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The New York State Department of Transportation's Engineering 
Research and Development Bureau has developed a computer 
simulation of asphaltic concrete production for evaluation and 
improvement of quality assurance. As far as can be determined, 
this is the first simulationdirected toward formulating a quality 
assurance program for blending of bulk materials. The model 
consists of a set of random data generators simulating hot-bin 
and final-mix gradations. Drift from the plant mean caused by 
production fluctuations can be introduced into the process, 
with the drift's starting point, duration, and magnitude deter
mined randomly. Operating characteristics are determined for 
any quality assurance method by simulating numerous and 
different plants-representative of normal production-and by 
adjusting quality assurance parameters for various testing 
strategies. With the increasing complexity of testing schemes, 
evaluation by simulation is the only feasible method of analysis. 
This technique is used to develop operating characteristic data 
for a quality assurance program as applied to standard top
course mix. The basic model is in generalized form, with all 
mix characteristics entered by the user. It is applicable to 
any mix for which proper distributions can be formulated. The 
program is written in FORTRAN IV and, with only minor file 
card adjustments, may be run on either the Burroughs B5500 
or the IBM 360 computers. This discussion briefly covers the 
background of the computer simulation and evaluation of one 
proposed quality assurance program. A full report on building 
the simulation model, along with program listings, is also 
available for the engineer who is familiar with statistical 
methods. 

•IN RECENT YEARS, state highway departments have become increasingly interested 
in developing quality assurance programs for construction materials. The blending of 
aggregates for asphaltic concrete has been of special concern, as it is the most critical 
aspect of production. The Engineering Research and Development Bureau, in coopera
tion with the U. S. Bureau of Public Roads, has been studying asphaltic concrete unifor
mity and quality assurance since 1960. An earlier paper (1) presented the results of the 
first study. The limitations of that study prompted the present research. 

In the past, quality assurance methods for asphaltic concrete evolved through trial
and-error procedures using actual data. Although this approach is often inefficient and 
suboptimal, it was the only method available because of the nature of the production pro
cess. Variation in plant operation complicates analysis of the process to such an extent 
as to preclude a strict analytical treatment. 
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Fluctuation in the rate of production is a major influence on gradation uniformity. 
Production surges occur frequently during plant start-up in the morning and in the after
noon when many trucks are waiting to be loaded with mix. As plant production 
approaches capacity, more and more aggregate must be separated by the vibrating 
screens, and thus screen efficiency drops and material "carry-over" increases. The 
latter occurs either when smaller material is trapped and carried along by larger stone, 
or when the screens become plugged. In both cases, the aggregate is not allowed to 
drop into the proper hot bin. Torn and worn screens will influence production unifor
mity, by permitting oversized particles to drop into the wrong hot bin. Finally, one 
plant can be producing several different mixes for various customers in random order. 
This keeps production from ever reaching a steady state for any one mix. 

Specifically, 3 major aspects of the process-production drift, interdependence of 
gradation between sieves, and sampling limitations-restrict the analysis. 

1. Drifting of production from the plant mean, caused primarily by process fluctu
ations, was found to occur in over 50 percent of the plants sampled. 

2. Because the sample gradation must total 100 percent, variations in any one aggre
gate size must induce corresponding opposite variations in the other sizes. Thus, if a 
sample fails specifications on one size, the probability increases that it will also fail on 
another size. Consequently, between-sieve independence cannot be assumed. 

3. It would be too expensive and time-consuming to take enough samples for adequate 
evaluation of the operating characteristics of any quality assurance program that is de
veloped. 

Only 2 other possible routes remained for developing a realistic quality assurance 
method-the test plant or the simulation approach. Use of a test plant was ruled out 
because it would be impossible to duplicate all possible process characteristics with 
only 1 plant. Simulation, then, was the method chosen for this study. 

FORMULATING AND OPERATING THE MODEL 

Choice of the Basic Model 

Various available mathematical modeling strategies and their uses were reviewed. 
Only the Monte Carlo method was deemed practical for this process. Many authors (9) 
use the term "simulation" to denote the application of proposed specifications to sample 
data; this should not be confused with the simulation approach developed here. 

