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Abstract. Acceptance plans for asphalt mixtures use a certain sample size that
is often established based on the purpose of sampling, population size, risk,
and allowable error for evaluation. The rate of quality control (QC) sample size
is often higher than the quality assurance (QA) sample size. The test results
obtained from the QA samples are commonly used to validate the QC test results
and to assist the state department of transportation (DOT) with payment
decisions. However, if the QA sample size is insufficient to make accurate
judgments, the probability of making incorrect decisions regarding acceptance
increases. On the other hand, oversampling needlessly consumes both time
and cost. To identify the appropriate sample size for QA testing, a balance must
be struck between a number of variables. In this case study, two models were
developed using the Oregon Department of Transportation (ODOT) data to
determine the appropriate QA sample size. The need for this work was realized
when a review of ODOT paving projects revealed a large variability in lot size.
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These ranged from 3000 to more than 100 000 tons with commensurate QA
sample size rates. The typical standard deviation (STDEV) values of asphalt
content (AC) and in-place density were determined. The developed models
show that using the STDEV values that represented more than 90 percent of the
projects, ODOT needed to increase QA sample size for both AC and density in lots
of less than 22 000 tons. The results also show that sample can be decreased for
AC and remain as is for density in projects of more than 22 000 tons of asphalt
mixtures. The proposed models can be used to determine the optimum sample
size for different lots sizes.

Keywords: optimum sample size, lot size, quality control, quality assurance,
standard deviation.

Introduction

Sample size (n) refers to as a number of samples/tests taken
randomly from the asphalt mixture lot (also called population) and
used to assess the asphalt mixture quality. Typically, quality control
(QC) (i.e., testing performed by the contractor) and quality assurance
(QA) (i.e., testing performed by the state department of transportation
(DOT)) are sampled and tested at different rates. The rate of QC n is
often higher than the QA n. While a larger n yields more reliable results,
it is impractical for QC or QA testing to sample a large population
of materials such as the entire asphalt mixture lot (Winter, 2013).
Therefore, a smaller n is used to save time, cost, and speed up the paving
process. In most cases, QC collects one sample per sublot. A sublot is
defined as a portion of the lot, while QA collects one sample per 10 000
tons or sampling at a specific rate range between 5-10% of QC n (Elseifi,
2007). In general, the QA n ranges from three to seven units per lot.
Typically, results from QA n are used to verify QC results (Gharaibeh
et al., 2010). After verification, the Federal Highway Administration
(FHWA) allows DOTs to use the QC data for asphalt mixture acceptance
and to determine the percent of the lot within limits and the pay factors.
Verification of QC results by comparing them with the QA is usually done
by running t-test and F-test. DOTs can use QC data for payment when
the t-test and F-test are passed. A study with 42 state DOTs responding
showed that 27 DOTs used QC data for acceptance of the asphalt mixture
after verification (Schmitt et al., 1998; Al-Khayat, 2018).

It is very important to utilize the optimum QA n for evaluation and
verification processes. Too large QA n (more than needed) is costly
and may not be necessary. On the contrary, too small QA n (less than
optimum) may increase the probability of making incorrect decisions
such as using the QC data for acceptance and payment when it is
not valid. In most cases, QC and QA are testing the asphalt mixture
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aggregate gradation, asphalt content (AC), air voids (AV), and density.
These variables are often tested because studies have shown that these
properties are strongly related to pavement performance. Therefore,
DOTs monitor and test them to ensure the asphalt mixture quality, and
then decide to reject or accept all or part of the asphalt mixture lot,
and adjust the payment as necessary (Winter, 2013; Willenbrock, 1976;
Newcomb et al., 2016).

The Oregon Department of Transportation (ODOT) uses QC tests
after verifying with QA tests to accept or reject the asphalt mixture.
The ODOT standard specification defines the lot size as a total quantity
of asphalt mixture per project with the same job mix formula. The
sublot size is 1000 tons on asphalt mixture (Oregon Department of
Transportation, 2018). Therefore, the lot size and the QA n vary from
project to other. In Oregon, the pay elements of the asphalt mixture
are aggregate gradation, AC, and density. To test them, QC collects
one sample per sublot (i.e., one sample for every 1000 tons of asphalt
mixture). According to the ODOT specification, QA samples at a minimum
rate of 10% of QC n, or a minimum of three samples, whichever is larger
(Oregon Department of Transportation, 2018; Oregon Department of
Transportation, 2009). For instance, the QC must collect 10 samples
from a project consisting of 10 000 tons (10 sublots) of asphalt mixture,
while QA is required to collect at least three. Statistically, 10% of the QC
n or three samples may not be enough to represent the lot quality or to
make acceptance decisions. The gradation, AC, and density which are
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Figure 1. ODOT QA n performed practice percentage for AC and density



considered as pay elements may need to be sampled at different rates
corresponding to their variability (Al-Khayat, 2018; Willenbrock, 1976).

