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Foreword 
This RECORD brings together seven papers covering a wide range of 
subjects having a common basic application to highway construction. 

Those concerned with asphalt concrete construction will find infor
mation on recent research efforts on mixing time for asphalt concrete 
mixes in the Graham paper, on the application of nuclear equipment 
for determining the asphalt content of hot bituminous mixes in the Grey 
paper, and on suggested tolerance limits for job acceptance and control 
of asphalt concrete, as well as other materials, in the Shall and Adam 
paper. 

Those concerned with earthwork construction will find some inter
esting concepts of the cost and practicality of pursuing grading opera
tions during cold weathel' in the Lovell and Osborne paper and results 
of recent work relating to calibration of moisturefi:J.ensity nuclear gages 
in the Lefevre and Manke paper. 

Information available to bridge and structure interests is broadened 
through the Brumer and Stahl paper, which presents criteria for in
specting to insure control of the quality of structural steel, and the 
Hilton pa.per which presents the results of a study aimed at identify
ing the principal causes of bridge deck roughness and sets forth cer
tain construction criteria considered effective in 1·educing bridge deck 
roughness. 

Materials people will find information of interest in all of these 
papers either from the specific material data included or the concepts 
of the techniques of soil testing presented. Without exception, the papers 
have been written in an easily understood manner utilizing a minimum 
of technical lm1guage. 

-H. W. Humphres 
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Reduced Mixing Time for 
Asphalt Concrete Mixes 
MALCOLM D. GRAHAM, WILLIAM C. BURNETT, JEROME J. THOMAS, and 

WILLIAM H. CLARK, III, Bureau of Physical Research, New York State 
Department of Transportation 

As a result of 1963-64 studies of mixing times in asphalt plants, 
the New York State Department of Transportation reduced its dry 
and wet mix time specification requirements by varying amounts, 
depending on plant size and mix type being produced. Typically, 
however, these times now total 10 sec dry and 35 sec wet mixing, 
regardless of mix type being produced. Individual plant design 
and condition influence time requirements for adequate distribu
tion and asphalt coating of aggregate particles, necessitating 
plant-by-plant testing to qualify for new reduced times. Impli
cations for future manufacture of mixing plants and for producer 
efficiency are discussed. At present, one-third of asphalt plants 
supplying mix for state contracts have requested and received 
permission to reduce mixing time, accounting for a major portion 
of the mix being produced. 

•TO DETERMINE whether a general reduction in mixing times could be allowed at as
phalt batch plants, a field and laboratory study of optimum mixing time was performed 
during the 1963 construction season. This work was conducted by the Cornell Univer
sity School of Civil Engineering under a research contract with the New York State De
partment of Transportation. 

The study's primary purpose was to evaluate the effects of dry and wet mixing times 
on aggregate particle coating for various asphalt concrete mixes produced according to 
Department specifications . Specifically, an attempt was made to determine acceptable 
total mixing times for particular mixtures. A secondary objective was to determine 
the effect of mixing time on strength of the Department's Type 1A aspahlt concrete top 
course mix. 

It was felt that reduction of total mixing time could be beneficial, in terms of both 
economy and mix quality. The economic benefit would be derived from eventually lower 
tonnage costs due to increased production rates. Quality might be improved by the as
phalt's being exposed to less oxidation and vola tilization in the pugmill. 

Department specifications (1) r e quired that bituminous mixtures be dry mixed for 
15 sec from the start of adding-aggregate, followed by a minimum 45-sec wet mixing 
from the start of adding asphalt. The mixing time study was conducted using the Ross 
Count Method (2) in an asphalt batch plant producing top, binder, and base course mix 
for a Department contract. The Ross Count Method is based on the fact that coarse 
particles of a mixture are the last to be coated (2, 3, 4, 5, 6, 7). This method was 
well suited to the primary purpose of the study, and provided a -quantitative measure 
of the amounts of asphalt coating on the aggregate after various mixing times. 

Asphalt cement hardening during mixing had been studied by several agencies and 
its occurrence was well established (,!!, ~' 10). However, when viewed from the stand-

Poper sponsored by Committee on Construction Practices-Flexible Pavement and presented at the 47th 
Annual Meeting. 
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point of changes in mixing time, asphalt hardening's effect on the mixture's physical 
properties had not yet been subjected to all-inclusive analysis. Consequently, several 
strength tests were conducted on the Department's Type lA top course mix to determine 
to what extent asphalt hardening was affecting its physical properties~ These included 
Marshall stability, unconfined compression, triaxial, flexure, and tension (11). 

From the 1963 study of top, binder, and base course mixes, as producedby one as
phalt concrete batch plant using limestone aggregate and 85-100 penetration asphalt, 
the following conclusions were drawn: 

1. Aggregate was adequately distributed and coated for the mixes studied after 10 
sec dry mixing and 30 sec wet mixing, provided mixing temperature for base was above 
200 F. Top and binder mix temperatures (240 to 295 F) did not influence coating. 

2. In top and binder mixes, asphalt lost 15 to 20 penetration points during the first 
30 sec of mixing, but no additional hardening could be attributed to continued mixing. 

3. Varying the wet mixing time of top course mix produced no measurable change 
in strength properties. 

These conclusions, however, were qualified by the fact that the study was performed 
in only one asphalt plant, where reduction of mixing time was restricted by equipment 
limitations. Consequently, in 1964 it was considered advisable to expand the study to 
several other plants to determine the degree to which the 1963 conclusions could be 
applied on a statewide basis. Asphalt concrete batch plants for the study were selected 
from those able to produce asphalt concrete in less than 60-sec total mixing time. Each 
plant studied introduced asphalt cement into its pugmill through a spray bar. Only mix
ing time and the amount of asphalt hardening that occurred in the pugmill were studied 
during the 1964 investigation. No attempt was made to examine the effect of asphalt 
hardening on the strength of Type lA top course mix, since it was felt the 1963 strength 
conclusions would not be altered appreciably by plant-to-plant variation in this 
phenomenon. 

Nine asphalt batch plants were visited and coating was determined at various mixing 
times for 84 batches by the Ross Count Method. Extractions were conducted on 163 
samples to study variability of aggregate gradation and asphalt content at various re
duced mixing times. Abson recoveries were made to determine the influence of wet 
mixing time on the penetration of asphalts from four plants. Saybolt-Furol viscosity 
measurements were performed as an adjunct to the penetration tests on recovered as
phalt from seven plants. No attempt was made to vary mixing temperature, batch size, 
or any other production variable but mixing time. 

TABLE 1 

MIX SPECIFICATIONS* 

Top (Dense-Graded) Binder (Dense - Graded) 
Base (Open-Graded) 

Item 45 SX Item 45 SN 
Sieve Gen. Limits, Job Mix Gen. Limits, Job Mix 

Percent Tolerance, Percent Tolerance, Gen. Limits, Job Mix Gen. Limits, Job Mix 
Passing Percent Passing Percent Percent Tolerance, Percent Tolerance, 

Passing Percent Pae sing Percent 

2 In. 100 0 100 0 
1- 1

/, in. 100 0 75-100 
1 In. 100 0 90-100 5 60-75 5 55-80 
'/a in. 95-100 5 
'I• In. 65-85 s 

35-65 6 20-50 6 23-42 
10-35 4 5-20 4 5-20 

'/,In. 32-65 6 5-20 3 0-5 3 2-15 
No. 20 15-39 7 
No. 40 7-25 6 
No. 80 3-12 3 
No. 200 2-6 2 

Asphalt 5.8-7.0 0. 4 
Cement 4. 0-5. 5 o. 4 2. 5-4.0 0. 4 2. 5-5. 0 . 
Aggregate percentages based on total aggregate weight; asphalt percentages based on total mix weights. Job mix tolerances ore current, but 
similar to 1964. 

5 
5 
6 
4 
3 

0. 4 



INVESTIGATION 

The asphalt concrete mixes investigated 
are described in Table 1. Coarse aggre
gates were blends of limestone screenings 
and natural sands. Asphalt cements were 
8 5-100 penetration grade. 

Mixing times were measured as speci
fied by the New York State Department of 
Transportation (1), as follows: "The dry 
mixing period is defined as the interval of 
time between the opening of the weigh box 
gate and the commencement of application 
of the bituminous material. The wet mix
ing period is the interval of time between 
the commencement of application of the bi
tuminous material and the opening of the 
mixer discharge gate." On June 3, 1965, 
the Department issued Addenda 23 (12) in 
which this statementand the general speci
fications on mixing time were expanded, 
based in part on the data presented in this 
report. 

3 

Figure 1. Mixing cycle. 

Figure 1 shows a typical mixing cycle for an asphalt batch plant. The mixing cycle 
has been subdivided into its various parts, using the nomenclature contained in the Ad
denda and also applicable to the mixing cycles of the 1964 study. Starting with the outer 
band and reading toward the center, Figure 1 illustrates the following relationships: 

1. Cycle time = mixing time + discharge time. 
2. Mixing time = dry mixing time + wet mixing time. 
3. Dry mixing time = aggregate charge time + completion of dry mixing. 
4. Wet mixing time = asphalt charge time + finish mixing time. 
5. Time available to weigh next batch = end of aggregate charging to end of batch 

discharge. 

Plant Mixing Limitations 

The practical advantage of reduced total mixing time is the increase in plant produc
tion. However, reducing the mixing time below a certain value for any given plant will 
not increase production, since the time required for other operations will control mini
mum production time. For example, in three of the five plants producing top course 
mix, weighing and charging equipment limited the reduction of total mixing time during 
normal production runs, although the Ross Counts performed on a batch-to-batch basis 
would have permitted additional total mixing time reductions. Also, practical reduc
tion of cycle time (hourly output) is governed by the operating capacities of the dryer, 
screens, and hot bins. 

Sampling Procedure 

Two samples of mix were taken from each batch after its discharge into the truck. 
Approximately 1 gal of mix was taken from each side of the truck. These two samples 
were processed separately (i.e., Ross Counted, extracted, and sieved), so that varia
tions of asphalt coating, aggregate gradation, and asphalt content within each batch 
might be detected. 

Aggregate coating was first investigated at the specified mixing time, followed by 
observations at reduced mixing times. Consequently, it was possible to take most 
samples from the last batch discharged into each truckload without concern that an un
acceptable batch would require rejection of an entire truckload. When it was felt that 
a reduced wet mixing time might possibly produce an unacceptable batch, that batch 
was always the first to be discharged into the truck. In two of the nine plants visited, 
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it was not possible to produce a poorly coated batch because of the time required to 
introduce the asphalt into the pugmill. 

Sample Processing 

The temperature of each gallon of mix was determined as soon as the two samples 
from each batch were removed from the truck. Since the tworesults normally differed 
only 2 to 4 deg, their average was used to represent the batch's temperature. 

Approximately 1 qt of loose mix was removed from each gallon sample and subse
quently taken to the Main Office Laboratory to be extracted for asphalt content and ag
gregate gradation. The asphalt was dissolved from the mix with a reflux extractor, 
using trichloroethylene as a solvent. Some asphalts were recovered from their ex
traction solutions, and subjected to penetration and viscosity tests in order to deter
mine the influence of wet mixing time on their consistency . The extracts were cen
trifuged at an acceleration of 770 times gravity for 30 min. The solvents were then 
distilled from the asphalts by the Abson Method (ASTM designation D 1856-61T). Pen
etration (Afi TM designation D 5-61) and Saybolt-Furol viscosity determinations were 
performed on the asphalts recovered at the conclusion of the distillations. 

The aggregate from each extraction sample was sieved into the appropriate sizes 
and the weights retained were transformed into percent-passing using the Department's 
electronic computer. 

The Ross Count Method was performed on that portion of each gallon sample not set 
aside for extraction. The Count was performed while the mix was still hot, and con
sisted of first separating the coarser aggregate particles from the finer sizes . A sieve 
for aggregate particle separation was selected so as to retain about 50 percent of the 
sample. For the top, binder, and base course mixes studied, sieves used were %-, 
%-, and %-in. , respectively. The sample size, as outlined in the literature, is such 
that approximately 300 coarse aggregate particles are retained on the sieve. However, 
in this study, it was decided to reduce this number to approximately 150, since two 
such samples were being taken from each batch. Any retained aggregate having even 
a speck of area uncoated was classified as uncoated. The number of coated particles, 
divided by the total number of particles, gave the percent of completely coated particles 
in the sample, and served as a quantitative measure of how well the batch was mixed. 

In each plant, for each mix being studied, Ross Count values were plotted against 
wet mixing time as each Ross Count test was completed. This was done so that the fre
quency of subsequent testing could be increased at those critical mixing times when 
Ross Count values showed a sharp decline. 

RESULTS AND DISCUSSION 

Aggregate and Asphalt Distribution 

A multiple regression analysis was performed on the top course mix extraction data 
in an attempt to relate differences in aggregate gradation and asphalt content between 
the left and right side samples within each batch to mixing time. Results showed no 
meaningful correlation among these factors. However, analysis did show that adequate 
aggregate distribution was obtained in each of the five plants producing top course. 

Overall plant uniformities were typical, based on previous New Yorkasphalt concrete 
uniformity research (Appendix Table A-1). Average mix composition did not differ 
significantly between the left and right sides of a batch. sta,n.dard deviations of the left 
and right side samples were also very similar. 

No minimum dry mix time necessary to produce adequate aggregate distribution was 
established. However, dry mix times as low as 10 sec did not increase the gradation 
differences between companion samples. This finding is in keeping with the results of 
others. For example, Ward and Warden@ and Tunnicliff(~ showed that aggregate is 
properly distributed before it is completely coated, and that wet mix times as low as 
10 sec produce proper aggregate distribution when preceded by dry mix times of 10 sec. 

Data available for analysis of the effects of mixing time on binder and base course 
gradations and asphalt contents (Appendix Table A-1) were too limited to permit 
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regression analyses. However, enough data were available to detect several trends. 
In two of the three plants producing binder, dry mixing times were maintained at a 
constant 15 sec for all batches . In the third, dry mixing time was kept at a constant 
18 sec for all but one 13-sec batch. This meant that for all practical purposes, only 
wet mixing times wer~ varied. However, about 70 percent of the total weight of ag
gregate in a binder course mix is divided between the %- and Y.1-in. sieves. There 
fore, it could be assumed that reducing the usual 15-sec dry mixing time would have 
had no major effect on gradation variation, since most aggregate being blended was 
similar in size. 