The adopted approach-simulation of plant output utilizing Monte Carlo techniques
entails use of cumulative frequency distributions for generation of aggregate gradations 
in each hot bin. The individual batches are then simulated by randomly selecting grada
tion values from the cumulative distributions, adjusting them for inherent process vari
ation, and combining them into the final mix. This approach has many advantages; it is 
a static or nontemporal method of simulation that eliminates the need either for trying 
to determine starting conditions for all variables or for sensing when the system has 
reached "steady state. 11 To calibrate this model, samples need be obtained only at the 
hot-bin area, where sampling facilities are normally provided. The effect of local 
variables can be reduced by using distributions developed from samples taken at many 
different plants throughout the state. 

The simulation method permitted us to provide for the 3 major factors that precluded 
an analytical approach to the problem. Drifting of the plant production mean could be 
simulated by systematically shifting the mean gradation about which the production out
put varies. Interdependence of sieves could be compensated for by correlation equations 
relating the bin's primary size aggregate to other sieves in the bin. Finally, all the 
"samples II needed to evaluate the operating characteristics of any quality assurance 
testing strategy could be generated efficiently at a minimal cost. 

Data Collection for Model Calibration 

To identify and quantify plant variables affecting product uniformity, and to develop 
distributions of the gradations that typify plant production, it was essential that sufficient 
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samples be taken from a wide cross section of asphaltic concrete plants. Between 1961 
and 1964, the Engineering Research and Development Bureau sampled production of 29 
plants producing top-course mix to study variation of gradation. The data were used to 
calculate the testing limits contained in the state's quality assurance manual (3). How
ever, on the average, only 17 samples were obtained at each plant, and, although these 
data were adequate for project objectives, they could not give the true picture of pro
duction trending that is required for system simulation. 

In 1967, as pai·t of this simulation research, a pilot study was conducted to determine 
the practicality of the extensive sampling needed to gather data for a simulation. After 
successful completion of the pilot study, the 1961-1964 : and 1967 data were used as the 
basis of a feasibility study of computer simulation of an asphaltic concrete plant, per
formed under contract by Rensselaer Polytechnic Institute. When the simulation ap
proach proved feasible, an ambitious sampling program was instituted to secure data 
suitable for calibration and validation of a simulation model. 

During the summer of 1968, Bureau personnel visited 46 of the approximately 120 
asphaltic concrete plants throughout New York State, and 39 were sampled. Samples 
were taken as the aggregate dropped from the hot bins into the weigh hopper and also at 
the individual cold feeds. Sample processing was a major undertaking in itself. Drying 
(for cold-feed samples), splitting, and sieving of the 15,000 samples took 18 months. 

Twenty-one plants sampled were producing top-course mix. Their hot-bin samples 
were used to determine both the magnitude and the source of variation in asphaltic con
crete production needed for this research. The other 18 plants were producing different 
mixes, and their data are earmarked for subsequent uniformity and simulation projects. 
Likewise, the cold-feed samples will be used to investigate the possibility of establish -
ing a quality assurance procedure for the cold feed, using simulation techniques. Obser
vations recorded at the plants not sampled reinforced the other data when plant param
eters and system variables had to be postulated. 

It was decided that a day's production could be adequately represented by 30 sets of 
hot-bin samples taken at 10- to 15-min intervals. These data were used not only to 
develop the variable distributions for the simulation model, but also the fixed time in
terval between samples facilitated recognition of any tendency of the process to drift 
from its mean. This is the first time that extensive time series data, required for a 
simulation, have ever been obtained at numerous asphaltic concrete plants. 

Two different sampling procedures were employed. In 17 of the 21 plants producing 
top-course mix, a "regular sampling strategy" was used. Thirty sets of samples were 
taken from each of the 3 hot bins, for a total of 90 samples per plant. These samples 
were dry-sieved, and means and standard deviations were calculated for the percent
retained on each sieve in each bin. In 4 different plants, an "intensive sampling strat
egy" was applied. Duplicate samples were taken from each hot bin until the desired 
30-sample sets (180 samples) were obtained. These were used to determine the ad
justment of the percents-retained needed to compensate for sampling and testing errors 
within the data. 

Formulation of the Model 

Numerous plant operating procedures and general characteristics were evaluated, 
and the following ones, which influenced mix production or sampling results, were quan
tified: 

1. Correlation of individual sieve data within a bin, 
2. Correlation between sample variation and percentage of predominant size aggre-

gate in each bin, 
3. Variation between the job mix formula (JMF) and plant gradation means, 
4. Distribution of batch variation about the plant gradation mean, 
5. Process drift from the gradation mean, and 
6. Errors in sampling and testing affecting final gradation. 