The need to develop models to assist ODOT in determining the
optimum QA arose from the variability in QA n and lot size. In projects
constructed in 2014-2018, the QA n ranged from three (i.e.,, minimum
required n) to 17 samples (i.e., 9% to 43% of QC n) for lot sizes ranging
from 7000 to 114000 tons. In this case study, two models were
developed to determine the optimum n for the AC and density. The
typical standard deviation (STDEV) values, lot size, allowable error, and
a 95% confidence level were considered. The AC data were obtained
from 20 lots, while density data were obtained from 17 lots constructed
by ODOT contractors during the 2014-2018 paving seasons. The data
were representing most contractors in Oregon state. The formula used to
determine the optimum QA n and develop the models is standardized in
ASTM D 6433 (ASTM, 2020). The formula in ASTM D 6433 is widely used
to determine the optimum sample size for pavement condition index
surveys. Figure 1 shows the ODOT QA n as a percentage of QC n for the
AC and density of 17 lots paved during the 2014-2018 paving seasons.

1.  Objective

The objectives of this study are to:

- Propose two models that can assist ODOT in determining the
optimum QA n to test the AC and the density of asphalt mixtures
for different lot sizes to ensure the quality.

- Verify the current ODOT QA sampling plan.

2. Research method

Determining a statistically relevant n ensures the ability to properly
compare the QC and the QA results when t-test and F-test are used. The
optimum QA n can be determined for various levels of confidence and lot
sizes from Eq. (1).

STDEV*N
n= , €y

2
STDEV? + (N:)e

where
n - the required number of QA samples;

N - the population size represented by the number of sublots or number
of QC tests;

STDEV - the assumed or calculated (Lot) standard deviation;

e - the acceptable level of precision.
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The above equation assumes a normal distribution associated with
the parameters of interest (i.e.,, AC and density). In fact, and based on
historical construction materials test results, material testing data
follow the normal distribution (Al-Khayat, 2018).

The STDEV value represents the distribution of the data. A larger
STDEV value means higher variability (less homogeneous), requiring
a larger QA n. Selecting the STDEV value to determine the optimum QA
n is important and can be critical if it is not close to the true STDEV.
Therefore, AC QC results from 20 lots and density QC results from 17
lots were used to determine the typical STDEV values. For AC, two levels
of STDEV were selected. The first STDEV value was 0.2 and represented
90% of the studied lots. Thus, 90% of the studied lots had a STDEV less
than or equal to 0.2. The second STDEV value was 0.3, which represented
100% of the studied lots. Thus, in the worst case, the largest STDEV value
was 0.29. Table 1 shows the STDEV values of AC QC results obtained

Table 1. STDEV values of AC from 20 lots

Lot number  AC measurements / number of sublots STDEV of AC
1 14 0.7
2 33 0.14
3 43 0.11
4 0.13
5 9 0.21
6 10 0.14
7 17 0.24
8 20 0.15
9 22 0.29

10 24 0.12
1 42 0.13
12 30 0.17
13 30 0.13
14 39 0.16
15 69 0.11
16 56 0.7
17 78 0.19
18 15 0.12
19 65 0.16
20 32 0.13




from 20 lots built by ODOT contractors during the 2014-2018 paving
seasons.

A similar calculation was performed on the average QC density
results. This calculation has an intricacy as the QC value reported is
the average of five individual density measurements within each sublot
and reported as a single value for sublot density. The STDEV values were
determined from 17 asphalt mixture lots. The maximum STDEV value
was 0.83, and the minimum was 0.11. Two STDEV values of 0.76 and 0.84
were selected to develop the density model. The first STDEV value of 0.76
was greater than 94% of STDEV values found within the studied lots
(Table 2), while the second STDEV value of 0.84 was used to represent
the worst-case scenario (greater than the maximum STDEV of 0.83 found
within the studied lots). Table 2 shows the STDEV values of density
results obtained from 17 asphalt mixture lots built by ODOT contractors
during the 2014-2018 paving seasons.

Population Size (N) was obtained by dividing the lot size (asphalt
mixture quantity in the entire project in tons) by sublot size (1000 tons).