Overall reductions in wet mixing time for binder ranged from 45 to 20 sec, but did 
not influence aggregate gradation uniformity in the three plants. Average gradations 
of binder samples taken from the left side of each batch were fair ly s imilar to the right 
side averages, being within about 1 percent for material pas sing the 1/.i- and Ya- in. 
sieves. Material passing the %-in. sieve (about 55 percent of the total aggregate) was 
more variable, and the common difference between the left and right side averages was 
about 4 percent. The amount passing the 1-in. sieve was between 98 and 100 percent 
for both left and right side samples. Therefore, the common difference ;between the 
two side averages was only about 1 percent. From a uniformity standpoint, gradations 
of the three binder courses were reasonably consistent, both within and between batches, 
and were not influenced by wet mixing time variation. 

In the two plants where base course mixes were studied, dry mixing times were held 
constant for all batches. As a result, it could not be determined whether reductions in 

dry mixing time affected gradation unifor
mity. However, as with binder course 
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Figure 2. Effect of mixing time on aggregate 
coating. 

mix, the majority of a typical base course 
material is divided between two aggregate 
sizes (i.e . , about 70 percent betWeen l
and %-in. sieves). Therefore, it is prob
able that reducing a plant's dry mixing 
times below the 15-sec standard wouldnot 
cause inadequate particle distribution, 
since the major portion of the aggregate 
is of similar size. This supposition is 
partially supported by the fact that one 
plant producing base course was doing so 
at a 15-sec dry mixing time while the 
other used only 7 sec, yet overall unifor
mity in each plant was about the same. 
The ranges of wet mixing times were sim-
ilar for both plants. 

The effects of reductions in wet mixing 
time on the uniformity of base course 
gradation could be studied in only one 
plant, since companion extraction sam
ples were not obtained at the second plant. 
Wet mixing times in the plant analyzed 
were reduced from 41 to 24 sec, and dry 
mixing time was held constant at 7 sec. 
Considering the coarseness of the mix, 
average gradation of samples taken from 
the left side of the batch was very close 
to the right. Differences between the two 
average gradations for material passing 
the 1-, 1/2-, 1/..-, and Ya-in. sieves were 
1, 3, 2, and 0 percent, respectively. 

In summary, the reductions of dry and 
wet times for top, binder, and base course 
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mixes during this study had nu measurable effect on aggregate and asphalt distribu
tion within and between batches. 

Agg1·egate Coating 

From the various combinations of dry and wet mixing times used in this investiga
tion, it was determined that dry mixing time did not influence aggregate coating for the 
top course llrlx. The data avai lable on the bincte1· and base course mixes wer e insuf
ficient for a definite statement, but a similar trend was indicated. 

Wet mixing time did influence aggregate coating. As it was reduced, aggregate 
coating decreased in a plottable curve of Ross Count vs wet mixing time. Generally, 
this curve had an approximate mix time below which Ross Counts decreased rapidly, 
referred to as the "breaking point" of the mixing time curve. Figure 2 shows mixing 
time curves for the five top course mixes studied. Binder and base course mixes fol
lowed the same general pattern and appropriate curves are also shown. Each curve is 
a visually estimated, "best-fit" curve based on data from individual tests (Appendix 
Table A- 2). 

As is evident from the mixing time curves, each pugmill studied had individual mix
ing characteristics, irrespective of mix type. Four of the five pugmills producing top 
course mix (A, B, C, and D) were approximately 3 tons in size and operating near ca
pacity. The fifth plant (E) was operating a 5-ton pugmill nearly at capacity. The re
sults show that for the 3-ton pugmills, a wet mixing time of at least 25 sec will prob
ably produce an aggregate coating of 95 percent or better, and that 35-sec wet mixing 
will produce practically 100-percent aggregate coating. The results of the 1963 s~dy 
on top course mix have also been plotted in Figure 2. The 1963 plant was of 3-ton ca
pacity, and its Ross Count curve is similar to those of the other four plants. Perfor
mance of the 5- ton pugmill, however, differs noticeably from that of the 3-tonpugmills, 
requiring almost 40-sec wet mixing to achieve a 95-percent coating, and not quite 
achieving a complete coating at 45 sec. The only difference observed between the 3-
and 5-ton pugmills was batch capacity. Average aggregate gradations of top course 
mixes produced in all six pugmills were similar, as were their asphalt contents and 
mixing temperatures. Consequently, from this limited comparison, it seems that 
pugmill capacity could influence mixing time and is a factor to be considered in approv
ing reduced mix time at a particular plant. (Since this study, six other 5-ton pugmills 
have been evaluated. Their typical reduced mixing times for all mixes are 10 sec dry 
and 35 sec wet. In general, 5-ton pugmill wet mixing times were either the same as 
for 3-ton pugmills or longer.) 

Some users of the Ross Count Method consider coating values of 95 percent or more 
as indicative of adequately coated surface mixtures. Applying this criterion, a 25-sec 
wet mix time would be acceptable for 3-ton pugmills producing top course mix. How
ever, as was mentioned in discussing plant mixing limitations, reducing mixing time 
below a certain value will not always increase production, since the time required for 
other operations wiil control. For example, in Plants A anb B, normal charging and 
mixing cycle requirements preclude any reductions in total mixing time below approxi
mately 36 and 42 sec, respectively, although a 95-percent Ross Count requirement 
would have permitted an approximate 5-sec reduction beluw these times for each plant . 
Appendix Table A-3 lists various "total mixing times" possible for each of the plants 
visited; i.e., total mixing time as related to specifications then current, Ross Count 
requirements of 90 or 95 percent, time needed to produce only one batch, and time 
needed to produce one batch as part of a normal production run. 

A study of this type depends in part on needs of the paving contractor. For instance, 
an unexpected change in contractor demand from binder to some other mix can result 
in a shortage of binder research data for that plant, since it is not always practical for 
research personnel to remain at the plant until binder is produced once again. This 
situation, unfortunately, occurred in plants F and G, which were producing binder 
course mix, and in Plant I, which was producing base course mix. However , data 
available from these plants have been included in Figure 2 since they do help illustrate 
partial trends for those mixes. In addition, binder and base course results from the 
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1963 one-plant study have been plotted to supplement the 1964 data. It can be seen that 
Plant F could produce binder at 95 percent Ross Count if wet mixing time were 25 sec 
or more. Not enough binder data are available on Plant G to predict what wet mixing 
time would achieve a Ross Count of 95 percent. However, the existing data along with 
the 1963 binder course curve show that binder and top course mix curves are similar. 
The ·exception is Plant E, which required at least 40-sec wet mixing time to achieve a 
95-percent coating. Plant E's performance in mixing top and binder course is similar, 
except that the binder's rate of coating loss is greater. As with the top course mix, 
the 5-ton capacity of Plant E does appear to influence binder course coatings, since the 
binder gradations, asphalt contents, and mixing temperatures of the four plants do not 
differ markedly. As a result, in Plant E the Ross Count requirement, not plant equip
ment limitations, controls the extent to which total mixing time can be reduced. The 
normal production cycle in Plant F would be operating at optimum if a 95-percent Ross 
Count were a binder course requirement. 

The base course mixes plotted in Figure 2, as produced by Plants H, I, and the 1963 
study plant, show that a 90-percent Ross Count value can be achieved if wet mixing 
time is 35 sec or more. A 90- rather than 95-percent Ross Count value is used as a 
guide because this plant-mixed material is similar in most respects to a penetrated 
base course, and a 90-percent minimum coating value would be in keeping with its per
formance requirements. 

The gradation of Department base course mix is fairly open. Consequently, if pro
duced at too high a temperature, the asphalt runs off the aggregate during transport to 
the job site. For this reason, the base course mix is usually produced in the lower 200 
F temperature ranges. Base course mix temperatures during the 1964 study ranged 
between 210 and 250 F. No trend was evident in this temperature range for a lower mix 
temperature to produce a lower Ross Count value. However, during the 1963 mixing 
time study, producing base course mix below 200 F was found to reduce coating values. 
Therefore, the 1963 base course curve in Figure 2 represents only batches produced 
at temperatures above 200 F. No attempt was made in the 1964 study to produce base 
course mixes at temperatures of 200 For below, since the results would not have been 
applicable to normal production conditions. 

Top and binder mix temperatures during the 1964 study ranged from 255 to 325 F 
and 210 to 265 F respectively. An analysis of whether temperature influenced coating 
in these temperature ranges revealed no trends for either the top or binder course 
mixes. Temperatures are listed in Appendix Table A-2. 

It was noted that as a procedure to determine coating, the Ross Count Method is 
more reliable than mere visual observations. However, the Ross Count value gives no 
indication of the magnitude of uncoated area on the aggregate. In one plant producing 
base course mix it was observed that although the size of uncoated areas increased, the 
Ross Count percentage did not greatly decrease. A batch of material with 93 percent 
coverage was almost an undesirable product, because of splotchy coatings on the largest 
aggregate. Accordingly, it is advisable that an evaluation of coating include visual 
judgment of the extent of coating, in addition to the Ross Count Method. 

Splotchy aggregate coatings did not usually appear until the Ross Count curve had 
dipped well below the "breaking point." In that range of reduced wet mixing times, it 
was also observed that the difference between the two Ross Count values for each batch 
(i.e., one sample from the truck's left side and the other from the right) tended to in
crease as wet mixing time decreased. However, from a practical standpoint, if only 
one sample is taken from a batch for Ross Count determination, its location will not 
influence the results since it would not be advisable to produce mixes as part of normal 
production runs so far beyond the breaking point of the mixing curve. 

Another factor to be considered when performing a Ross Count is stone dust, some
times present in the air at asphalt plants. Since only a pinpoint of uncoated area will 
result in an aggregate particle's being considered completely uncoated, it is important 
that dust particles not be mistaken for uncoated pinpoints. During the 1964 study, stone 
dust was found on coated aggregates only infrequently. However, it was usually pos
sible to identify it as such by visual observation. When identification was questionable, 
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Figure 3. Effect of mixing time on asphalt 
hardening. 

Asphalt Hardening 

it was possible to determine if dust was pres
ent by trying to remove the speck in question 
with a fingernail, since dust particles were 
readily dislodged. 

No attempt was made to ascertain how much 
additional aggregate coating takes place dur
ing mix transport to the job site and in paving 
operations. Gilmore ( 6) and Dillard and 
Whittle (5) investigated this phase of aggregate 
coating and determined that a significant 
amount of coverage occurs in transit and in 
passing through the paver. Consequently, a 
requirement at the plant that top and binder 
course mixes should have at least 95-percent 
Ross Count coatings, and base course at least 
90 percent, would insure adequate coating 
when mixes are finally incorporated into the 
asphalt concrete pavement. 

The effect of wet mixing time on asphalt hardening was determined from asphalt 
penetration and viscosity tests, with the results listed in Appendix Table A-4 . The 
number of penetration units lost by asphalt in the pugmill is plotted in Figure 3, as 
are the loss-in-penetration values determined during the 1963 study (also on 85-100 
penetration asphalt) . 

It is evident that the 1964 values are about 20 points harder than the 1963 values. 
The median point of the 1964 sample temperature range was approximately 20 deg 
higher than the 1963 s ample media.n value (i.e. , 295 vs 275 F). However, the differ
ence in temperature cannot account for the pronounced difference in penetration loss 
between groups, since individual samples in 1963 and 1964 were mixed for the same 
approximate periods at approximately equal temperatures. From a review of field 
and laboratory procedures, the following differences are noted: 

1. The cans containing 1963 samples were chilled in ice after filling and sealing to 
induce a rapid mix temperature drop. The 1964 samples were sealed in cans, but no 
special attempt was made to cool the mix . 
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Figure 4. Effect of mixing time on asphalt 
viscosity. 

2. The asphalt from the 1963 samples was 
recovered by the Abson Method, and tested for 
penetration and viscosity usually within a day 
or so after being obtained. Asphalt from the 
1964 samples was also recovered by the Abson 
Method for testing; however , most samples 
were stored for six months before an Abson 
recovery was performed on them. 

Fr om previous work of the Bureau of Phy
sical Research pertaining to asphalt hardening, 
it is probable that most of the difference of ap
proximately 20 points between the 1963 and 
1964 penetration values is due to longer stor
age of the 1964 samples, and that the penetra
tion loss due to mixing for the 1964 samples 
was generally about 20 points. Effects of the 
ice-chilling procedure on the 1963 samples are 
unknown. 

Although there is a process-induced 20-
point difference in penetration loss between the 
1964 and 1963 samples, the 1964 values plotted 



in Figure 3 do show that as much asphalt hardening occurred in the first 13 sec of wet 
mixing as in a full 45 sec. Therefore, a reduction in asphalt penetration apparently 
occurs rapidly during early mixing, with most probably taking place during about the 
first 15 sec of wet mixing. 

Results of high-temperature Saybolt-Furol viscosity determinations performed as 
an adjunct to the penetration tests (but on different Abson-recovered asphalts) showed 
no trend indicating that greater wet mixing time increased asphalt viscosity. Tests 
were performed on samples whose wet mix times ranged between 18 and 55 sec. Fig
ure 4 (semi-log) shows that asphalt viscosity was not influenced by wet mixing period 
within that time range. 

CONCLUSIONS 

9 

These conclusions are based on the 1964 mixing time study performed by the Bureau 
of Physical Research in nine asphalt concrete batch plants. The mixes studied met 1962 
Department specifications for top, binder, and base course mix containing crushed 
limestone aggregates, natural sands, and 85-100 penetration asphalt cement. 

1. The design and condition of the individual plant greatly influenced the time re
quired for adequate mixing. Consequently, asphalt plants and the mixes being produced 
should be evaluated individually if specific minimum mixing times are to be established. 

2. In the eight plants of approximate 3-ton capacity, aggregate in the top and binder 
course mixes was adequately distributed (two extraction samples from each batch) and 
coated (95 percent Ross Count) after about 10 sec dry mixing and about 25 sec wet mix
ing. Base course aggregates were adequately distributed and coated (90 percent Ross 
Count) after about 10 sec dry mixing and 35 sec wet mixing. The mix temperature en
countered (210 to 325 F') did not influence mix coating. However, as shown in the 1963 
study, base course aggregate coatings are influenced by temperatures below 200 F. 

