 10 8 5 4 2
2 16 12 8 6 4 3 2
23 12 9 6 5 3 2 1
2.6 10 7 5 4 3 2 1
3 7 5 4 3 2 1 1
3.3 6 5 3 2 2 1 1
3.6 5 4 3 2 1 1 1
4 4 3 2 2 1 1 0
4.3 3 3 2 1 1 1 0
4.6 3 2 2 1 1 1 0
5 3 2 1 1 1 0 0
5.5 2 2 1 1 1 0 0
40
35
30 ——B=0.05
g 25 ——p=0.1
7 —4&—p=0.2
220 ——p=0.3
£ —¥—B=0.4
0 15 -
——p=0.5
10 - —+—p=0.6
5
0

Tolerable Error

Figure B.76 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 —Plasticity Index
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Table B.77 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A1 —Wet Ball Mill

Conf. | Other Factors Sample Size (n)

Level m 35|B =0.05|p =0.10|p =0.20| =0.30[p =0.40[p =0.50|p = 0.60]
99 c 1.9 5 4 3 3 2 2 2
97 e 3.5 4 3 3 2 2 1 1
95 4 3 2 2 1 1 1
90 3 2 2 1 1 1 1
85 3 2 1 1 1 1 0
80 2 2 1 1 1 0 0
75 2 2 1 1 1 0 0
70 2 2 1 1 0 0 0
60 2 1 1 1 0 0 0
50 2 1 1 0 0 0 0
40 1 1 1 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0

0 1 0 0 0 0 0 0

6

——B=0.05

o —l—3=0.1

i;_; —&— (=02

2 —*%—p=03

§ —¥—B=0.4

—0—p=0.5

——p=0.6

40 60

Confidence Level

100

Figure B.77 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A1 —Wet Ball Mill
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Table B.78 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A1 —Wet Ball Mill

Tolerable Error

Other Factors Sample Size (n)
e o 0.2 |B=0.035[p =0.10[p = 0.20[p = 0.30[p = 0.40[B = 0.50[f = 0.60
1 Zan 1.28 30 23 16 11 8 6 4
1.5 n 35 13 10 7 5 4 3 2
2 o 1.87 7 6 4 3 2 1 1
2.5 5 4 3 2 1 1 1
3 3 3 2 1 1 1 0
3.5 2 2 1 1 1 0 0
4 2 1 1 1 1 0 0
4.5 1 1 1 1 0 0 0
5 1 1 1 0 0 0 0
5.5 1 1 1 0 0 0 0
6 1 1 0 0 0 0 0
6.5 1 1 0 0 0 0 0
7 1 0 0 0 0 0 0
7.5 1 0 0 0 0 0 0
35
30
25 ——[=0.05
o ——p=0.1
3 20 —A—B=0.2
2 —%— (=03
E 15 —K—p=04
@ —0—=0.5
10 —+—p=0.6
5 p
0

Figure B.78 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A1 —Wet Ball Mill
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Table B.79 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A2 —Wet Ball Mill

Conf. | Other Factors Sample Size (n)

Level M 35[B =0.05p =0.10[p = 0.20[p = 0.30[p = 0.40[g = 0.50[p = 0.60
99 o 3.6 9 7 6 5 4 3 3
97 e 5 7 6 5 4 3 2 2
95 7 5 4 3 2 2 1
90 5 4 3 2 2 1 1
85 5 4 3 2 1 1 1
80 4 3 2 2 1 1 1
75 4 3 2 1 1 1 0
70 4 3 2 1 1 1 0
60 3 2 1 1 1 0 0
50 3 2 1 1 0 0 0
40 2 2 1 1 0 0 0
30 2 1 1 0 0 0 0
20 2 1 1 0 0 0 0
10 2 1 0 0 0 0 0
0 1 1 0 0 0 0 0

10
9 H
: ;
——B=0.05
7
o /0/ ——p=0.1
X 6 / —A—B=0.2
25 ——p=0.3
§ 4 / / —¥K— p=0.4
, / —8—(=0.5
—+—pB=0.6
2 i
4
1
0 : ;
0 20 40 60 80 100

Confidence Level

Figure B.79 Sample Size vs. Confidence Level.