Table 2. STDEV values of density measurements from 17 lots
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Lot number Density measurements / number of sublots STDEYV of average density

1 14 0.56
2 33 0.52
3 43 0.66
4 7 0.76
5 10 0.54
6 17 0.50
7 23 0.1
8 i 0.45
9 13 0.66
10 20 0.75
i 18 0.52
12 27 0.83
13 84 0.68
14 23 0.72
15 58 0.44
16 15 0.42
17 52 0.57
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The model was developed based on different lot sizes for applicability to
most scenarios of lot sizes in Oregon state (Fig. 1).

The sampling error, e, is defined as the maximum allowable
difference between the true average and the sample mean value. A large
allowable error reduces the n. The allowable difference was assumed at
an acceptable level of precision, A, of 0.15 for AC and 0.5 for density.

3. Results and discussion

The sample size formula presented in the research method section
was used to develop the models (lot size vs. n). Figure 2 shows the
models that can be used to determine the optimum n for AC. The red
curve was created by using the greater STDEV value of 0.3, while the
blue curve was created by using the STDEV value of 0.2. The 0.3 STDEV
value leads to a larger n. The black dots in Fig. 2 represent the ODOT QA
n that took place in the actual construction practice of the studied lots
built during the 2014-2018 paving seasons. The green curve represents
the minimum ODOT n requirements (i.e.,, 10% of QC n, or a minimum
of three samples, whichever is larger). The sampling model developed
using a STDEV of 0.2 (blue curve) indicates that the ODOT QA n on the
studied lots is below the proposed n in lots consisting of 23 000 tons or
less. On the other hand, based on actual practices, ODOT oversampled
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Figure 2. Required QA n for AC
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on lots consisting of 24000 tons and more. Additional samples are
required when a STDEV value of 0.3 is used. All studied lots fall below
the red curve except the project that consisted of 114 000 tons. Table 3
compared ODOT QA n performed practice on studied lots versus the
ODOT minimum requirements versus the proposed QA n based on the
two values of STDEV (i.e., 0.2 and 0.3).

Figure 3 shows the sampling model that can be used to determine the
optimum n for density. The first model (red curve in Fig. 3) was created
using a STDEV of 0.84, while a STDEV of 0.76 was used to develop the
second model (blue curve in Fig. 3). The block dots represent the ODOT
QA n that took place in the actual construction practice of the studied
lots built during the 2014-2018 paving seasons. The density sampling
model using a STDEV of 0.76 (blue curve) indicates that the ODOT QA
n in practice was below the proposed n in most cases. However, lots
with 24 000, 33000, and 43 000 tons fall within the proposed sampling
guidelines presented in the model. The very large project, consisting of
114 000 tons, was sampled more than needed according to the proposed

Table 3. The proposed n based on 0.2 and 0.3 STDEV values
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Lot size (LS)- ODOT QAN ) OD.O'T QA Propos.ed n, Propos:ed n,
thousands ton performed practice n minimum when using 0.2 when using 0.3
on studied lots, % requirements STDEV, % STDEV, %

LS -7000 3 (43%) 3 (43%) 4 (57%) 6 (86%)
LS-9000 3 (33%) 3(33%) 5 (56%) 6 (67%)
LS -10 000 3(30%) 3(30%) 5(50%) 7 (70%)
LS -12000 3 (25%) 3 (25%) 5 (42%) 7 (58%)
LS-15000 3(20%) 3 (20%) 5(33%) 8 (53%)
LS -17000 4 (24%) 3 (18%) 6 (35%) 9 (53%)
LS -20000 3(15%) 3 (15%) 6 (30%) 10 (50%)
LS-22000 4 (18%) 3 (14%) 6 (27%) 10 (45%)
LS -23000 3 (13%) 3 (13%) 6 (26%) 10 (43%)
LS -24 000 7 (29%) 3(13%) 6 (25%) 11 (46%)
LS-33000 7 (21%) 4 (12%) 6 (18%) 11 (33%)
LS -42000 3(7%) 5 (12%) 7 (17%) 12 (29%)
LS -43 000 8 (19%) 5 (12%) 7 (14%) 12 (33%)
LS-52000 7 (10%) 6 (12%) 7 (13%) 13 (23%)
LS -58000 7 (9%) 6 (10%) 7 (12%) 13 (22%)
LS -84 000 7 (10%) 9 (11%) 7 (8%) 14 (17%)
LS - 114 000 17 (15%) 12 (11%) 7 (6%) 15 (13%)
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Figure 3. Required QA n for density