3. In the 5-ton capacity plant, about 10 sec dry mixing and 40 sec wet mixing were 
required for adequate distribution and coating of top and binder course mixes. (Since 
this study, six other 5-ton pugmills have been evaluated. Their typical reduced times 
for all mixes are 10 sec dry and 35 sec wet.) In general, 5-ton pugmill wet mixing 
times were either the same as for 3-ton pugmills or longer . 

4. The equipment being used in many asphalt batch plants would prevent a reduction 
in cycle time, even though a reduced mix time for an occasional batch indicates adequate 
aggregate coating and distribution. 

5. A study of top and binder course mixes indicated that asphalt hardening occurred 
during the first 15 sec of mixing, and no additional hardening could be attributed to con
tinued mixing. 

APPLICATION OF FINDINGS 

Based on results of the 1963 and 1964 studies, the Department's Bureau of Materials 
issued Addenda 23 (12) to the 1962 specifications, which had required a minimum of 15 
sec dry mixing (from start of adding aggregates) followed by 45 sec wet mixing (from 
start of adding asphalt). The Addenda permit reduction in total mixing time if this re
duction meets the following requirements: 

Base course mixes shall be dry mixed for at least the period of time 
necessary to discharge all aggregates into the mixer. The wet mixing 
period shall then commence and continue at least until 90 percent of 
the coarse aggregate particles are fully coated or the finish mixing 
time exceeds 10 seconds, whichever is longer. Top and binder course 
mixes she II be dry mixed for at least the period of time necessary to 
discharge all aggregates into the mixer or 10 seconds, whichever is 
longer. The wet mixing period shall then commence and continue 
until at least 95 percent of the coarse aggregate particles are fully 
coated or the finish mixing time exceeds 10 seconds, whichever is 
longer. 
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In no case shall the cycle time be so short as to result in a rate 
of production exceeding the operating capacities of the plant. 

How Department asphalt plant inspectors determine whether these requirements 
are being met is outlined in the Bureau of Materials manual entitled "Materials Meth
ods: Plant Inspection of Bituminous Concrete" (13). 

The specifications Addenda permitting reduced mixing times went into effect in 
June 1965. By October 1961, one-third (or 58) of the 175 asphalt plants approved to 
supply state contracts had reduced mixing time . To do this, the producer first re
quested a reduction in mixing time for any or all state mixes, with an accompanying 
submission of what he felt to be appropriate mixing times for the pugmill in his partic
ular plant. The submitted mixing times are in some cases the results of Ross Count 
studies performed by the producer, or they may be based on the producer's knowledge 
of the mixing capabilities of his pugmill from his experiences with non-state mixes. 
If the District Engineer approves the initial request, then the District Materials Engi
neer arranges to check the requested mixing times by the Ross Count procedure. The 
state does not attempt to determine the very minimum time for mixes being tested in 
that pugmill, but only the requested mixing times. If these times do not meet specifi
cation requirements, intervals of 5 sec are added to the wet mixing times and the Ross 
Count procedure is performed again. This incremental testing is continued until ac
ceptable test results are obtained . However, in no case will so short a reduced cycle 
be allowed as to result in a production rate exceeding operating capacities of the plant. 
For example, the drier must still produce dry aggregate, and efficiency of the screens 
over the hot bins must not be reduced, since the Department still enforces its require
ment that there be a minimum of 70 percent of primary size coarse aggregate in the 
hot bins. Approval of a plant's reduced mixing times remains in effect as long as it 
has no major equipment change. 

The 1964 study indicated that equipment in many batch plants will prevent a reduction 
in cycle time even though an individual batch can be adequately coated at reduced mix 
time. This was found to be the case in two of New York's ten districts. Materials 
Engineers of those two districts reported that Ross Count procedures had been tried in 
several plants, but that the reductions in mix times were so insignificant that the pro
ducers withdrew their requests . Lack of continued interest on the part of producers in 
these two districts in reduced mixing time is probably due to the small percentage of 
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Figure 5. Annual production as related to plants 
with reduced mixing time. 

mix produced by them for State con
tracts. In 1966, these two districts 
placed only 11. 5 percent of the total mix 
used on Department projects. The dis
tricts producing a major portion of mix 
for the State had asignificantpercentage 
of plants operating under reduced mix
ing times. Percentage of production is 
plotted against percentage of plants with 
reduced mixing time in Figure 5, which 
illustrates this trend quite well. 

For the 58 asphalt plants with reduced 
mixing periods, typical dry mixing time 
is 10 sec and typical wet mixing time 35 
sec, regardless of the mix type being 
produced. About three-fourths of the 
plants had these or lower mixing time 
values. It will be noted that in the 1964 
research study, typical wet mixing time 
for top course was 25 rather than 35 sec. 
This is because research personnel de
termined the minimum mixing times, 
while District Materials Engineers eval
uated only those times requested by the 



TABLE 2 

STATEWIDE REDUCTIONS OF MIXING TIME 

Mix Time 
Reduction 

(sec) 

4-6 
7-9 

10-12 
13-15 

25 
30 
35 
40 
45 

35 
40 
45 
50 
55 

Number of Plants 

Percent of Plants (by Mix Type) 

Top 

(a) Dry 

90 
lO 

(b) Wet 

ll 
32 
28 
23 

6 

(c) Total 

10 
30 
30 
15 
15 

47 

Blinder 

95 
5 

13 
21 
38 
21 

7 

12 
21 
38 
16 
13 

56 

Base 

10 
25 
53 
12 

6 
38 
31 
22 

3 

9 
32 
50 

6 
3 

32 

TABLE 3 

STATEWIDE DELAY TIMES 
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Delay 
(sec) 

Percent of Plants (by Mix Type) 

5 or less 
6 
7 
8 
9 

10 or more 

Number of Plants 

Top 

50 
20 

6 
15 

6 
3 

34 

Binder Base 

54 38 
7 14 

13 14 
7 10 
5 5 

14 9 

42 21 

producers, which were on the conserva
tive side to prevent the possibility of mix 
rejection due to inadequate asphalt coating 
of the aggregate. Accordingly, typical 
total mixing time in the State for plants 
operating on a reduced mixing time basis 
is 45 sec. This represents a 25 percent 
reduction in total mixing time over that 
previously specified. Mixing times for 
these 58 plants, on a mix type basis, are 
given in Table 2. 

Total cycle time is usually 50 sec because equipment operations (e.g ., discharge time 
and gate closing) usually add a 5-sec delay. Total mixing time for base course is 
somewhat less than required for top or binder mixes. Therefore, delay times for base 
are slightly longer due to equipment limitations. Delay times for the 58 plants are 
given by mix type in Table 3. , 

About 80 percent of the pugmills in the State have capacities of 3 tons or less; 15 
percent are 3. 5- and 4-ton capacity pugmills, while the other 5 percent are 5- and 6-
ton capacity pugmills. On a dry mixing time basis, pugmill size was not a factor. 
However, a slight trend was noted for wet mixing time; that is, for the six 5-ton pug
mills operating on a reduced mixing time basis, wet mixing times were the same as or 
longer than those for smaller capacity pugmills. However, the delay times for the 
larger capacity pugmills were the same as those of the smaller capacity pugmills. 

Current Benefits of Research 

Application of research results by the Department has produced several benefits. 
Most immediate to the producer is that wear on pugmill equipment is reduced. Reduc
tion of dry mixing time from 15 sec to a typical value of 10 sec has had most influence 
in this regard. The increase in wear life of pugmill parts will be governed by the 
amount of material produced during a construction season and the type of aggregates 
being mixed. Savings will vary with type of plants, but possibly could average several 
hundred dollars. An additional very important benefit is that mixing time reduction 
improves the producer's ability to meet peak demands during the day. 

Future Benefits of Research 

Of long-range benefit to the asphalt concrete user is the fact that asphalt plant manu
facturers are no longer controlled in their designs of equipment by subjective mixing 
time limitations. As a result, they may feel encouraged to produce prototype equip
ment permitting accelerated, yet still balanced, mix production as required by future 
road-building efforts. However, the concept of being guided in writing mixing-time 
specifications by equipment capabilities will have to be adopted on at least a regional 
basis before manufacturers will feel economically justified in producing new models of 
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greatly improved mixing capability. When this occurs, purchasers of asphalt concrete 
will benefit through reduced prices, since competition will not be restricted by specifi
cations, but only by equipment limitations. 

In closing, it is encouraging to note that, in 1966, of the 3. 5 million tons of asphalt 
concrete used in New York State highway contracts, about 1 million were produced by 
plants now operating with reduced mixing times. It is to be expected that this propor
tion of almost 30 percent will increase in future years as older plants, incapable of re
ducing cycle times, are replaced by modern ones. Also, if the use of hot storage silos 
for asphalt concrete becomes an accepted and widespread practice, their filling at the 
start and end of a day will make excellent use of reduced mixing time specifications. 

An added factor encouraging use of reduced mixing times is the combined introduc
tion of thick-lift and windrow-laydown techniques in flexible pavement base course con
struction. Since use of a windrow-sizer and paver-feeder will provide a continuous and 
uniform supply of mix to the paver, which in turn will normally be placing two-lift 
base courses in one pass, production of mix at an increased rate will become a neces
sity if smooth construction operations are to be maintained. 

ACKNOWLEDGMENTS 

This investigation was conducted by the Bureau of Physical Research, New York 
State Department of Transportation, as part of the joint State-Federal highway research 
program, in cooperation with the U.S. Bureau of Public Roads. 

Bureau of Physical Research personnel performed the study, processed part of the 
samples, and wrote the report. The Bureau of Materials processed the remainder of 
the samples and provided basic information needed to update the report to 1967. The 
Bureau of Electronic Data Processing performed data reduction and statistical com
putations. The Department's District Engineers and their staffs provided assistance 
during the field portion of the study. 

The cooperation of John J. O'Sullivan, Executive Secretary of the New York State 
Bituminous Concrete Producers Association, its Technical Committee, and its mem
bers in whose plants the 1964 study was performed is gratefully acknowledged. The 
assistance of J. R. Lundberg, Jr., Construction Equipment Marketing Manager of the 
Barber-Greene Company, in providing maintenance and cost data on pugmill wear, is 
also gratefully acknowledged. 

The opinions, findings, and conclusions in this paper are those of the New York State 
Department of Transportation, and not necessarily those of the Bureau of Public Roads. 

REFERENCES 

1. Public Works Specifications of January 2, 1962. New York State Dept. of Public 
Works (now Dept. of Transportation). 

2. Ward, J. E., and Warden, W. B. Ross Count Method of Determining Mixing 
Time for Bituminous Mixtures. AAPT Proc., Vol. 28, p. 53, 1959. 

3. Tunnicliff, D. G. Laboratory Studies of the Mixing Process. AAPT Proc., 
Vol. 28, p. 74, 1959. 

4. Warden, W. B., Ward, .J. E., and Molzan, A. Mixing Time Progress Report on 
Further Studies of the Ross Count Method. AAPT Proc., Vol. 30, p. 398, 
1961. 

5. Dillard, J. H. , and Whittle, J. P. An Examination of Mixing Times as Determined 
by the Ross Count Method. HRB Bull. 358, p. 54-61, 1962. 

6. Gilmore, F. C. Mixing Time Investigations. NBCA Pub. QIP-52. 
7. Witkoski, F. C. Mixing Time Investigation in Pennsylvania. NBCA Pub. QIP-

59, Feb. 1963. 
8. Schamb, J. G., and Parr, W. K. Changes in Physical Characteristics of Paving 

Asphalt Cements and Their Relation to Service Behavior. Proc. Montana Nat. 
Bit. Conf., p. 157, Sept. 1939. 



13 

9. Hveem, F. N. Effect of Time and Temperature on Hardening of Asphalts. HRB 
Spec. Rept. 54, p. 13-18, 1960. 

10. Bright, R. , and Reynolds, E. T. Effect of Mixing Temperature on Hardening of 
Asphaltic Binder in Hot Bituminous Concrete. HRB Bull. 333, p. 20-38, 1962. 

11. Hewitt, W. L., and Balfour, R. L. Optimum Time For Asphalt Concrete. New 
York State Dept. of Transportation Research Rept. 64-2, March 1964. 

12. Addenda No. 23 of June 3, 1965, to Public Works Specifications of June 2, 1962. 
New York State Dept. of Transportation. 