Sub-base and base courses. Material Group A2 —Wet Ball Mill
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Table B.80 Relationship Sample Size vs. Tolerable Error.

Sub-base and base courses. Material Group A2 —Wet Ball Mill

Other Factors Sample Size (n)
e o 0.2 |B =0.05|p =0.10|p =0.20]3 =0.30[ =0.40|3 =0.50|p = 0.60
2 Zyp 1.28 27 21 14 10 7 5 3
2.5 u 35 17 13 9 7 5 3 2
3 G 3.55 12 9 6 5 3 2 1
3.25 10 8 5 4 3 2 1
3.5 9 7 5 3 2 2 1
3.75 8 6 4 3 2 1 1
4 7 5 4 3 2 1 1
4.5 5 4 3 2 1 1 1
5 4 3 2 2 1 1 1
5.5 4 3 2 1 1 1 0
6 3 2 2 1 1 1 0
6.5 3 2 1 1 1 0 0
7 2 2 1 1 1 0 0
7.5 2 1 1 1 1 0 0
30
25 \
\ —— B=0.05
. X \ —m—B=0.1
N \\ —A— (=02
%_ 15 ——p=0.3
U MY
10 ——pB=0.5
—+—B=0.6

Tolerable Error

Figure B.80 Sample Size vs. Tolerable Error.

Sub-base and base courses. Material Group A2 —Wet Ball Mill
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Table B.81 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group A4 —Wet Ball Mill

40 60

Confidence Level

Conf. | Other Factors Sample Size (n)
Level u 36|B =0.05( =0.10|p =0.20] B =0.50|p =0.60
99 c 3.5 11 9 7 6 5 4 3
97 e 4.5 9 7 6 4 4 3 2
95 8 6 5 4 3 2 2
90 7 5 4 3 2 2 1
85 6 5 3 2 2 1 1
80 5 4 3 2 1 1 1
75 5 4 2 2 1 1 0
70 4 3 2 2 1 1 0
60 4 3 2 1 1 0 0
50 3 2 1 1 1 0 0
40 3 2 1 1 0 0 0
30 3 2 1 1 0 0 0
20 2 1 1 0 0 0 0
10 2 1 1 0 0 0 0
0 2 1 0 0 0 0 0
12
11
10
X ——B=0.05
© 8 ——B=0.1
o 7 —A—p=02
3 6 —%— =03
5 5 —¥— p=0.4
? 4 —0— (=05
3 ——B=0.6
2 n
1
0

Figure B.81 Sample Size vs. Confidence Level.

Sub-base and base courses. Material Group A4 —Wet Ball Mill
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Table B.82 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A4 —Wet Ball Mill

Other Factors Sample Size (n)
e o 0.2 B =0.05p =0.10[p = 0.20[p =0.30[p = 0.40]p = 0.50[p = 0.60]
2 Zup 1.28 27 21 14 10 7 5 3
25 U 36 17 13 9 7 5 3 2
3 o 3.54 12 9 6 5 3 2 1
3.25 10 8 5 4 3 2 1
3.5 9 7 5 3 2 2 1
3.75 8 6 4 3 2 1 1
4 7 5 4 3 2 1 1
4.5 5 4 3 2 1 1 1
5 4 3 2 2 1 1 1
5.5 4 3 2 1 1 1 0
6 3 2 2 1 1 1 0
6.5 3 2 1 1 1 0 0
7 2 2 1 1 1 0 0
7.5 2 1 1 1 1 0 0
30
25 \
\ ——B=0.05
o 2 —m—p=0.1
5 \\ —A—p=02
215 —*—p=0.3
£ A\\\\\. —¥—B=0.4
@ 10 —&— =05
——pB=0.6
5
0

Tolerable Error

Figure B.82 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group A4 —Wet Ball Mill
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Table B.83 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group D6 —Wet Ball Mill

Conf. | Other Factors Sample Size (n)