Table 4. The proposed n based on 0.76 and 0.84 STDEV values

Lot size (LS)- ODOT QAN ) OD.O'T QA Propo?ed n, Propo‘sed n,
thousands ton performed practice n minimum when using 0.76 when using 0.84

on studied lots, % requirements STDEV % STDEV %

Ls-7 2 (43%) 3 (43%) 4 (57%) 4 (57%)
LS-9 3 (34%) 3 (34%) 5 (56%) 5 (56%)
LS-10 3 (30%) 3 (30%) 5 (50%) 5 (50%)
LS-12 3(25%) 3(25%) 6 (50%) 6 (50%)
LS-15 3 (20%) 3 (20%) 6 (40%) 7 (47%)

LS -17 4 (24%) 3 (18%) 6 (35%) 7 (41%)
LS-20 3 (15%) 3 (15%) 7 (35%) 8 (41%)
LS -22 4 (18%) 3 (14%) 7 (32%) 8 (36%)
LS-23 3 (13%) 3 (13%) 7 (30%) 8 (35%)
LS -24 7 (29%) 3 (13%) 7 (29%) 8 (33%)
LS-33 7 (21%) 4 (12%) 7 (21%) 9 (27%)
LS -42 3(7%) 5 (12%) 8 (19%) 9 (21%)
LS -43 8 (19%) 5 (12%) 8 (19%) 9 (21%)
LS-52 7 (13%) 6 (12%) 8 (15%) 9 (17%)
LS -58 7 (12%) 6 (10%) 8 (14%) 10 (17%)
LS -84 7 (8%) 9 (11%) 9 (11%) 10 (12%)
LS -14 17 (15%) 12 (11%) 9 (8%) 10 (8%)
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sampling models. Using either model (i.e., model that was created based
on 0.76 or 0.84) leads to the same results for lots with less than or equal
to 12 000 tons of asphalt mixture, and more by one or two samples for
lots with more than 12 000 tons when the greater STDEV (0.84) was
used. Table 4 shows the proposed n based on two values of STDEV (0.76
and 0.84) and ODOT QA n actual practice on studied lots.

In 2015 and 2016, the ODOT contractors paved 130 projects with
approximately 74% having less than 20 000 tons (20 sublots) of asphalt
mixture. The current ODOT specification requires a minimum QA rate
of 10% of QC n, or a minimum of three samples, whichever is larger,
for verification and to ensure asphalt mixture quality. The current
requirements (green curve in Figs. 2 and 3) may introduce risk on a
large percentage of paving projects. This risk comes when only three
QA samples are taken, which has many limitations from a statistical
perspective by reducing the power of the data and increasing the margin
of error. The current requirements are applied to all pay elements,
including aggregate gradation, AC, and density without considering the
differences in their data variability.

The proposed sampling models could assist ODOT QA department to
determine the optimum n needed to validate the QC data and perform
t-test and F-test correctly, calculate the percent within limits and pay
factors, and ensure the asphalt mixture quality.

Conclusions and recommendations

This paper has presented a case study to develop a model that can
be used to determine the optimum QA n. The ODOT historical data
were used to develop two sampling models. The models considered
the lot sizes, the purpose of samples, variability in AC and density data,
confidence level, and allowable error.

For the AC sampling model, ODOT, or any DOT developing such
models, will need to decide on the appropriate STDEV value. For the
studied lots, 0.2 and 0.3 STDEV were used for AC. The STDEV value of
0.2 was greater than 90% of the studied lot STDEV values. The STDEV
value of 0.3 represents the worst-case scenario (i.e., the greater STDEV
value found within the studied lots). The ODOT would need to increase
the AC QA n for lots consisting of 65 000 tons or less and could decrease
the n for lots with more than 65 000 tons of asphalt mixture when 0.2
STDEV value was used and compared to the current ODOT minimum
requirements. On the other hand, using a 0.3 STDEV value means more
QA n is required for lots consisting of less than 145 000 tons of asphalt
mixture when compared to the current ODOT minimum requirements.
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For density, ODOT previous project data indicated that STDEV values
of 0.76 or 0.84 could be used. Using either value (0.76 or 0.84) leads to
the same QA n for lots consisting of less than 12 000 tons, and one to
two samples more (i.e., n when using 0.76 + 1 or 2 sample) when using
0.84 for projects consisting of more than 12 000 tons of asphalt mixture.
According to the studied lots, more QA n was needed in lots consisting of
less than 22 000 tons. Lots with 24 000 to 43 000 tons of asphalt mixture
were within the acceptable rate of sampling based on the sampling
model. The lot with 114 000 tons can be sampled at a lower rate with 10
samples instead of 17. Typically, ODOT tests aggregate gradation and AC
from the same sample which is more practical and widely used among
state DOTs. Further study needs to include the gradation and determine
the STDEV values of each sieve size considered as a pay element in ODOT
specification. This will help determine the optimum QA n for gradation
and compare it to the AC n. A larger n can then be selected and used for
both tests.
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