13. Materials Methods: Plant Inspection of Bituminous Concrete. New York State 
Dept. of Transportation, April 1967. 

Appendix 
DATA TABLES 

(See the following pages) 



.... 
~ 

TABLE A-1 

MIX EXTRACTION GRADATIONS 

Top Course Binder Course Base Coursec 

Sieve 
Plant Ab Plant B Plant cb Plant nb Plant E Plant E Plant F Pla.<t G Plant H 

(18 batches) (22 bat ches) (16 batches) (18 batches) (6 batches ) (6 batches ) (4 batches) (2 batches) (11 batches) Plant 1d 
(8 batches) 

Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right 

Aggregate Average Percent Passinga 

2 in. - - - - - - - - - - - - - - - - 100 100 100 
1 1

/, in. - - - - - - - - - - 100 100 100 100 100 100 99 99 75 
l in. 100 100 100 100 100 100 100 100 100 100 100 100 100 98 99 98 69 68 44 
'/,in. 100 100 100 100 100 100 100 100 99 99 52 47 53 58 56 59 37 34 17 
1;. in. 84 84 75 75 78 78 84 85 74 74 23 23 30 32 30 31 16 14 8 
~'sin. 47 47 50 50 51 51 53 53 48 48 14 14 15 16 18 18 7 7 3 
No. 20 23 23 23 24 26 26 20 20 18 18 
No. 40 15 15 14 14 17 17 14 14 12 12 
No . 80 6 6 5 5 7 7 10 10 7 7 
No. 200 3 3 2 2 2 2 7 7 4 4 

Asphalt Average Percenta 

6.0 6.0 6.0 6.0 '7. 0 7.0 6.5 6. 5 6.0 6.0 3. 5 3. 5 4.0 4.0 4.0 4. 0 2. 5 2.5 NA 

Aggregate Standard Deviationa 

l 1/2 in. - - - - - - - - - - - - 0.5 0.5 8.0 

1 in. - - - - - - - - - - - - 6.5 8.5 6.0 
1
/2 in. - - - - - - - - 1. 0 1. 5 4.5 5.0 7.0 9. 5 3.5 

'/•in. 4.0 3.5 3.0 2.5 2.5 2.5 6. 5 6.0 1. 5 3. 0 2.5 1. 5 3.0 3.5 2.5 
1/e in. 3.5 3.5 3.5 3.5 2. 0 1. 5 3. 0 3.5 3.5 3. 0 1. 5 1. 0 _e _e 2.0 2.0 1. 0 

No. 20 2.0 2.5 2. 5 2.5 1. 5 1. 5 3.5 3.5 2.5 2.5 
No. 40 1. 5 1. 5 1. 5 1. 5 1. 0 1. 0 2. 5 2. 5 2. 0 2.5 
No. 80 0.5 0.5 0. 5 0.5 0. 5 0. 5 2.0 2. 0 2. 0 2.0 
No. 200 0.5 0.5 0. 5 0.5 0.5 0. 5 1. 5 1. 5 1. 5 1. 5 

Asphalt Cement Standard Deviationa 

0. 5 0. 5 1. 0 0.5 0.0 0.0 0.0 0.5 0. 5 0.5 0.0 0. 0 - e _e 0.0 0.0 NA 

{o) Percel"lta.ge..s ore rounded to nearest 1.0 or 0.5 percent for ease of comporison, cmd ere based on total weight of cggregate, or for asphalt cement on total weight of mix. 
(b) More bolchf!s were extracted from Plants A, C, and D than had Ross Counts performed (Table A-2). Batches not Ross Counted were completely coated and ore included in this tabulation to 

i 1 lustrate aggregate distribution. 
(c) Plant H produced Item 45 SN base course mix cmd Plant I Item 45 SX base course mix . 
(d) Only one sample was extracted Frorn each botoh at Plant I. 
(e) A standard deviation based on so few sompl~ would have no practical significance. 



TABLE A-2 

ROSS COUNT MIXING TIME DATA 

Mixing Time, Sec Ross Count Mix Mixing Time, sec Ross Count Mix 
Plant Batch Temp. , F Plant Batch Temp., F 

Dry Wet Left Right Dry Wet Left Right 

'l:op Course Mix D 1 14 38 100 100 300 
2 14 38 100 100 295 

A 1 16 30 100 100 300 3 14 38 100 98 300 
2 16 25 100 100 300 4 14 36 99 100 295 
3 16 25 99 99 290 5 10 35 100 100 295 
4 11 25 100 100 290 6 14 31 98 100 285 
5 16 20 100 100 290 7 14 29 98 100 300 
6 16 20 100 100 290 E l 10 45 100 93 270 
7 21 20 100 100 290 
8 11 20 100 99 290 

2 15 45 98 98 310 

9 9 20 99 99 290 
3 15 40 95 97 300 
4 15 36 88 83 290 

10 16 15 96 89 290 5 15 30 88 85 290 
11 11 15 86 87 290 6 10 30 66 68 295 
12 11 13 82 78 290 

B 1 15 55 100 100 320 Binder Course Mix 
2 14 55 100 100 325 
3 8 50 100 100 290 E 1 15 45 97 98 250 
4 15 45 100 100 310 2 15 43 98 97 240 
5 12 45 100 100 310 3 15 40 95 96 235 
6 12 42 100 100 310 4 15 37 95 94 250 
7 15 40 100 100 310 5 15 34 80 80 250 
8 15 35 100 100 310 6 15 29 73 73 265 
9 15 35 100 100 310 F 1 18 25 95 94 265 

10 12 28 100 100 310 2 18 25 95 93 265 
11 20 25 100 100 290 3 13 25 96 99 265 
12 20 25 100 100 290 4 18 20 92 89 255 
13 20 22 98 100 290 
14 18 21 100 100 310 G 1 15 45 100 100 210 
15 20 20 98 99 290 2 15 39 100 100 300 
16 18 20 100 100 300 
17 17 20 100 100 300 Base Course Mix 
18 18 19 93 98 300 
19 17 18 80 77 300 H 1 7 41 99 97 235 
20 18 18 98 98 310 2 7 36 98 97 235 

21 17 15 67 77 310 3 7 36 95 96 230 
22 20 11 66 71 270 4 7 33 90 91 225 

c 1 14 42 100 100 280 5 7 33 92 91 225 

2 15 35 100 100 290 6 7 33 80 77 220 

3 15 30 100 100 265 7 7 31 91 93 240 

4 10 30 100 100 265 8 7 31 96 96 235 

5 15 25 100 95 255 9 7 30 85 89 230 

6 10 25 99 93 260 10 7 26 86 89 220 

7 15 20 89 92 ~55 
11 7 24 76 42 220 

8 10 20 90 92 270 I 1 15 37 94a 220 
9 15 18 91 90 270 2 15 32 98a 225 

10 15 15 93 94 255 s 15 32 99a 220 
4 15 27 93a 220 

aOnly one sample token per batch. 



TABLE A-3 

PLANT MIXING TIME CAPABIUTIES 

Pugmill Mixing Time, sec Single Batch 
Min. Mix Cycle, sec 

Plant By Ross Countb Capacity, By Former Practicea Charge 
tons RPM Dump Total Dry Wet Total Dry Wet Total Agg. AC Mix 

Top Course Mix 

A 3 41) 16 25 41 10 17 27 4 10 6 20 
B 3 51> 15 45 60 10 18 28 8 10 6 24 
c 3 51) 14 42 56 10 21 31 5 10 6 17 
D 2'h 60 14 38 52 _c _c _c 6 25 6 37 
E 5 5i3 15 45 60 10 40 50 8 12 6 26 

Binder Course Mix 

E 5 56 15 45 60 10 40 50 8 7 6 21 
F 31h 45 18 25 43 10 25 35 8 20 6 34 
G 3 68 15 45 60 -C -C -C 10 29 6 45 

Base Course Mix 

H 2% 55 7 36 43 10 31 41 7 10 6 23 
I 3 55 15 32 47 10 32 42 8 10 6 24 

bunder specificorions info"~• at rhe beuinning af rhis res..,rch sludy. 
A«eptable Ross Counts = 95 percent ~>p and binder, 90 percent base. 

•complete coating obtained during charging period. 

Multiple Batch 
Min. Mix Cycle, sec 

Aggregate 
Total 

Weigh Charge 

32 4 36 
34 8 42 
17 5 22 
34 6 40 
38 8 46 

38 8 46 
20 8 28 
34 10 44 

26 7 33 
32 8 40 

Mixed Cycle 
Reduction 
Controlled 

By 

Equipment 
Equipment 
Ross Count 
Equipment 
Ross Count 

Ross Count 
Ross Count 
Equipment 

Ross Count 
Ross Count 

...... 
0) 
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TABLE A-4 

ASPHALT CEMENT PROPERTIES 

Saybolt- Wet Mix 
Plant Batcha Pene- Furol Mixing 

Temp., tration Viscosity, Time, 
sec (300 F) sec F 

Top Course Mix 

A AO 90 96 0 
Al 57 45 300 

2 52 172 25 300 
3 50 25 290 

12 54 13 290 

B BO 90 101 0 
Bl 168 55 325 
10 138 28 310 
11 128 25 290 
18 166 19 300 
02 168 18 275 

c Cl 61 42 280 
C2 144 42 265 
C3 149 42 270 

5 203 25 255 
7 156 20 255 
9 171 18 270 

D 1 400 38 300 
2 328 38 300 

E 4 146 36 290 

Binder Course Mix 

G 2 44 160 39 300 

Base Course Mix 

H 2 40 170 36 235 
3 42 36 230 

aAO and BO represent asphalt samples taken from plant storage tanks. Al, Bl, Cl, etc. 
represent batches on which no Ross Count was perfonned. 



Feasibility of Cold-Weather Earthwork 
C. W. LOVELL, JR., Associate Professor in Civil Engineering, Purdue University, and 
A. M. OSBORNE, Purdue Fellow in Latin America, Santiago, Chile (Formerly Graduate 

Assistant in Research, Purdue University) 

Most earthwork operations are more costly in the cold season 
than in the warm. However, the benefits of keeping construc
tion forces and equipment mc:>re continuously operative, plus 
advancing the completion date of a modern, safer facility, may 
more than compensate for the increase in unit costs. 

The cold-weather earthwork experiences of the northern 
states of the United States, the provinces of Canada, and the 
Scandinavian countries have been studied in the literature and 
by brief questionnaires. This effort has served to define (a) 
the manner in which the winter weather and soil conditions re
strict the length of the construction season, (b) the designs and 
construction practices employed to cope with the winter condi -
tions, and (c) an estimate of the re_lative unit costs for various 
winter operations. 

The advantages of cold-weather earthwork have been defined 
in a simple linear economic model. An assessment of deterrents 
and benefits leads to the conclusion that cold-weather earthwork 
is economically" as well as technically feasible on many high
way projects in the frost area of North America. 

• UNTIL a few decades ago, cold-weather earthwork was strictly avoided in highway con
struction. [The term "earthwork" is used in a comprehensive manner to include any 
excavation, handling, placement, or compaction operation with any "earthen" material
soil, rock, peat. J The requisite technology was !recognized to be more complex and costly 
in the winter, and this factor was presumed to override the benefits that could be derived 
from earlier completion dates, continuous use of construction forces and equipment, and 
the like. 

As the demand for new highway facilities accelerated, some penetrations into the tra
ditional cold-weather shutdown were accomplished. These developments have been con
centrated in the cold regions, where the long duration of the poor weather has the most 
restrictive influence. However, the feasibility of "stretching" the construction season 
is also of growing interest where the winters are relatively mild. 

In long-range and total perspective, the need is for development of design and con
struction technology that will permit year-round earthwork operations in all climates 
and under almost every meteorological variation. 

COLD WEATHER EFFECTS 

Workers and Equipment 

The U. S. Army (3) reports that the elements which govern the comfort, and conse
quently the effiCiency, of workmen are air temper ature , wind velocity, and r elative 

·.humidity. Air temperature and wind velocity are combined in a "windchill" index, 
shown in Figure 1 for dry, shaded conditions. 

Paper sponsored by Committee on Construction Practices-Earthwork and presented at the 47th Annual 
Meeting. 
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Records of wind velocity and air temperature are of course available from numerous 
weather stations, and the windchill may be suitably predicted for any desired geographic 
location. Figure 2 is a sample prediction for four points in Indiana. In this plot, the 
relative occurrence of the "very cold" windchill is illustrated. 

Data from a survey of the experience of Swedish contractors and engineers (; 13) 
relate the efficiency of construction workers to the factors of air temperature, light, 
and precipitation. The operational efficiency of excavation and hauling equipment is 
also rated with respect to these three factors. 

Cold temperatures can effectively immobilize construction equipment unless preven
tative maintenance is employed (3, 10). At very low temperatures, say below -20 F, 
very intensive effort is required.- -

As indicated in the following section, winter activities may include ripping frozen 
soil crusts, breaking down frozen chunks of material, moving over surfaces or relatively 
low mobility, and other significant difficulties. However, when the reduction in worker 
and equipment efficiency is examined, on paper, for a location like northern Indiana, 
values of the order of only 10 to 20 percent are obtained. 

Earthen Materials 

The most dramatic effect on earthen materials is the production of a surficial zone 
in which some of the water is frozen. As ground temperatures are lowered below the 
value of initial freezing, additional portions of the pore water are changed to ice and the 
earthen material becomes stronger (7 ). The availability and transmissibility of water 
(.§) are the keys to the character of the frozen groWld, as well as to its condition during 
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thaw. Concomitant with the cold weather are reduced evaporation rates and, sometimes, 
increased precipitation. In the southern United States, frost is not a major problem, but 
heavy winter and spring rains cause suspension of work operations (13 ). 

Soil is not usually placed or compacted in a partially frozen condition, but compac
tion of cold (yet unfrozen) material is feasible. Limited data on low-temperature com -
paction (6) show that in general the maximum unit weight is decreased and the optimum 
water content is increased, relative to compaction at normal construction season tern -
peratures. However, the changes are minor. Work at Purdue University with both sand 
and silty clay showed no systematic temperature dependence (13), and further study on 
the temperature variable is presently under way. -

CURRENT STATE OF COLD WEATHER EARTHWORK PRACTICE 

Since the literature on this subject is quite limited, additional information was sought 
via questionnaires to state and provincial engineers and contractors. The response was 
very gratifying. 

Northern United States 

The practices of the states in the area of significant frost were compared (13) and 
found to vary widely. Some of the variation can reasonably be assigned to differences 
in climate and in the predominant nature of the surface soils. An abbreviated summary 
of cold weather practice is presented in Figure 3. 

Excavation and Placement-Excavation of any soil frozen to limited depths is gen
erally viewed as a practical operation. Ripping along a grid pattern, followed by load
ing into conventional rubber-tired scrapers is the most common method. 

Rock excavation can be carried out in about the same manner as in warm weather, 
while peat excavation is advantaged because access to these deposits is improved by 
ground freezing. 

Excavated rock, reasonably dry sand and gravel, and peat can be placed in the same 
locations and by substantially the same methods as for normal season construction. How
ever, the disposition of most frozen soil is limited. As illustrated in Figure 4, it can 
be (a) wasted, (b) stockpiled for use after thawing and draining, and (c) used in noncritical 
portions of an embankment section, i.e., outside a limiting slope line (say 1:1), or in 
berms. The reader will recognize that disposition (c) corresponds to that of inferior 
unfrozen material (9 ). 

Once the frozen crust has been excavated and disposed of, attention must be directed 
toward the prevention of freezing of the underlying material, until it can be excavated, 
placed and compacted in fill. The primary rule is to minimize the area exposed to 
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Figure 5 . Embankment profiles, warm-weather vs cold-weather lifts in rolled fills. 

freezing, as well as the time of such exposure. Accordingly, active excavationandcom
paction areas are kept small. Michigan reports use of a "ramp" placement and com
paction method (Fig. 5 ), which can limit the extent of an overnight or weekend freeze of 
the exposed layer of a partially completed embankment. 