Parameters 1 and 2 were determined by regression analysis, 3 · and 4 from analysis 
of the distributional form of the sample data, 5 from plots of the primary size data and 
from run tests, and 6 from analysis of variance. 



50 

Although most of the process characteristics are self-explanatory, drift does need 
some explanation. This behavior was recognized in our first study of uniformity. It is 
attributed mainly to changes in plant operating speed, causing carry-over in the bins. 

A program was written to plot and apply run tests (4) to each of the sample gradations 
taken in the individual plants. These tests indicated some drifting from the mean pres
ent in 12 of the 21 plants sampled. An analysis of the plots showed that gradation drift 
from the plant mean tended to be parabolic and was most evident on the predominant size 
materials. Drift was found to occur once or twice a day either (a) when a queue of 
trucks developed and plant production increased, causing the predominant size to de
crease (negative drift), or (b) when production slowed down drastically and the predomi
nant size increased (positive drift). 
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Figure 1. Simplified flow diagram. 
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After all the necessary intercorrelation and adjustment procedures were formulated 
and the sample distributional form was characterized by the W-Statistic developed by 
Shapiro and Wilk: (8), the basic model was written and programmed. A simplified flow 
chart of the program is shown in Figure 1, and a sample program output is given in the 
Appendix. 

Program Operations 

Simulated production of a plant begins with the computer randomly choosing the mean 
gradation around which all batches will vary. Cumulative frequency plots of statewide 
percent-retained values for each bin and sieve are input to the computer. The plots 
were developed from the sample data after the drifting samples had been removed. Uni
form random numbers between 0. 0 and 1. 0 are then generated, and a mean percent
retained value is chosen for each bin and sieve combination. 

Figure 2 shows this generation process using the percent-retained on the 1/a-in. sieve 
in bin 1 (predominately ¾-in. stone) as an example. Choosing a random number, we 
enter on the y-axis at that random number, and the corresponding value on the x-axis 
is the percent-retained for that sieve and bin. Picking 0. 60 for the r_andom number 
yields a 15. 4 mean percent.;retained for the 1/8-in. sieve in bin 1. This procedure is 
repeated for each sieve in each bin to generate percent-retained valu,es. The final mean 
gradations are obtained by adjusting these values for intercorrelations within the bin. 

The program then starts production of the new mix by randomly choosing a plant mix 
ratio (PMR)-tbe percentage of aggregate dropped from each hot bin-for bin 2 (predomi
nately 1/8-in. stone) from a statewide distribution of values. Using this value, a predic
tion equation determines the PMR for bin 3 (fines bin), and finally bin 1 is set to make 
the PMR values total 100 percent. From these data, the mean percent-passing for the 
mix is calculated. The job mix formula (JMF)-thetarget percent-passingthe producer 
is aiming for-is then generated with random variation from the plant mean. This JMF 
must be within the state's acceptable band before the simulation may proceed. 

Mixed production is handled by generating gradation data for each hot bin. This is 
the mean gradation with random normal or lognormal variations superimposed. These 
gradations are further modified by random testing and sampling errors, producing the 
samples as seen by an inspector. Finally, they are, combined according to the PMR 
into the final mix. 
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The testing scheme incorporated in the program is a variation of the method pr.oposed 
by our 1967 paper. This sampling scheme compares the percentage passing each sieve 
with the plant's JMF, supplemented by "red flag" procedures that monitor the primary 
size percentage in each hot bin. The producer may have any JMF that suits his raw 
materials, as long as it falls within a general range for the mix-type being made. 

At the start of a day's production, the plant inspector would perform a complete hot
bin analysis by sieving out samples from each bin, and weighting them mathematically 
with the PMR to calculate a final mix. The inspector checks the calculated mix to see 
that it is within acceptable JMF tolerances. 

If the hot-bin analysis is acceptable, then the inspector can shift over to the unifor
mity and uniformity-difference mode of gradation testing. Here, he checks the percent
retained primary size in the hot bins against uniformity limits to see that it is above 
minimal standards. The percent-retained primary size must be above a minimum value 
for coarse aggregate and within a tolerance band from the last hot-bin analysis for all 
aggregates. 