Level M 36| =0.05]p =0.10[B = 0.20[p = 0.30[p = 0.40[p = 0.50[p = 0.60]
99 o 4.2 10 8 6 5 4 4 3
97 e 5.75 8 7 5 4 3 3 2
95 7 6 4 3 3 2 2
90 6 5 3 3 2 1 1
85 5 4 3 2 2 1 1
80 5 4 2 2 1 1 1
75 4 3 2 2 1 1 0
70 4 3 2 1 1 1 0
60 3 2 2 1 1 0 0
50 3 2 1 1 0 0 0
40 3 2 1 1 0 0 0
30 2 2 1 0 0 0 0
20 2 1 1 0 0 0 0
10 2 1 1 0 0 0 0
0 1 1 0 0 0 0 0
11
10

9
8 ——B=0.05
o 7 ——p=0.1
b 6 —&—p=0.2
% ) ——p=0.3
£ —¥— B=0.4
D4
——p=0.5
3 —+—p=0.6
2
1
0

0 20 40 60 80 100

Confidence Level

Figure B.83 Sample Size vs. Confidence Level.
Sub-base and base courses. Material Group D6 —Wet Ball Mill
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Table B.84 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 —Wet Ball Mill

Other Factors

Sample Size (n)

o 0.2 B =0.05p =0.10[g =0.20[p = 0.30]p = 0.40[p = 0.50][p = 0.60]
3 Zyp 1.28 17 13 9 7 5 3 2
3.5 u 36 13 10 7 5 3 2 2
4 c 4.25 10 7 5 4 3 2 1
4.25 9 7 4 3 2 2 1
4.5 8 6 4 3 2 1 1
4.75 7 5 4 3 2 1 1
5 6 5 3 2 2 1 1
5.25 6 4 3 2 2 1 1
5.5 5 4 3 2 1 1 1
5.75 5 4 2 2 1 1 1
6 4 3 2 2 1 1 1
6.5 4 3 2 1 1 1 0
7 3 2 2 1 1 1 0
7.5 3 2 1 1 1 1 0
20
18
16
14 —&— B=0.05
° —l—B=0.1
N 12 —A— (=02
210 ——=0.3
. —¥—B=0.4
@ 5 —0—p=0.5
——B=0.6
4 L * P77 |
2
0 ‘ ‘ :
0 1 2 3 4 5 6 7 8
Tolerable Error

Figure B.84 Sample Size vs. Tolerable Error.
Sub-base and base courses. Material Group D6 —Wet Ball Mill
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Table B.85 Relationship Sample Size vs. Confidence Level.
Sub-base and base courses. -Compaction

Conf. | Other Factors Sample Size (n)
Level n 101|B =0.05|p =0.10]p =0.20[ =0.30|]p = 0.40[3 =0.50|p =0.60

99 o 2.2 3 3 2 2 1 1 1

97 e 5 2 2 1 1 1 1 1

95 2 2 1 1 1 1 0

90 2 1 1 1 0 0 0

85 1 1 1 0 0 0 0

80 1 1 1 0 0 0 0

75 1 1 0 0 0 0 0

70 1 1 0 0 0 0 0

60 1 0 0 0 0 0 0

50 1 0 0 0 0 0 0

40 0 0 0 0 0 0 0

4

3 ? ——(=0.05
o ——p=0.1
» —A— =02
%_ 2 ——p=0.3
§ —¥—B=0.4

—8—p=0.5
1 ——p=06
0 i ;
30 40 50 60 70 80 90 100
Confidence Level

Figure B.85 Sample Size vs. Confidence Level. Sub-base and base courses. -Compaction
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Table B.86 Relationship Sample Size vs. Tolerable Error.
Sub-base and base courses. —Compaction

Other Factors Sample Size (n)
e o 0.2 [B=0.03p=0.10[B =0.20B =0.30]p =0.40p = 0.50]p = 0.6(]
1 Z, 0.84 30 22 14 9 6 3 2
1.3 u 101 18 13 8 5 3 2 1
1.8 o 2.2 9 7 4 3 2 1 0
2 7 5 3 2 1 1 0
2.3 6 4 3 2 1 1 0
2.8 4 3 2 1 1 0 0
3 3 2 2 1 1 0 0
3.3 3 2 1 1 1 0 0
3.8 2 1 1 1 0 0 0
4 2 1 1 1 0 0 0
4.5 1 1 1 0 0 0 0
5 1 1 1 0 0 0 0
5.5 1 1 0 0 0 0 0
6 1 1 0 0 0 0 0
35
30
25 \ ——(=0.05
v i
» 20 —A— (=02
2 \\ —%—$=0.3
§ 15 —¥— B=0.4
A\\\ —8—B=0.5
—+—p=0.6