Compaction-Adjustment of the compaction water content is a much more difficult 
operation in cold weather, which means that compaction must be accomplished at about 
the natural water content of the excavated soil. 

One might expect natural water contents to be higher in the winter and spring than 
in summer and fall. The authors used reports of subsurface investigations for portions 
of the Interstate system in Indiana to study the values of natural water content. Projects 
were selected to cover many of the physiographic subsections of the state, and to pro
duce a good seasonal distribution. The samples examined were of material to be used 
in fills. 

The standard AASHO optimum moisture content was either known or estimated for 
each sample, and natural water contents expressed as deviations from this value were 
plotted agains t the date of sampling (13). Most moisture values were on the "wet side ,'' 
but no seas onal trend was distinguished. About 23 percent of all moisture values were 
within ±2 percent of the standard AASHO optimum. 

Granular soils can probably be adequately compacted even when frozen. If the ma -
terial is placed as frozen chunks, it can effectively be disaggregated by rolling (vibra
tory smooth wheel and grid wheel rollers were cited in the review of practice). On the 
other hand, it is important to monitor both depths of freezing and in situ moisture con
tents for those fine-grained deposits planned for cold-weather excavation and compac
tion. Both the compaction specification and the selection of the design section must be 
amenable to low-temperature and (probably) wet-side compaction. 

Canada and Alaska 

The questionnaire responses from Canada and Alaska cited several practices that 
supplement those reported for the Northern States. The cold season is used to build 
access roads in swampy areas-taking advantage of the improved mobility of equipment 
on the frozen ground. Once opened, borrow areas may be worked around the clock to 
circumvent surficial freezing. Embankments may be raised to within 5 feet of the sub-
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grade level and left to be finished in the next warm season. One province has tried al
ternate embankment lifts of frozen fine-grained soil and frozen granular material. The 
latter technique is analogous to alternate dry and excessively wet lifts in warm weather 
construction (4). Such embankments are compacted as thoroughly as practicable when 
placed, but are allowed to thaw and settle in the spring and summer before construction 
of the pavement. 

Scandinavian Countries 

The authors were particularly impressed by the content of a Swedish report entitled 
"Eliminating Seasonal Variations in Road Construction" (2) and had it translated in part. 
Due to a combination of political, economic, and geographic factors, the art of cold
weather highway construction is relatively advanced in Sweden. 

Data are organized with respect to four climatic zones, and these zones correspond 
in terms of temperature and snowfall to the United States areas shown in Figure 6. The 
relative costs of many constructional operations are tabulated (2, 13). In the absence 
of first-hand information, these tables, used in conjunction with-a climatic correlation 
like that of Figure 6, permit prediction of the increased costs of cold weather construc
tion in the United States. [The increase may be quite small (rock blasting, loading, and 
crushing), or costs may even decrease, as in the case of peat excavation. ] 

The Swedish report (2) further presents total construction project cost comparisons, 
assessing some of the major benefits that accrue because of the cold-weather activity' 
and balancing these against experience relative to unit costs in the various seasons and 
geographic zones. Table 1 shows a net cost advantage for cold-weather work of about 
5 to 15 percent of the total construction cost. Two items of planning are implicit in the 
benefit: (a) the project length is great enough to encompass a wide variety of earthwork 
operations, and (b) the various operations are carefully scheduled so that each is begun 
at a time that is as optimal as can practically be arranged. 

ECONOMIC FEASIBILITY IN NORTH AMERICA 

With the encouragement afforded by a review of the current state of the art of cold
weather earthwork, this study sought to be definitive about the kinds and magnitudes of 
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TABLE 1 

SUMMARY OF COST CHANGES CAUSED BY DIFFERENT CONSTRUCTION SEASONS 

Construction 
Season 

Summer and 
autumn only 

Year-round, with 
steady employ
ment of labor 

Nature of Coat 

Total cost of project 

Cost of project, incl.: 

A . Increased costs for operations 
started at most suitable time 

B. Reduced costs for 

1. Elimination of suspension 
and resumption of work 

2. Better exploitation of con
tractor1e resources 

3. Better exploitation of em
ployer's resources 

4 . Lower interest charges for 
employer 

Total costs 

Maximum increase due to starting of 
operations at less suitable time. 

Central 
Sweden 

100:' 

+6~ 

-3:t 

-e:t 

-l:t 

-1:' 

93:' 

+3:t 

Upper 
Northern 
Sweden 

100:' 

+12:t 

-6:t 

-14:t 

-2:t 

-4:t 

86\t 

+7:t 

its benefits. The focus was on Indiana, but the general conclusions should reasonably 
apply to any part of the frost zone in North America. 

While the weighing of economic benefits against increased cold-weather operational 
costs is a necessary test, it is not a sufficient one, since there are human benefits over 
and above those reducible to economic terms. 

Benefits are of two interrelated types: (a) those which result from an earlier com -
pletion date, and (b) those which accrue from reduction (or even elimination) of the sea-
sonal interruption in construction. · 

The implicit difficulties of cold-weather earthwork mean that one month of such ac
tivity will reduce the time r equired for project completion by only a fraction of a month. 
This fraction was assumed as Ya, which means that working 2 winter months will advance 
the completion date by 1 month. The economic benefit model that follows is a simple 
linear one, i.e., benefits are simply summed, without consideration of interactions. 

Benefits of Earlier Project Completion 

Construction costs will undoubtedly continue to rise in an inflationary drift. This 
trend can be reduced to a monthly rate (MID) and applied as follows: 

(MID) (AC) (NRT) = Benefit 

where AC is the annual cost, and NRT is the number of months that project completion 
is advanced. 

Earlier completion can also reduce the interest charges on money borrowed by the 
contractor to finance his operation. An important factor is . the time lag between con
tractor expenditures and payment for completed work. For purposes of sample calcu
lations, this lag was expressed as one-fourth of the annual construction cost. Reducing 
interest charges to a monthly basis (MIC): 

(MIC)(%) (AC) (NRT) = Benefit 

where all terms have been previously defined. 
Inserting values of (MID)= 0. 25 percent and (MIC)= 0. 58 percent, the total benefit 

accrued through reduction in inflated costs and interest charges is 0.40 percent of the 
annual construction cost for each month that project completion is advanced. 
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A second class of benefits applies to the highway user, in that the new facility is both 
safer and more convenient than the highway mileage effectively replaced by it. For ex
ample, on completed sections of the Interstate System the fatality rate is only aboutone
third that on older highways in the same traffic corridors (11). With an average daily 
traffic (ADT) of 15,000 (1), there is a reduction in the fatality rate of 0.40 per mile of 
new Interstate per year.- Following a simple expedient of prorating all accident costs 
on the basis of fatal accidents (!), and using national values of 49,000 deaths and 
$8,900,000,000 in costs (12), tbe realized annual economic benefit is $73,000 per mile 
of new Interstate. A one-month advance in availability of the new facility would reduce 
accident losses by about $6,000 per mile. 

There are travel -time delays incident to the existence of construction areas, since 
vehicles must continue on the old route and/or follow special detours. The economic 
detrim~nt of such delays is of course greater in and around urban areas. Assume that 
5,000 persons are delayed 5 minutes per day. With the value of travel time taken as 
$ 0.86 per hour (!), a loss of $10,700 per month is incurred. Jn addition, where con
struction activity requires rerouting of high traffic volumes, accident costs will rise 
well abo'le the average values previously cited. 

Benefits of a More Continuous Construction Operation 

The benefits from reduction in seasonal interruptions of construction relate to three 
resource categories: labor, contractor, and highway agency. 

The non-supervisory persons normally engaged in earthwork operations undergo a 
seasonal layoff, and either enter secondary temporary employment or qualify for un
employment compensation. In Indiana (5) the potential benefit of an added month of con
struction activity would be about $175 per month (unemployment compensation -not paid) 
per worker. 

A part of the wage differential between northern and southern workers can logically 
be assigned to the smaller number of months of regular employment in the north. As
sume that half of the wage differential can be so ascribed. For Indiana, as compared 
with the southern states (14), this is about $ 50 per month per worker. If the northern 
worker is employed only part of the winter, this value must be reduced proportionately. 
In principle, and over the long run, cold-weather construction would reduce the wage 
differential between locations of severe and mild winters. 

Contractor resources of supervisory and professional personnel and capital equip
ment must be maintained year-round, whether or not they are in effective use. Swedish 
experience (2) shows a benefit of 2 percent of the annual project cost for each month 
that suspension of activity is avoided. Further, if the construction function can be car
ried out around the calendar, an additional benefit of 3 percent of the annual cost will 
accrue through elimination of the expense of suspending and resuming work. 

Questionnaire responses from contractors in the south and southeast (13) reinforced 
the contention that large benefits can be incurred by contractors able to reduce or to 
avoid totally the seasonal suspension of operations. It was further stated that employer
employee relations were significantly improved when the seasonal layoff was eliminated. 

A number of the points made with respect to contractor resources are equally valid 
for the resources of the state highway agency-particularly the construction division. 
Personnel would not need to be shifted to secondary functions during the winter, but could 
continue to be used in their areas of primary interest and competency. Once organi
zational adjustments were made, it is estimated (2) that a saving could be realized which 
amounts to Y4 percent of the annual project cosCfor each additional month of cold
weather activity. 

Table 2 summarizes all economic benefits that have been stated to accrue, for a case 
where the elapsed calendar time for project completion was reduced one month by under
taking two extra months of cold-weather earthwork. The decision to undertake cold
weather activity on a given highway project would be economically justified when the 
sum of benefits outweighs the predicted increase in cost of field operations. 
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TABLE 2 

SUMMARY OF ECONOMIC BENEFITS DERIVED FROM FINISHING ONE MONTH 
EARLIER BY WORKING TWO MONTHS LONGER 

Source of Benefit 
(Conditional Assumptions) 

Lees inflation and interest 

Reduced accident ltmses 

Reduced construction area delays 
(5000 5-min. delays per day) 

Reduced unemployment compensation 
( 4 'f, weeks per month) 

Reduced wage differential 2 

Better contractor resource utilization' 
(conventional season was 8 months per year) 

Better state resource utilization 
(conventional season was B months per year) 

Benefit as Percent of Annual 
Cost of Urban Project 

Unless Otherwise Stated' 

0 . 40~ 

:iie, 100 per mile 

$10, 700 per month of 
earlier finishing 

$346 per worker 

$24 (Nw/NI) per worker 

4~ 

1Rural project figures would be the some except for a reduced value for construction area delays. 

2 IN . ( No. of wuolu 1010 1 working • • ruon p lonnod ) 
<Nw I) 15 No. of monthi. Y..orkars wora pravloudy inac lfva 

3 Bonus benefit IF worlcing 12 months Por yoor ~ 3% of 0<1nuo l <OJI of project should be odded. 

SUMMARY AND CONCLUSIONS 

1. The present state of the art of cold-weather earthwork was reviewed for the north
ern United states, Canada and Alaska, and the Scandinavian countries. This experience 
provides a substantial base for further controlled experimentation. 

2. An assessment of the technological deterrents to cold-weather earthwork was made, 
with emphasis on the degree of difficulty afforded in Indiana. 

3. The benefits to be derived from an earlier completion date and/or more contin
uous operation were categorized as to (a) the highway user, (b) the labor resource, and 
(c) contractor and state highway organizations. 

4. The sum total of the findings is encouraging, and it is likely that year-round earth
work is both economically and technically feasible for many highway projects in North 
America. 

5. To advance the state of the art, a three-pronged research effort is recommended: 

a. An important part of the economic justification of cold-weather earthwork lies 
in the earlier availability of a safer and more convenient facility. These benefits need 
to be quantified as to magnitude and distribution among various classes of users. 

b. It is also contended that year - round utilization of the resources of the firms 
doing construction, as well as of agencies exercising engineering control over the con
struction, pr oduces economic benefits. The magnitude and distribution of these gains 
can be accurately assessed only by detailed studies of the organizational setups and 
operational systems of these firms and agencies. 

c. The excavation, placement, and compaction of soils at low temperatures and 
high moisture contents are effectively discouraged by current state specifications. To 
provide a rational basis for liberalizing the specifications, both laboratory and field ex
perimentation are in order. The labor ator y phase would quantify the effects oflowtem
perature and high moisture on soil properties and characteristics, and the field phase 
would test the performance of real highway sections in which the modified procedures 
were followed. 
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Numerous highway department engineers and members of highway contracting firms 
promptly completed questionnaires directed to them, and thereby contributed substan
tially to the completeness of the study. 
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Quality Control of Structural Steel 
MILTON BRUMER and FRANK STAHL, Amma1m & Whitney, Consul ting Engineers, 

New York 

•THE wide variety of structural steels now available, the predominating and ever
increasing use of welded designs, and the rapid pace and the magnitude of today's con
struction activities have caused great changes in structural steel inspection, both in 
methods and in importance. Responsibilities of the inspector of structural steel pro
duction, fabrication, and erection have greatly increased in the last decade. An inti
mate knowledge of the properties and behavior of these modern steels, as well as of 
the production, fabrication, and erection facilities, is absolutely necessary for proper 
quality control. 

Structural steel is inspected in three distinct phases: (a) in the mill, (b) in the fabri
cating shop, and (c) at the construction site. Customarily, mill inspection is the re
sponsibility of the producer; shop inspection is carried out both by the fabricator and 
the owner or engineer; and field inspection is largely the responsibility of the owner or 
engineer. Inspection by the manufacturer and fabricator is carried out through their 
own quality control forces, and by the owner and his engineer through inspection agencies 
specially employed for this purpose or by their oWll trained groups of inspectors. 

INSPECTION IN THE MILL 

In the manufacture of steel,. tight controls are exercised by the various steel mills. 
During the melting process of each individual heat of steel," constant checks are made 
by the mill's metallurgists and samples for chemical analyses are taken during the 
pouring of ingots directly from the ladle. Additional chemical analyses or "re-checks" 
are made from the solidified ingots. These tests, as well as the physical tests on 
samples from the rolled material, are usually witnessed by the customer's inspector 
for conformity with specifications. 