The reasoning behind the uniformity and uniformity-difference tests is quite simple. 
To produce a uniform mix, the primary size of the hot bins should be about the minimum 
specified for that aggregate size in the stockpiles. Also, it should not vary too much 
from that for the last acceptable mix, or it will probably throw the final mix out of spec
ifications. When the uniformity tests fail, the inspector immediately checks the mix 
with a complete hot-bin analysis. 

Once the desired number of batches have been simulated, the drift option may be 
called. If drift is desired, the program first performs testing without drift, prints the 
results, then goes back and applies drift to the generated samples, and retests with the 
same scheme. The drift routine is one of the most important parts of the program, in 
that it adds realism to the simulation. It is also required to evaluate the sensitivity of 
a testing scheme in detecting drifts from the plant mean. 

Model Efficiency 

The simulation program is designed to be as efficient and flexible as possible. Several 
modes of operation are possible and the subroutines developed are applicable for use in 
any program. It was written in FORTRAN IV because of this language's ready accep
tance by most programmers and computers; in fact, the present program will run on 
both the IBM 360 and the Burroughs B5500 with only minor revisions in input and output 
files. To give an idea of the machine time required for the program, the model simu
lates 200 nondrifting batches with 2. 04 min of processor time and 0. 33 min of input
output time. When drift is included, these increase to 3. 00 and 0. 65 min respectively. 
The program is designed either to simulate and test data generated internally, or to 
accept and test actual plant data for validation purposes. There are 3 modes of opera
tion. 

1. The simulation mode is used when batches are to be simulated and considerable 
output is required. The various plant parameters are either input or generated, and 
the required number of batches are simulated and tested. 

2. The production mode does the same calculations as the simulation mode, but the 
printed output is substantially reduced. This mode is used when many plants are to be 
simulated sequentially and it is advantageous to limit the output volume. 

3. The validation mode utilizes actual field cumulative weights-retained that are 
read in. This mode bypasses the simulation portion of the program and enters the test
ing section directly. 

Computer Model Validation 

Before any simulated g_ata can be analyzed, one must determine whether the simu
lation model adequately represents operation of an asphaltic concrete plant. A model 
is usually considered valid when the results agree closely with actual data from the 
system being simulated (6 ). Further, a model may be required either to duplicate past 
results or to predict future results. Because only past data were available for this 
study, model validation was based solely on ability to reproduce historical results. This 
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concept of verifying the model with hot-bin data originally used to calibrate the same 
model may be confusing. It should be realized that the model is made up of a group of 
equations predicting various individual plant parameters. Even though the logic behind 
each of these relationships is sound, the generated parameters- may not interact 
properly to simulate the operation of the entire system. 

To begin the validation procedure, hot-bin field data from the sample plants were in
put to the program, utilizing the validation mode of operation. Two different tolerance 
testing schemes were applied to the samples, and the percentage outside of the specifi
cations was calculated for each pl1U1t. The first tolerances were derived analytically for 
t he l A top mix by our 1967 paper (1). The others were formulated by the simulation. 
Both sets of tolerances were used fo test 100 plants with 200 s imulated batche s pe1· plant 
to find how well simulated data compared with actual field samples. The comparison is 
shown in Figure 3. Of course, no model can be expected to duplicate the existing data 
perfectly and there was some minor deviation, but this was attributed primarily to the 
difference in numbers of plants and batches being tested. Because the model was per
forming well with the application of both sets of tolerances, further calibration was not 
necessary and the model was considered valid. 

DEVELOPING THE QUALITY ASSURANCE PROGRAM 

Tolerance Test 

The first step in formulating a realistic quality assurance program is balancing the 
tolerance test rejection rate on each separate sieve. The JMF toleranc.e limit describes 
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the acceptance band about the JMF. For 
example, if a producer picks a target 
JMF of 50 percent passing the 1/e-in. 
sieve, with the tolerances proposed by 
our 1967 paper, he may produce accept
able material anywhere from 44 to 56 
percent passing (±6 percent about the 
JMF of 50 percent). Table 1 gives a 
7-level simulated experiment designed 
to optimize the tolerances, using the 
tolerances proposed in our 1967 paper 
as the median level. Twenty plants 
were simulated at each strategy level. 
Two hundred batches were generated and 
tested with no drift applied. The ½-in. 
sieve was not varied because little ag
gregate of that size is found in top
course mix. For convenience, it was 
kept at the 5 percent level. 