Tolerable Error

Figure B.86 Sample Size vs. Tolerable Error. Sub-base and base courses. -Compaction
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Table B.87 Relationship Sample Size vs. Confidence Level.
Treated Sub-base and base courses. —In place density

Conf. | Other Factors Sample Size (n)
Level M 137|B =0.05[3 = 0.10[8 = 0.20[p = 0.30]p = 0.40]p = 0.50[p = 0.60)
99 c 6.5 7 6 4 3 3 2 2
97 e 10 5 4 3 2 2 2 1
95 5 4 3 2 2 1 1
90 4 3 2 1 1 1 0
85 3 2 2 1 1 0 0
80 3 2 1 1 1 0 0
75 2 2 1 1 0 0 0
70 2 1 1 0 0 0 0
60 2 1 1 0 0 0 0
50 1 1 0 0 0 0 0
40 1 0 0 0 0 0 0
8
7
6
——B=0.05
o O ——B=0.1
» —A—B=02
2y —%—B=0.3
§ —H—pB=0.4
3 _
——p=0.5
——B=0.6
2
1
0
30 40 50 60 70 80 90 100

Confidence Level

Figure B.87 Sample Size vs. Confidence Level.
Treated Sub-base and base courses. —In place density
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Table B.88 Relationship Sample Size vs. Tolerable Error.
Treated Sub-base and base courses. —In place density

Tolerable Error

Other Factors Sample Size (n)
e o 0.2 |B =0.035p =0.10[p =0.20]p = 0.30[p =0.40[p = 0.50]p = 0.60
1 Z, 0.84 263 192 120 80 52 30 14
2 n 137 66 48 30 20 13 8 4
3 o 6.5 29 21 13 9 6 3 2
4 16 12 8 5 3 2 1
5 11 8 5 3 2 1 1
6 7 5 3 2 1 1 0
6.5 6 5 3 2 1 1 0
7 5 4 2 2 1 1 0
8 4 3 2 1 1 0 0
9 3 2 1 1 1 0 0
10 3 2 1 1 1 0 0
11 2 2 1 1 0 0 0
12 2 1 1 1 0 0 0
13 2 1 1 0 0 0 0
300
250 s
\ ——B=0.05
o 2 —8—p=0.1
g 1 o
= 150 —X—p=0.3
£ \\ —¥—p=0.4
% ol A
100 —0—p=0.5
——B=0.6
50
0
2 4 6 8 10 12 14

Figure B.88 Sample Size vs. Tolerable Error.

Treated Sub-base and base courses. —In place density
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Table B.89 Relationship Sample Size vs. Confidence Level.
Asphalt Concrete Pavements -Air Voids

Conf. | Other Factors Sample Size (n)

Level M 7.4[B =0.03[p =0.10[p = 0.20[p = 0.30[p = 0.40[p = 0.50]p = 0.60]
99 o 1.25 5 4 3 3 2 2 1
97 e 2.4 4 3 2 2 2 1 1
95 4 3 2 2 1 1 1
90 3 2 2 1 1 1 1
85 3 2 1 1 1 1 0
80 2 2 1 1 1 0 0
75 2 2 1 1 1 0 0
70 2 1 1 1 0 0 0
60 2 1 1 1 0 0 0
50 1 1 1 0 0 0 0
40 1 1 1 0 0 0 0
30 1 1 0 0 0 0 0
20 1 1 0 0 0 0 0
10 1 1 0 0 0 0 0
0 1 0 0 0 0 0 0

6
—— B=0.05
o —l—B=0.1
» —A— (=02
2 —%—=0.3
§ —¥—B=0.4
—0—p=0.5
——B=0.6
0 20 40 60 80 100
Confidence Level

Figure B.89 Sample Size vs. Confidence Level. Asphalt Concrete Pavements -Air Voids
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Table B.90 Relationship Sample Size vs. Tolerable Error.
Asphalt Concrete Pavements -Air Voids