If these tests fail to meet any one of the many requirements, a ruling is sometimes 
sought from the customer for acceptance of the material. In many cases a slight devia
tion from specifications in chemical composition or a small decrease in the yield, ulti
mate strength, or other physical properties of the material may be acceptable to the 
customer depending on the final use of the material. In such cases the final decision 
is made by the engineer. 

Where deviations from the specifications are too great or where even slight defi
ciencies are not acceptable to the customer or to the mill's quality control personnel, 
that particular heat of steel is downgraded and sold as a less valuable steel, or it may 
be scrapped and returned to the furnace. 

Laboratory tests are only part of the inspection performed during the manufacture 
of steel. From the time a furnace is charged to the moment a load of ·steel leaves the 
mill on the way to the fabricating shop, watchful eyes assure that the final product is 
of the best possible quality and conforms in all respects to the governing specifications 
and to the customer's special order. Representatives of the mill's metallurgical de
partment record all components of a heat as it is charged into the furnace, the tempera
ture in the furnace, the elapsed time until the furnace is tapped, and other important 
data. Visual checks are made of each ingot before it is placed in the soaking pit in prep
aration for rolling. 
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At the soaking pit, reliable inspection is of greatest importance. Ingots of various 
heats and of many different types of steel may be in the soaking pits at one and the same 
time, their only identification being a mark on the inspector's chart. Only the greatest 
care at this point can prevent the occurrence of "mixed steel," i.e., the intermixing of 
different kinds of steel into the rolling of a particular product. That such mixing of 
steels rarely occurs testifies to the alertness and competence of the inspection person
nel. In those rare cases where the wrong steel goes through the rolling mill, inspec
tion will usually spot such a mistake by the color of the hot steel or by the particular 
way it behaves during rolling or shearing. To eliminate further any possibility of a 
mix-up, additional laboratory spot tests are made from scrap material cropped from 
the billets as they go through the rolling mill. The working of the steel in the fabricat
ing shop, such as the ring of steel under the punch and the appearance of the slugs, as 
well as its welding characteristics, constitute additional checks on the use of the proper 
steel. 

Recent developments of a continuous casting method, eliminating the use of ingots 
and the need for reheating in soaking pits, are promising. As a matter of fact, some 
test installations are now in actual use. It is hoped that this will, in the not too distant 
future, lead to the end of all soaking pits and the inherent possibility of mixed steel. 

A final visual inspection is made of the finished rolled material. Individual pieces 
not conforming to rigid specifications of appearance and dimensional tolerances are 
properly conditioned to acceptable standards or rejected. The finished material is 
carefully marked with numbers and symbols denoting heat number, type and size of 
steel, manufacturer's name or trademark, and the acceptance stamp of the customer's 
inspection agency. Steels of different types are edge painted in different colors in ac
cordance with a standardized color scheme and this method of identification is continued 
in the fabrication shop. 

INSPECTION IN THE FABRICATING SHOP 

In the ideal situation, inspection in the structural fabricating shop is performed by 
two different organizations working in close cooperation but independently of each other. 
One group is the fabricator's own quality control force, the other is the customer's 
inspector. 

Thorough inspection is usually provided by the quality control organization of a com
petent and reliable fabricator. However, for this inspection force to be truly effective, 
it must be outside of the jurisdiction of the shop superintendent. This has been recog
nized in recent years by several large fabricators who made their quality control per
sonnel directly responsible to the plant manager or to their engineering department. 

Usually, the quality of inspection reflects directly on the competence of the shop's 
management. It is quite obvious that even in the best shops there is a continuous rivalry 
between the superintendent, responsible for running his shop at the least possible cost, 
and the shop's chief inspector, intent on keeping quality standards at a high level. It 
is one of the functions of the plant manager to arrive at a satisfactory medium between 
these two opposing views and to make decisions stick, no matter what the cost. Where 
this condition exists, the customer's inspector usually only serves to increase the in
spection force, to submit deviations from plans or specifications to the engineer for 
decision and in general to keep the customer informed about progress of the work in 
the shop. 

Unfortunately, good and reliable shop inspection by the fabricator is not as prevalent 
as one would hope. It is generally limited to the larger companies and the extent of in
spection is almost proportional to the size of the fabricating shop. In the average small 
shop, production and inspection control is in the hands of the same person, the shop 
superintendent, and in most of these shops inspection by the fabricator is greatly lim
ited. There, the importance of constant inspection by the customer cannot be over
emphasized. 

A good inspector, familiar with the shop, will usually seek and receive cooperation 
from the shop workers and foremen and will experience little trouble in getting minor 
deficiencies corrected without complaint at a higher level. In cases where shop errors 
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or substandard work require referral to higher levels, every effort must be made by 
the engineer to back up his inspector in arguments with the shop. Unfortunately, cus
tomers or their engineers are frequently requested by the fabricator to accept deficient 
or inferior fabrication, the excuse being difficulty of obtaining replacement material 
and the need of meeting delivery dates. These excuses are generally made to avoid 
the cost of proper repairs that may have to be made on an expedited basis. It is the 
duty of the engineer to resist these attempts, to insist on satisfactory workmanship in 
accordance with plans and specifications, and to uphold rejections where they are war
ranted. Only by firmness in his dealings with the fabricator can the engineer uphold 
the authority of his inspector. Once the inspector's authority is undermined the quality 
of workmanship deteriorates. 

Inspection in the shop by the fabricator's and the customer's inspectors consists 
primarily of the continuous examination of all fabrication to assure a product in accord
ance with plans and specifications, and of workmanship equal to the best general prac
tice in modern shops. The duties include (a) a check on the material to determine not 
only that the correct type of steel is used in accordance with approved plans but also 
that the material has received the inspector's approval stamp at the mill; (b) a check 
on layout, cutting, punching, riveting, welding, and all other fabricating operations to 
assure conformance with the many standard rules and the engineer's special require
ments; (c) a check on the preparation of the steel surfaces for application of the shop 
coat of paint, inspection of the proper manner of paint application at a satisfactory am
bient temperature and proper film thickness, and insistence on an adequate drying peri
od, which will provide a good base for future paint coats and will help to assure a long 
life of the structure; and (d) a final check of the completed work prior to shipment from 
the shop. In addition to these visual duties, inspectors are now almost routinely re
quired to perform, witness, and interpret various methods of nondestructive testing 
of welds, castings, and forgings. 

Usually, the work of the customer's inspector is not limited entirely to review of 
shop operations. He can perform invaluable service to the engineer by regular weekly 
or monthly reports or by special communications, reporting on progress, adherence 
to schedules, unusual occurrences, or expected troubles. Close contact between the 
inspector and the engineer, who usually is at great distance from the fabricating shop, 
is essential for the satisfactory performance of inspection services. Occasional visits 
by the engineer to the shop to discuss pending matters with the inspector will greatly 
help to bolster the inspector's attitude toward the job and his authority among the shop 
personnel. 

Ground storage must be given adequate attention, particularly with reference to de
terioration of the shop paint and of the unpainted surfaces from atmospheric and weather 
conditions or from the possible detrimental effects of the ground or cinders on which 
the material may be stored. Attention must be given to proper sequence of storage with 
respect to erection requirements to avoid unnecessary rehandling, with its accompany
ing greater hazard of damage. Trusses, girders and similar fabricated pieces should 
be checked after loading for shipment to make sure that they are adequately supported 
and not subjected to stress conditions for which they were not designed. 

INSPECTION AT JOB SITE 

Once the fabricated steel arrives at the job site, inspection for the proper perform
ance of the work on heavy construction usually is done by the engineer. As a rule, re
sponsibility on the contractor's side for the proper erection of the steel rests with the 
various gang foremen or "pushers" who are mostly interested only in a speedy and 
safe completion of the job. It is, therefore, important that the engineer employ a 
well-trained staff of inspectors to check all phases of field erection. 

Proper inspection in the field starts with a thorough check on workmanship and con
dition of the material received from the fabricating shop or ground storage. This 
should include a check on the camber of built-up girders and on the alignment of welded 
members prone to distortion during shipment. Particular attention should be given to 
the erection equipment and procedures to assure performance and sequence of erection 
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ments and submit them to various destructive and nondestructive tests. Testing samples, 
which incidentally could be part of a welder qualification test, is relatively inexpensive. 
Such early inspection efforts will provide proof that the procedure specified or used 
can or cannot produce a good weld. Samples kept at the site will serve as ready ref
erence for an acceptable weld standard. Furthermore, such sample testing will pro
vide a record of weld properties and soundness that often would be impracticable or 
impossible to obtain from a finished product. 

SPECIFICATIONS 

It is of primary importance that specifications be practical and that their provisions 
be attainable by the contractor with reasonable effort. Requirements that are too rigid 
and constraining will usually not improve the quality or performance of the work but 
will always add significantly to the cost. Clear, precise specifications are important 
not only to the performance of a job but also as a tool for the inspector. The more 
voluminous they are, the more there is a chance for discrepancies and contradictions 
and the less they are read and observed by the personnel performing the work. 

Confusion and increased production cost created by the duplication of standards and 
specifications for materials, fabrication and inspection is high, even if it cannot be 
measured in dollars and cents. Qualified national organizations such as ASTM, AASHO, 
AWS, and AISC, representing producers and consumers, industry and government, 
scientists and engineers, have thoroughly prepared specifications for practically all 
phases of construction. Yet the federal government, the various branches of the armed 
services, states, municipalities, and even private engineers insist on their own forms 
or standards, which more often than not are merely duplication of existing national 
standards. Such individualism and conflicts can hardly be justified. 

Specifications for a particular application should always take into account the in
tended service application of the structure. The method, location, and amount of de
structive testing should be specified clearly to avoid later arguments and extra charges. 
The type and amount of acceptable defects in welds should be defined with the greatest 
clarity. Acceptable tolerances must be defined wherever practical. 

Where there are welds, there are defects. To require repair of defects that definitely 
do not affect the service requirements of the structure and to enforce needless specifi
cations for fabrication and inspection would add unnecessary costs for preparation of 
parts, longer welding time, and excessive inspection and testing. These efforts should 
be concentrated on the critical areas of a structure where they represent money well 
spent. Such realistic procedures will produce a fully adequate and economical structure. 

RESPONSIBILITY FOR INSPECTION 

Much has been written in the last year or two about who should be responsible for 
inspection. Proposals have included (a) the complete abandonment of inspection by the 
engineer because of recent court decisions in matters of responsibility for accidents; 
(b) placing responsibility for inspection on the construction contractor, as is the present 
policy of the Corps of Engineers; and (c) establishment of a Federal Inspection Bureau 
along the lines used in some European countries. However, the majority of the views 
expressed the opinion that the engineer should inspect the construction of his designs. 
This is the way it should be. Only the designing engineer knows all the assumptions on 
which his design was based. He may have spent many months developing details based 
on certain criteria of which only he is fully aware and whose execution in the field can 
only be obtained by proper inspection by himself. 

The current practice by architects of having field inspection on buildings performed 
on the basis of infrequent visits to the site by the designing engineer is at best poor in
spection. The lack of a thorough appreciation of those on the job site of the basic de
sign requirements and behavior of materials often leads to costly corrective actions or 
inferior work. It is strongly recommended that this grossly inadequate practice be 
given close scrutiny by the engineering profession. 

The policy of federal and state agencies of inspecting with their own staffs the con
struction of designs developed by consulting engineers may be satisfactory for the ordi-
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in accordance with previously approved plans. All field connections must be carefully 
checked to make certain they carry the loads for which they were designed. In high
tensile bolt connections, 10 percent of the bolts should be torque-checked by the in
spector. Locked-in stresses caused by improper sequence of making connections or 
by forcing members to fit must be avoided, and remedial steps have to be proposed 
and supervised by the inspector. In special instances, stress measurements or other 
observations must be made by the inspector to verif;.- the a.:tual behavior of a structure 
in comparison with design assumptions. 

On any project involving welding on stress-carrying members, welders must be pre
qualified in accordance with the requirements of the American Welding Society. Atten
tion must be given to the use of the proper welding rod and necessary preheat for the 
various types of steel. Low-hydrogen electrodes must always be oven-dried and no 
welding should be permitted during rainy or extremely humid weather, except under 
controlled conditions. 

Finally, the work of the painters has to be inspected carefully because in general 
nothing will affect the future maintenance cost to the owner more than the qudity of the 
original paint job. Any damage in the shop coat must be touched-up before application 
of the field paint. Surfaces to be painted have to be cleaned of all dirt, rust, oil, and 
grease. 

In addition to inspecting the performance of the work, the inspector should review 
safety requirements and insist that the work site be kept clean of refuse, rubbish, and 
other fire and safety hazards. 

NONDESTRUCTIVE TESTING 

Hand-in-hand with the increased use of welding, both in the shop and in the field, 
has come a tremendous increase in the demand for nondestructive testing. The most 
common methods are dye-penetrant, magnetic particle, radiographic, and ultrasonic 
inspection. The proper selection of one method to the exclusion of the others will de
pend on the type of joint to be tested and the type of defect expected to be found. 

Dye-penetrant is primarily used to check for surface cracks. It is easy to use and 
inexpensive but somewhat messy, and is therefore applied infrequently. For surface 
and near-surface defects, magnetic particle inspection is used today almost exclusively. 
It will expose any surface crack or discontinuity no matter how small. If properly used 
on the initial beads of large, multiple -pass welds, it may in many instances obviate the 
need for radiographic inspection of the finished joint and prevent expensive repairs. 

Radiography is presently the most popular form of nondestructive inspection, espe
cially for butt welds. It has the primary advantage of furnishing a permanent record 
that can be viewed any place and any time. However, the geometry of some joints 
precludes the use of this method. Furthermore, the potentially dangerous rays neces
sitate the temporary closing- off of the testing site, a costly requirement and of special 
disadvantage in the field. 

The application of ultrasonic inspection has increased rapidly in the last few years. 
Its greatest limitation is still the need for highly trained and reliable technicians, needed 
not only for operation but also for interpretation of its findings. The absence of a per
manent record must be weighed against its relative ease and speed of application when 
there is a choice between this method and radiography. 