The tolerance test rejection rate for 
each tolerance level was calculated, and 
Figure 4A shows the percentage of sam -

TABLE 1 

EXPERIMENT TO EVALUATE TOLERANCES 

JMF Tolerance Limits, ± 

Item 

Sieve 
½in. 
¼in. 
1
/, in . 

No . 20 
No . 40 
No . 80 
No . 200 

Uniformity 
limit 

Uniformity 
difference 
limit 

More 
Stringent 

5.0 
0.5 
1.0 
1.0 
1.0 
0.5 
0.5 

85 

4 

5 
3 
3 
4 
3 
1 
1 

80 

8 

5 
4 
5 
G 
5 
2 
2 

75 

10 

Proposed 
In 1967 

,, 

5 
5 
6 
7 
6 
3 
2 

70 

12 

Note: Italics indicate successive strategy levels. 

Less 
Stringent 

5 
6 
7 
8 
8 
4 
4 

65 

14 

5 
7 
8 

10 
10 
6 
5 

60 

16 

5 
8 
9 

12 
11 

8 
6 
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ples that would be out of specification on the separate sieves when various tolerance 
limits were imposed. A good quality assurance program should balance the rejection 
rate on each sieve so that none is rejecting more than its share of batches. Any line 
drawn parallel to the Figure 4A abscissa will intersect the sieve plots at levels to 
achieve a balanced rejection rate over all sieves. For example, to obtain a balanced 
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5 percent rejection rate on the 6 sieves , Figure 4A shows that tolerances should be set 
at the following levels : 

Sieve 

¼ in. 
1/s in. 
No.20 
No.40 
No.BO 
No.200 

Tolerance 

4.2 
6.3 
9.2 
8.0 
5.9 
4. 4 

However, an overall rejection rate of 5 percent will not be achieved by setting the 
individual sieve rejection rates at 5 percent, unless the 6 sieves are totally correlated 
or in a one-fail-all-fail situation. Likewise, if the percent-passing a given sieve is 
totally independent of all the others, setting individual rejection rates at 5 percent would 
lead to an overall rejection rate of 26. 5 percent (1-0. 95 6

) . This is not the case either, 
for if a higher-than-average percentage of the aggregate passes 1 sieve, a lower-than
average percentage must pass 1 or more of the lower sieves. 

The actual overall tolerance rejection rate falls somewhere between these 2 theoret
ical extremes. The overall rejection rate associated with individual balanced rejection 
rates of from 1 to 7 percent was simulated. The average for 20 plants with 200 simu
lated batches per plant was considered the overall rejection rate at each level. 
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Figure 5. Percent of samples rejected in relation to 
uniformity limit and uniformity-difference limit. 

Figure 4B shows plots of the actual 
rejection rate in relation to the 2 theo
retical extremes. The actual rate tends 
to be more closely associated with the 
independent than correlated extreme, 
indicating that a relatively low percen
tage must be rejected on each sieve to 
obtain a reasonable overall rejection 
rate. To achieve a desirable 10 per
cent rejected, the individual sieve tol
erances should be set at the balanced 
2. 2 percent level. To ensure that a 
true cross section of plants had been 
simulated, 100 additional plants were 
generated and tested at the balanced 
2. 2 percent individual rate and again 
a median 10 percent overall rejection 
rate was achieved. The balanced 2. 2 
percent limits extrapolated from Figure 
4A and rounded to the nearest percent 
are as follows: 

Sieve 

¼ in. 
1/8 in. 
No.20 
No.40 
No.BO 
No. 200 

Uniformity Tests 

Tolerance 

5 
7 

10 
9 
6 
5 

The "red flag" uniformity and 
uniformity-difference tests also had to 
be balanced to ensure that an equal 
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amount of material would be rejected in 
both bins 1 and 2. Figure 5A shows that 
a balanced rejection rate of about 7 per
cent in each bin can be obtained in the 
uniformity test if batches are out of 
specifications when the primary size in 
bins 1 or 2 falls below 70 or 60 percent 
respectively. Setting the uniformity 
limit at the knee of eachdistribution is 
advantageous in that both rejection 
curves slope sharply upward as more 
stringent testing limits are applied. No 
overall rejection rate is shown in Figure' 
5A because the plot would be meaning
less with the bin rejection rates not 
balanced. 