Other Factors Sample Size (n)
e o 0.2 B =0.05p =0.10[p =0.20|p =0.30]p =0.40[B = 0.50|p = 0.60
1 Zypo 1.28 13 10 7 5 4 3 2
1.2 U 7.4 9 7 5 4 3 2 1
1.3 o 1.25 8 6 4 3 2 2 1
14 7 5 4 3 2 1 1
1.5 6 5 3 2 2 1 1
1.6 5 4 3 2 1 1 1
1.7 5 4 2 2 1 1 1
1.8 4 3 2 2 1 1 1
1.9 4 3 2 1 1 1 0
2 3 3 2 1 1 1 0
2.2 3 2 1 1 1 1 0
2.4 2 2 1 1 1 0 0
2.6 2 2 1 1 1 0 0
3 1 1 1 1 0 0 0
16
14
12 ——=0.05
g 10 ——p=0.1
» —A—p=0.2
2 8 —%—p=0.3
E —¥—B=0.4
n 6
——pB=0.5
4 —+—B=0.6
2
0 ;
0 0.5 35
Tolerable Error

Figure B.90 Sample Size vs. Tolerable Error. Asphalt Concrete Pavements -Air Voids
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Table B.91 Relationship Sample Size vs. Confidence Level.
Asphalt Concrete Pavements -Lab density

Conf. | Other Factors Sample Size (n)

Level u 96.2|B =0.05[p =0.10[p = 0.20[p = 0.30]p = 0.40]p = 0.50]p = 0.60)
99 G 0.35 2 1 1 1 1 1 0
97 e 1.20 1 1 1 1 1 0 0
95 1 1 1 1 0 0 0
90 1 1 1 0 0 0 0
85 1 1 0 0 0 0 0
80 1 1 0 0 0 0 0
75 1 1 0 0 0 0 0
70 1 0 0 0 0 0 0
60 1 0 0 0 0 0 0
50 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

——p=0.05
——p=0.1
8 —A— (=02
@ ——p=0.3
2 —K— =04
* ——B=0.5
—+—p=0.6
0 20 40 60 80 100
Confidence Level

Figure B.91 Sample Size vs. Confidence Level. Asphalt Concrete Pavements -Lab density
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Table B.92 Relationship Sample Size vs. Tolerable Error.
Asphalt Concrete Pavements -Lab density

Other Factors Sample Size (n)
e o 0.2 |B =0.05p =0.10[ =0.20|p = 0.30[f =0.40]p = 0.50[p = 0.60]
0.2 Zyp2 1.28 26 20 14 10 7 5 3
0.3 n 96 12 9 6 4 3 2 1
0.4 o 0.35 7 5 3 3 2 1 1
0.5 4 3 2 2 1 1 1
0.6 3 2 2 1 1 1 0
0.7 2 2 1 1 1 0 0
0.8 2 1 1 1 0 0 0
0.9 1 1 1 0 0 0 0
1 1 1 1 0 0 0 0
1.1 1 1 0 0 0 0 0
1.2 1 1 0 0 0 0 0
1.3 1 0 0 0 0 0 0
1.4 1 0 0 0 0 0 0
1.5 0 0 0 0 0 0 0
30
25 A
\ ——=0.05
. 20 ——=0.1
% \ —&— (=02
%_ 15 ——p=0.3
§ \\\ —¥—p=0.4
V) —&—p=0.5
——B=0.6

Tolerable Error

Figure B.92 Sample Size vs. Tolerable Error.

Asphalt Concrete Pavements -Lab density
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Appendix C
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Table C.1 Methods of Material Testing Frequency by States Departments of Transportation

Agency Sampling Method Notes
Historical Statistical

Arizona Department

of Transportation X
Correlation Table to Verify Contractor
Acceptance Test Result: This document
provides the minimum sample size and

Arkansas State X testing frequency, but does not give any

Highway and (Data information on the statistical methodology.

Transportation lysis)

department anatysts Development of an Acceptance Sampling
Plan and Pay Adjustment Schedule: This
document shows the use of a statistical
method only for data analysis.