Standardized reference photographs for radiographic inspection of welds and castings 
are available to permit correct identification and correlation with acceptable perform
ance criteria. No such uniform and generally applicable standards for easy use in the 
structural fabricating shop exist as yet for ultrasonic inspection. Efforts at standard
ization are presently under way in the fabricating industry and it is hoped that a uni 
form national standard for identification will be made available soon. 

DESTRUCTIVE TESTING 

Nondestructive testing, especially in the field, may be costly and time-consuming, 
particularly if staging or closing-off of the work area is required. Fortunately, it is 
frequently possible, especially on highly repetitive welding jobs, to make sample weld-
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nary project. Even so, the authors have reservations about this procedure. In im
portant or complex cases, representatives of the engineer, empowered with adequate 
authority, should be available at the construction site at all times for guidance of and 
consultation with the government inspector. 

In recent years it has become more and more prevalent to engage construction firms 
as managers or consultants on large construction projects and charge them with the 
coordination, supervision, and inspection of the work performed by the various con
tractors on the project. While it is advisable to obtain the recommendations of com
petent contractors for complicated structures-and this is a common practice followed 
by responsible engineers during the design stage-it is very doubtful that construction 
contractors, by the very nature of their experience and their lack of design appreciation, 
are qualified to perform inspection in the traditional way envisioned by the designer and 
in the best interest of the owner. Experience indicates that under this arrangement 
subconscious partiality and expediency often override considerations of quality and 
workmanship. 

COMPETITIVE INSPECTION SERVICE 

Good inspection on behalf of the owner, in addition to constant vigilance by the in
spection agency, is largely dependent on the attitude and actions of the owner and his 
engineer. 

The owner must be willing and must find a way to pay for adequate inspection service. 
Reference is made to the detrimental but customary way of taking competitive bids for 
off-site inspection services, a practice that has been thrust upon the engineer in some 
cases by existing local laws, in other instances by past practice or by agency regula
tions. This practice has been the cause of cutting of prices in a highly competitive 
field, which has led to progressive reduction in services rendered, and often to sub
standard inspection. If continued, the practice can eventually result in such poor in
spection as to be a complete waste of money. 

For inspection services to be effective, they must be considered as being at pro
fessional level fully as much as other engineering services required for the job. Ade
quate compensation to assure competent supervision should be made to the owner's 
own inspection staff or should be negotiated by the engineer on behalf of the owner with 
a reliable inspection agency on a cost basis that permits the necessary attention the 
work requires. The cost of steel inspection is extremely modest in relation to the total 
project cost and to the importance of obtaining a sound structure. Only a very small 
percentage increase in the project cost applied to this phase of the work would assure 
the optimum in inspection service. 

ENGINEER'S DUTIES 

In addition to convincing the owner of the necessity of paying for adequate inspection, 
the engineer must function in several ways to assure the attainment and constant main
tenance of high-level inspection. The engineer must in the development of the design 
make the proper selection of steels consistent with fabrication requirements and ser
vice conditions of the structure. He must develop details that can be fabricated as well 
as adequately inspected, painted, and repaired, if need be, in the shop or in place in 
final position. Prior to the start of work in the mills and plants, the engineer should 
assure himself by investigation that the inspection agency under consideration is by 
past records and reputation fully experienced in the work to be performed, that the 
agency has available for this work the required trained personnel, and that the fee asked 
is sufficient to provide the high standards of inspection desired. The engineer, at the 
very start of inspection, may well have an initial conference with representatives of 
the inspection agency in which the nature of the work is described and the highest type 
of service insisted upon. 

The engineer or his delegated representatives should not only constantly review all 
the inspection reports submitted to him, but he or his representatives should frequently 
and periodically visit the mills and plants to be continuously informed of all problems 
there by first-hand observations and to be intimately aware of the progress of the work. 
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These frequent meetings and accompanying discussions with the plant and inspection 
forces will encourage the close relations between the engineer and his inspection forces 
essential to a satisfactory performance. This procedure will lead to boosts in morale, 
will frequently uncover lags in progress, and will furnish the necessary background for 
corresponding corrective discussions with the fabricator's management. The visits 
also will provide checks on the standard of inspection and on the size of staff applied 
to and needed for this work. 

Only in these ways will the public and the owner be best served and the work be per
formed in the manner rightfully contemplated by the designer. 



Construction Techniques as Related to 
B~idge Deck Roughness 
MARVIN H. HILTON, Virginia Highway Research Council 

Techniques and procedures used during the construction of bridge 
decks were surveyed and recorded to identify those factors most 
closely related to their roughness. Data from roughness tests 
performed after completion of the decks were related to the con
struction variables as well as to other design and geometric fac
tors. The screeding technique used during construction proveq to 
be the most significant factor related to the roughness of the com
pleted bridge decks. It was found that longitudinal mechanical os
cillating type screeding followed by longitudinal belting and/or 
burlap drag consistently produced the smoothest decks on simple 
span type bridges. Longitudinal floating operations following 
transverse type screeding reduced deck roughness by as much as 
25 percent. 

Issuance in 1964 of special provisions for the construction of 
bridge decks by the Virginia Department of Highways encouraged 
more uniform construction procedures, required mechanical 
screeding machines, and stated a preference for the use of longi
tudinal type screeding. Studies show that recently constructed 
bridges have better riding qualities than those constructed prior to 
1964. The considerable variation in results obtained, however, 
suggests that a high standard of workmanship and equipment must 
be maintained to obtain optimum results. 

•WITH the advent of the Interstate Highway System and other types of controlled-access 
freeways, bridge decks occur more frequently as part of the traveled roadway. As the 
early segments of Virginia's Interstate System were completed and opened to traffic, it 
became apparent that the riding qualities of the bridge decks were generally inferior to 
those of the roadway pavements. Since Virginia's current policy is to leave new con
crete bridge decks exposed, without any additional surfacing being required, the rough
ness problem became a matter of increasing concern. Moreover, considerable specu
lation arose with regard to the major causes of roughness on the newly constructed 
bridge decks. Among the possible causes suggested by many engineers were such fac
t.ors as bridge design type, complex geometrics, and construction practices and tech
niques. In order to identify the most significant factors related to the problem, a field 
study of bridge deck roughness was initiated. This paper, which is primarily concerned 
with the roughness of bridge decks as related to construction techniques, reports the 
results of two phases of the study: (a) an initial phase conducted before issuance of the 
Virginia Department of Highways 1964 special provisions for the construction of bridge 
decks (!), and (b) a second phase conducted after compliance with the 1964 special 
provisions. 
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BRIDGE DESIGN PRACTICES IN VIRGINIA 

An orientation on bridge design practices in Virginia will serve as an indication of 
the type of structures with which most of the reported data can be associated. As a 
general rule, design practices in Virginia are influenced by a necessity for economy in 
design and by past experience with certain structural design types. As a result, sim
ple span type designs are used most frequently because of past experience with more 
than normal deck cracking on continuous beam and cantilever types. Furthermore, con
tractors have often tended to bid lower on the simple span type designs. 

As an approximate guide to Virginia design trends, monolithic concrete T-beam type 
superstructures are usually economical on span lengths up to 45 ft. For span lengths 
of 50 to 80 ft, prestressed concrete girders or rolled steel beam type designs are com
petitive. Composite action of girder and concrete deck is normally necessary on span 
lengths of 60 ft or greater, and composite rolled steel beams with flange cover plates 
are sometimes used economically on spans up to 90 ft. Welded steel plate girders are 
usually economical, however, on spans of 85 ft or greater. Thus, it can be expected 
that most of the field research data reported in this paper will be associated with these 
types of structures. 

ROUGHNESS STUDIES CONDUCTED PRIOR TO 1964 

Roughness of bridge decks manifests itself in several different forms, which act in
dependently or in combination to adversely affect riding qualities. These forms of 
roughness cover areas of a bridge deck ranging from very short lengths to full-span or 
entire bridge lengths and may be classified according to cause as follows: 

1. Rough approach conditions at or near abutment backwalls, 
2. Excessive sag or camber throughout a span length, 
3. Joints, 
4. Concrete deterioration, and 
5. Irregularities throughout or within a span or bridge length. 

Most highway engineers can easily envision some of the causes and effects of these 
types of roughness, which have been the subject of discussion in several papers(.!, ~' 
,!, .?_). The roughness existing on many newly constructued bridge decks in Virginia, 
however, suggested that irregularities throughout or within a span length constituted 
the most salient roughness feature on these structures. This observation was sub
stantiated by preliminary roughness tests, which indicated that concrete bridge decks 
were considerably rougher than concrete pavements. 

The main purpose of the initial phase of the study was to investigate the general 
cause of the type of roughness listed as "irregularities throughout or within a span or 
bridge length" on some recently constructed bridge decks. The data obtained from 
measurements on 94 bridges were compared and related to certain design and con
struction variables. More specifically, an attempt was made to answer the following 
questions: 

1. Does the bridge design type have a significant effect on roughness? 
2. Are geometrics such as skew, vertical curvature, and horizontal curvature 

factors? 
3. Do some contractors consistently build smoother-riding bridge decks than others? 
4. Do some screeding methods and finishing procedures produce better results than 

others? 1 

5. Are certain types of finishing procedures necessary? 
6. Are the results obtained by the use of mechanical screeding machines superior 

to those obtained by the use of manual screeding operations? 

1For the purpose of discussion in this paper, screeding pertains to the method of striking the concrete 
off to grade while finishing pertains to floating procedures, etc., which fol low the screeding operation. 
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In the study, the primary concern was with the roughness associated with sound con
crete. Accordingly, no bridge decks that displayed forms of concrete deterioration 
were included in the study. 

As a by-product of the study, data were obtained on the general effects of surface 
conditions at and including abutment backwalls and joints. Treatments of these data 
are not within the scope of the present paper but are available in an earlier report (6). 

The full span length sag or camber condition is a particular type of bridge roughness 
that is virtually impossible to measure with the types of devices used in this study. Fu
ture studies of actual beam deflections during construction are being planned, however, 
and these may have bearing on this type of roughness. 

Testing Methods and Procedures 

A Bureau of Public Roads type roughness indicator (Fig. 1) used in conjunction with 
a two-channel direct-inking oscillograph recorder (7) was the primary method used to 
measure the roughness of bridge decks. Use of the oscillograph afforded a permanent 
record of the roughness data and also an effective means of recording the beginning and 
end of the bridge decks. 

The standard roughness index (R.I.) measured in inches per mile represents the ac
cumulated vertical movement of the roughometer wheel as it is towed over the test area. 
The BPR roughometer tests are normally run at a speed of 20 mph and the R.I. values 
reported are based on this speed as a standard. 

The area tested on each bridge deck was selected so that the data would most likely 
reflect the roughness of the surface area used most frequently by traffic, i.e., the ap
proximate location of traffic wheelpaths. These wheelpaths were located in each traffic 
lane by assuming a 5-ft width between an average vehicle's wheels, and centering this 
distance within the lane . . Assuming this to be the centerline of the test area, roughness 

Figure 1. BPR-type roughness indicator. 
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measurements were made within the area inclosed by approximately ± 9 in. on either 
side of the centerline. 

The number of runs made on each test area was determined by a statistical evalua
tion of the ability of the operator and machine to reproduce results under the conditions 
of test. The fo rmula 

N = (t~)2 
where 

N Number of test runs 
V Coefficient of variation, percent 
t = Student's t for n - 1 degrees of freedom at a specific probability level 

E = Allowable margin of error of the average of N test runs, percent 

was used at a probability level of 95 percent and a 3 percent maximum allowable error 
of the average to calculate the result of three test r uns per test a r ea. Consequently, 
at least three runs were made over each test area with the roughness indicator. 

Based on experience with the particular roughness indicator used to date, a rating 
criterion for the roughness of bridge decks is suggested in Table 1. It should be noted, 
however, that some highway organizations consider a roughness index of approximately 
121 in./mi or greater as poor for new concrete roadway pavements. Thus, if the riding 
qualities of concrete bridge decks are to compare favorably with those of concrete pave
ments, a R.I. of 121 in./mi or less is desirable. 

Since many bridge deck finishing specifications require that surface deviations not 
exceed Ya in. in any 10-ft length, a number of structures were tested with a 10-ft roll
ing straightedge. Figure 2 shows a linear correlation between the R.I. values as de
termined by use of the roughness machine and the percentage of the tested surface that 
exceeded the Ye in. in 10 ft criterion as determined by use of the rolling straightedge. 
Even th.ough their mechanisms are entirely different, a good correlation (correlation 
coefficient = 0.986} between the two devices was obtained. or particular interest would 
be the y intercept of the line of best fit through the data, which suggests that a concrete 
surface with no deviations of Ye in. in 10 ft could have a roughness index of 72. 7 in./ mi. 
The fact that even the best-riding concrete pavements have roughness indices of this 
order of magnitude is well known to most pavement engineers. The conclusions reached 
in this paper are based on data obtained with the BPR roughometer. 

Before beginning the roughness tests, 
various techniques and procedures for 
finishing bridge decks were observed and 
recorded during the construction of many 
bridge decks throughout the state. A par
ticular effort was made to include the 
various types of manual and mechanical 

TABLE 1 

BRIDGE DECK ROUGHNESS RATING 

R. I. (in./ mi) Rating 

Below 80 Excellent 

80-99 Very good 

99-121 Good 

121-140 Fair 

Above 140 Poor 
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Figure 2. Comparison of data obtained on bridge 
decks tested with a 10-ft rolling straightedge and 

a BPR-type roughness indicator. 
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screeding techniques being used by different contractors. Later, roughness tests were 
run on those bridge decks where the construction techniques had been recorded or on 
others that were known to have been constructed in a like manner. For the remaining 
structures tested, the construction information was obtained from field personnel as
sociated with the placement and finishing of the decks. In all cases, an effort was made 
to test only those structures less than four years old. Outside of this limitation, and 
that of excluding the structures with deck deterioration as discussed earlier, selection 
was completely random. 

Use of the oscillograph roughness records facilitated omission of the roughness of 
abutment backwalls. Accordingly, the abutment backwalls have been excluded from the 
data presented in this paper. All roughness index data discussed represent the average 
of the results on all test areas of any particular structure. 