The simulated percents-rejected 
were also plotted against various 
uniformity-difference testing levels, 
with the results shown in Figure 5B. 
A uniformity-difference limit of ±16 
percent will almost balance the indi
vidual bin rejection rates at about 9 
percent Again, this is a good level 
for setting the limit, because the total 
rejection rate rises sharply as lower, 
more stringent limits are applied. 

Any uniformity and uniformity
difference limit chosen must also be 
consistent with acceptable levels of 
alpha and beta error. Figure 6 shows 
these errors associated with various 
testing levels. In these plots, an 
alpha-error reject is considered to be a 
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Figure 6. Operating characteristic curves for uniformity 
test and uniformity-difference test. 

sample that passes the tolerance test with the selected tolerances imposed, but is re
jected by either the uniformity or uniformity-difference tests. 

The optimum uniformity limit was found by determining in Figure 6A the point where 
total alpha and beta errors were equal. At a uniformity limit of 70 percent for bin 1 and 
60 percent for bin 2, the alpha and beta errors will be balanced at an acceptable 8 per
cent level and the overall uniformity rejects will be 11 percent. The same procedure is 
repeated, and the uniformity-difference limit shown in Figure 6B is optimized at ±16 
percent, with 10 percent alpha and beta errors and 14 percent total uniformity-difference 
rejects. 

Testing Strategy Evaluation 

Thus far, the simulation has produced batches that have not drifted from the plant 
mean. Any acceptable quality assurance method must also detect this phenomenon 
promptly so that corrective action may be instituted. Fifty plants were simulated with 
and without drift and the simulated testing limits imposed. The simulated data indi
cated that the tolerance test percent-rejects increased when drift was included. Also, 
as the percent-rejects without drift in a plant rise, the number of rejects with drift 
also increases. This implies that drifting in a nonuniform plant will cause the most 
problems. 

The uniformity test was excellent at detecting negative drift in plants, with. a rel
atively low percent-retained in any primary size. The uniformity-difference test per
formed well at identifying both positive and negative drift. 

Fifty additional drifting plants were simulated with 500 batches per plant. Various 
sampling frequencies were employed, and the resulting percentage of batches rejected 
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was tabulated. The efficiency of each testing scheme dropped substantially as ·the time 
between samples increased. 

A study of 9 asphaltic concrete plants in New York State (2) indicated that a modern, 
efficiently run asphalt plant produces about 60 batches per hour. It would be physically 
impossible to test every batch as the computer simulation can. The uniformity test re
quires about 20 min, while a complete hot-bin analysis would take over 45 min. There
fore, the minimum testing frequency physically possible for 1 man would be every 20 
batches for the uniformity tests and every 45 batches for the hot-bin analysis. Plotting 
simulated results indicated that a uniformity and uniformity-difference testing frequency 
of every 80 batches would be most effective because the percent-rejected dropped rapidly 
after this point. Because the percents-rejected between tolerance tests do not increase 
drastically as the time between samples increases and there is good correlation between 
the tolerance and uniformity tests, a tolerance test every 400 batches, together with unifor
mity tests every 80 batches, is a realistic testing frequency for this type of sampling plan. 

CONCLUSIONS 

1. This study has illustrated the evaluation of one quality assurance program for as
phaltic concrete, utilizing computer simulation procedures. Computer simulation has 
proved to be an effective, flexible tool in developing testing strategies. Although devel
opment of the simulation package was an exercise in programming logic involving such 
statistical techniques as experimental design, regression analysis, and analysis of vari
ance, anyone can use the program by merely inputing it to the computer with a list of 
descriptive plant parameters. 

2. The methodologies presented in this paper can also be used to analyze other, more 
complicated sampling plans that are too complex to evaluate analytically. Also, the 
technique may be modified to ascertain the quality assurance aspects of many other types 
of construction materials such as portland cement concrete. 

3. The simulation model of aggregate flow can be expanded in 2 directions. It can 
be expanded backward toward the raw materials so that the gradation in the cold bin can 
be predicted from the simulated hot-bin data, and a testing program for the cold feed 
may thus be instituted. Testing at the cold feed would allow "real time" control so that 
corrective action can be taken to remedy out-of-control production before the material 
leaves the plants. The model can also be expanded forward to the roadway, in that the 
characteristics of the mix actually placed can be simulated from the hot-bin data. This 
would be extremely useful in ascertaining the economics of adjusting the bid price on 
the basis of the quality level of the material received, as advocated by several construc
tion agencies (~, J). 
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