California

Department of X

Transportation

Connecticut

Department of X

Transportation
Optimal Acceptance Procedures for
Statistical Construction Specifications:
Development of methodology for highway

Federal Highway X agencies to establish optimum acceptance

Administration (Data plans for pavements.

HRDI-11 analysis)
Cost effectiveness of current sampling and
testing programs for pavement construction
material.
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Table C.1 (Continued)

Agency

Sampling Method

Historical Statistical

Notes

Florida Department
of Transportation

Sampling, Testing & Reporting Guide: The
method described in this document is based
on historical experience and historical data.

Mineral Aggregate Manual & Rule of the
Department of Transportation, Chapter 14-
103: These documents provide some
information on aggregate mines. The
method is based on statistical analysis, but
no detailed information about how to
determine the testing frequency.

System-Based Unit of Time:
Earthwork Independent Assurance
Inspection / Independent Assurance
Inspection Frequency Tables; (No detailed
document.) This program is not fully
developed.

Sampling Frequency Reduction for
Structural Concrete: (No detailed
document.) A statistics-based method for
reducing the sampling frequency. The
frequency will be reduced to 1/100 CY
when the average strength becomes two
standard deviations greater than the
minimum required strength. No information
on how to use the standard deviation to
determine the frequency.
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Table C.1 (Continued)

Agency Sampling Method Notes
Historical Statistical
Georgia DOT uses statistical sampling
methods in their asphalt area. (No
X information available.)
(only in
Georgia Department ] ) ) ]
of Transportation X asphalt Sampling and Testing Guide: This
program) | document provides the sample size of some
materials, but contains no detailed
information about how to determine these
sample sizes.
Hawaii Department X
of Transportation
Idaho Department of
Transportation x
Indiana Department
of Transportation x
Kansas Department
of Transportation x
Kentucky
Department of X
Transportation
Maine Department X
of Transportation
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Table C.1 (Continued)

Sampling Method
Agency Historical Statistical Notes
Michigan DOT uses a statistically-based
concrete quality assurance specification.
Special Provision for Furnishing Portland
Cement Concrete (Quality Assurance):
Statistical evaluation of 28-day
compressive strength test to estimate the
X percentage of defective material in the lot.
(Concrete The stgtistical theory is }1§ed only for' data
Michigan program) analysis, not for determining the testing
frequency.
Department of
Transportation dOrily for Materials Sampling Guide, Bulletin
aia?ysis 1999-1: Normal sampling frequency in
some areas, but no information on
statistical method.
MDOT Office Memorandum - Materials
Quality Assurance Procedures Manual
Distribution No. 5: This document has no
information on how to determine the
material testing frequency.
Nebraska
Department of X
Transportation
Nevada Department x
of Transportation
New Hampshire
Department of X
Transportation
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Table C.1

(Continued)

Sampling Method

Agency Historical | Statistical Notes
Bureau of Materials Sampling Criteria for the
Majority of Material Sampled: This document
New Jersey . .
gives only the testing frequency of some
Department of | X X . , ;
Transbortation materials and products. It doesn’t provide any
p methodology on how to determine the testing
frequency or sample size.
X
(only in . . . .
New York Grade 60 Inspecthn, Samphng, and Tes.tmg of Gplqe 60
Steel Reinforcing Bars (1975): No statistical
Department of | X Steel ; .
: 3 . method on how to determine the sample size
Transportation Reinforcing .
and testing frequency.
Bars)
Documents provided were QC/QA Program
Manual, Solid Concrete Masonry Brick/Unit
Quality Control, Superpave Hot Mix Asphalt
Quality Management System Manual, and
North Carolina HDPE Pipe QC/QA Program Manual.
]]?fap; s ch rtation X These documents provided the minimum
p sample size and frequency of tests but did not
give any information on how to determine the
testing frequency based on statistical
methodology. Statistical methods are used to
analyze the results of material testing.
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Table C.1 (Continued)

Sampling Method
Agency Notes
Historical Statistical
North Dakota
Department of X
Transportation

Nova Scotia

Department of X
Transportation
Ontario Ministry of -
Transportation

South Carolina
Department of X

Transportation

Tennessee
Department of X

Transportation

Vermont
Department of X

Transportation
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Appendix D

AASHTO Soil Classification System.
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