Results 

Design Types and Geometrics-An analysis of the variability of the roughness data 
as related to certain features such as bridge design types and also to geometrics such 
as skews, vertical curves, horizontal curves, and grades suggests that these factors 
have no significant effect on the type of bridge roughness in question. Although con
tinuous span bridges were on the average rougher than other designs tested, the vari
ability of the roughness between bridges of each design group strongly suggested that 
smooth bridge decks can be obtained regardless of the design type. The roughness 
indices on continuous bridges, for example, ranged from 130 in./ mi to 288 in./ mi. 
Several of these structures were much smoother than many of the other designs, and 
vice versa. The same argument can be applied in a like manner to all the geometric 
factors investigated. Thus, the conclusion that these factors have insignificant effects 
on deck roughness seems justified. 

Construction of Bridge Decks-Bridges constructed by 24 different contractors were 
included in the study and·differences were found among the average roughness values 
of the bridge decks built by the individual contractors. The fact that some contractors 
build better-riding bridge decks than do others is illustrated in Figure 3, which shows 
the variability in roughness of bridge decks constructed by eleven contractors who were 
represented by three or more bridges in the study. With the width of the bar graphs 
indicating the range of roughness, contractor R shows the least variability in construct
ing five bridges, while contractor F shows the greatest variability in constructing 17 
bridges. There is also considerable difference in the variability of results between 
contractors constructing nearly the same number of bridges. This very generally in
dicates that some contractors are capable of doing more consistent work than others. 

All the contractors included in Figure 3 constructed the various types of simple span 
structures (discussed earlier) except contractor Q, who built several continuous span 
designs. Omitting this contractor, the roughness of all the bridge decks constructed 
by the remaining contractors can be compared. It is obvious that contractor X produced 
bridge decks with riding qualities superior to those produced by all the remaining con
tractors (including those who const ructed less than 3 b ridges and were not included in 
Figur e 3). It also should be noted that the smoothest bridge built by the poorest con
tractors (I, H, and F) is still rougher than the poorest br idge built by the two best con
tractors (X and T). These data, then, imply that methods , procedures, workmanship, 
and the ability of the contractor to make orderly and effective use of his men and equip
ment are important factors that vary greatly between individual contractors. 

Methods of Concrete Placement-Only two methods of placing the concrete for bridge 
decks were observed during the study. These were placement (a) by cr ane and bucket 
and (b) by gasoline-engine powered buggies used to transport the concrete over portable 
wooden ramps to the point of placement. After the concrete was placed on the forms 
by either of these two methods it was spread by manual means and consolidated by me
chanical vibrators. No significant difference between the two methods of placement 
with regard to deck roughness could be detected from the roughness data obtained on 
the completed decks. 
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Figure 3. Variability in roughness of bridges constructed by individual contractors (contractors with 
three or more bridges). Letter designations on the vertica I axis are those assigned the various con

tractors included in the study. 

Screeding and Finishing Techniques-The screeding and finishing techniques used in 
the construction of concrete bridge decks differ markedly from those used in the con
struction of concrete roadway pavements. Differences such as the flexibility of struc
tural members, variations in the roadway width and span lengths from bridge to bridge 
and occasionally on individual bridges, and a lack of working space outside the roadway 
width are a few of the factors that make screeding and finishing of bridge decks unique. 
Furthermore, the placing and the finishing of concrete bridge decks are not day-to-day 
operations such as the placing and finishing of concrete roadways, so the work crews 
on bridge decks are not usually as experienced and as well-organized as those on road
ways. As a result, there are a number of factors that reduce the chances of bridge 
decks being as smooth as concrete pavements. 

Possibly because there are many variations in the size and configuration of bridge 
decks, there are also many variations in the types of screeds used by different con
tractors. As a matter of economics, a contractor who infrequently constructs bridge 
decks might have a small manual type screed that could be adapted to aimost any bridge 
deck, or he might simply improvise one to fit a specific occasion. Still another con
tractor might have an elaborate mechanical type screed that could be adapted to various 
roadway widths or span lengths by adding or removing replaceable sections. The over
all result is that a wide assortment of screeding devices of all types, sizes, and shapes 
is used by contractors to construct bridge decks. 

All types of screeding devices, whether mechanical or manual, must operate by roll
ing or sliding on screed rails or some other type of support. These rails are set either 
to the finished grade or at a predetermined height above the finished grade, plus an al
lowance for the anticipated dead-load deflection. The location of the rails depends pri
marily on the type and length or width of the screeding device to be used. Consequently, 
there is also much variation in the location and placement of screed rails on bridge 
decks. 
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Screeding devices are usually classified as either longitudinal or transverse (on the 
basis of their orientation to the direction of traffic) and as either mechanically or man
ually propelled. Some have screeding edges which mechanically oscillate and still others 
are of a vibratory nature. In order to classify and evaluate the many types of screeding 
methods used in Virginia prior to 1964, it is convenient to divide them into several gen
eral categories: 

1. Longitudinal screeds 
A. Manually operated types 
B. Manually operated vibratory types 
C. Mechanical oscillating types 

2. Transverse screeds 
D. Manually operated types 
E. Manually operated vibratory types 
F. Mechanical oscillating types 

In the following paragraphs, the general features of each category are described as a 
prelude to evaluating each technique on the basis of the roughness data. 

A typical longitudinal manually operated type screed is shown in Figure 4. Although 
this is a single truss type screed, there are many ways in which this type screed might 
be constructed. In some instances it might be only a 2-in. by 6-in. board used to strike 
the concrete off to grade. A wide assortment of lengths can also be found in this type 
screed, but the significant factor is the longitudinal manner in which it is used. All 
screeds of this type are manually oscillated back and forth in a longitudinal direction 
while ·simultaneously being pulled across the width of the bridge deck roadway. 

The main variation in this operation is the location of the screed rails. In the situa
tion shown in Figure 4, the rails are set flush with the final grade and run transversely 
across the width of the deck at the mid-point of the span. In other cases the rails might 
be set at the one-quarter points, one-third points, or at other fractional portions of 
the span length which best facilitate the screed being used. After the screeding opera
tion is complete, the rails are removed and the remaining void filled with concrete and 

Figure 4. Longitudinal manually operated single truss type screed. 
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smoothed over. The entire deck surface is also finished by some type of floating opera
tion immediately following the screeding. 

The longitudinal manually operated vibratory type screed resembles the preceding 
type in most respects except that the screeding edge is not normally supported by a 
truss. Instead it is usually a simple beam-like device that is vibrated by an engine 
mounted on the top side of the beam. Its general appearance is similar to that of the 
screed shown in Figure 6, except it is, of course, used in a longitudinal position on the 
bridge deck. This type screed is not normally oscillated in the longitudinal direction 
since the vibrations set up by the engine tend to consolidate the concrete and produce 
an even-textured surface. It is, howeve r , pulled across the width of the span manually, 
or in some cases it can be advanced by a reel and cable. The screed rails are also 
placed in positions on the bridge deck similar to those described for the nonvibratory 
screed. Shorter spacing intervals are used more frequently, however, because the 
screed itself is usually shorter in length than the truss type screed. Again, the rails 
are removed and floating procedures follow immediately behind the screeding operation, 
as previously described. 

The longitudL11a! mecha..'!.ica! oscillating type screed has been Ufled in Virginia over 
full spans up to 95 ft in length. In Figure 5 one of the latest designs of this type screed 
is shown being used to screed a 90 -ft span. It is constructed with double trusses spaced 
approximately 18 in. apart to provide lateral stiffness, and an adjustable channel at
tached to the lower portion of the truss serves as the screeding edge. The screed os
cillates in a longitudinal direction while simultaneously creeping across the roadway 
width. It is mechanically actuated by a %-hp electric drill motor attached in a bracket 
at one end of the screed. Two wheels at each end of the screed, which can be raised 
or lov."ered by hydraulic ha..--id-cperated jacks, are used tQ roll tl!e screed bacJc into po
sition for additional passes. 

Unless this screed is used on excessively long spans, the only screed rails used are 
mounted at the bulkhead forms at the ends of the span. Consequently, the rails are not 
subject to change in elevation due to dead-load deflection such as that encountered with 
rails mounted at intermediate points in the span. The final finished grade can thus be 
set directly to the adjustable screeding edges at desired intervals along the length of 
the span and it remains independent of the dead-load beam deflections. In order to re
alize the anticipated dead-load deflections, however, sufficient concrete must be placed 
over the beams before screeding can begin. 

Figure 5 . Full span length mechanical longitudinal type screeding machine being used on a 90-foot 
span. A longitudinal belt used to finish the surface lies to the left of the screed. 
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After several passes of the screed, the concrete is textured by longitudinal belting, 
burlap drag, or a combination of the two operations. At the discretion of the contrac
tor or the inspector in charge, floating procedures are used as needed following the 
screeding. 

The transverse manually operated type screeds are constructed similar to the man
ually operated longitudinal screed shown in Figure 4 and are found in just as many as
sortments of sizes and shapes. These screeds rest on the deck in a transverse posi
tion, however, and are usually found in lengths sufficient to cover either half or the full 
width of a bridge deck. They are manually oscillated back and forth transversely and 
simultaneously pulled down the length of the span on screed rails set at or near the curb 
line. 

For the transverse manually operated vibratory type screeds, all features are simi
lar to those of a longitudinal vibratory type except that the device is rotated through 90 
deg and used on the span in a transverse position. Like the non-vibratory transverse 
types, it usually covers either half or all of the span width and the screed rails are 
placed longitudinally down the span in similar positions. Figure 6 shows one of the 
common type vibratory screeds, which could be classified as semimechanical since it 
can be advanced down the span by reels and cables mounted at each end. 

Immediately following the screeding oper ation for the last two methods described, 
the surface was sometimes longitudinally floated as shown in Figure 7 and/or smoothed 
with a "bull float." 

The transverse mechanical oscillating type screed shown in Figure 8 incorporates 
a box type truss design to support two screeding edges that can be adjusted to fit any 
specified roadway crown. The screeding edges oscillate transversely and the machine 
advances down the span under its own power-although some of the earlier models are 
propelled by a reel and cable. The box truss is of telescopic design and can be adjusted 
to fit various widths of roadway. The machine rolls along longitudinal rails placed near 
the outside edges of the bridge deck roadway. 

Figure 6. Transverse vibratory type screed which covers the full width of the deck and is propelled by 
reel and cable. Note work bridge in foreground. 
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Figure 7. Longitudinal floating of a bridge deck. 

Figure 8. Mechanical transverse oscillating type screed. 
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After several passes of the screed over a given area, the rail sections are removed, 
the voids filled in, and the general floating of the surface performed with a bull float. 

Effects of Screeding and Finishing on Deck Roughness-Figure 9 shows a comparison 
of the roughness data related to each screeding method described. The height of each 
bar represents the variability of the average roughness for all the bridge decks screeded 
by a particular method, while the broken line indicates the average roughness for the 
group. It is apparent from this figure that the full span length longitudinal mechanical 
oscillating screed (type C) followed by the longitudinal belting operation produced the 
smoothest bridge decks on simple span structures, and is the only procedure which 
produced bridge decks with roughness indices less than 100 in. /mi. It is also of in
terest to note that this type screeding and finishing was used by contractor X, who pre
viously was found to have constructed the smoothest bridge decks. The manually oper
ated transverse (type D) and transverse vibratory (type E) screeds, on an average, 
produced the next smoothest bridge decks with average R. I. values of 145 and 151 in./ 
mi respectively. But several of the bridge decks screeded with manually operated lon
gitudinal (type A) screeds had low R. I. values, which would rate them as good also. 
Bridge decks screeded with the mechanical transverse (type F) screed were the rough
est, with an overall average of 193 in./mi (contractors I and Fused this type machine). 
Thus, based on these data the only mechanical type screeding machine found to produce 
results superior to all manual screeding methods was the full span length longitudinal 
oscillating type. 
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Much variability in the roughness of bridge decks screeded and finished by methods 
other than type C is evident from Figure 9. Some of the variability in the case of bridges 
screeded PY manually operated devices could be due to the great va.riation in the types 
and design of the screeds used, the finishing procedures following the screeding, and 
the workmanship. 

It is important to recognize that floating procedures used following the screeding have 
some bearing on the results shown in Figure 9. With the exception of those decks 
screeded and finished by method C, all the decks were floated with hand floats or bull 
floats. Longitudinal floating was not used on any of the decks that were longitudinally 
screeded, and used on only some that were transversely screeded. The use of longi
tudinal floating immediately following transverse vibratory type screeding .is advocated 
by Gray (~), and in the opinion of m_any engineers its use is necessary to remove the 
transverse ridges developed on the concrete surface by any transverse type screeding. 
Data shown in Figure 10 substantiate the use of longitudinal floating as beneficial in 
reducing the roughness of bridge decks that are transversely screeded. Furthermore, 
the longer length floats appear to be more effective than the shorter lengths. Where a 
10-ft longitudinal float was used immediat y following the screeding, the average R.I. 
was 6.6 percent lower U1an that for decks not longitudinally floated. Where a 16-ft lon
gitudinal float was used the average R. I. was 25 percent lower than that for decks not 
longitudinally floated. No differences between the results produced by other types of 
floating and texturing techniques were apparent. 

ROUGHNESS STUDIES SUBSEQUENT TO 1964 

After the initial studies of bridge deck roughness, considerable emphasis was placed 
on the riding qualities of bridge decks by the irginia Departmenl of Highways. Much 
of this emphasis was reflected in new special provisions .for the finishing of bridge decks 
and in other forms of communication with contractors. The special provisions, which 
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were in effect for all structures contracted for bids 
after April 1, 1964, tended to encourage a more uni
form approach to the placing, screeding, and finish
ing of bridge decks. Mechanical screeding devices 
were required and a preference was stated for the use 
of the full span longitudinal types on simply supported 
spans of 80 ft or less. 

In an effort to determine the effects of the increased 
emphasis on obtaining smoother bridge decks, rough
ness studies were resumed in 1965. At that time 25 
bridges had been constructed in compliance with the 
aforementioned provisions and were accessible to the 
testing equipment. All the bridges were either com
posite steel beam or composite prestressed concrete 
beam, simple span design types; all were tested by 
the methods and procedures described earlier. 

Results 

As with the previous results, it was found that the 
most significant variables related to bridge deck 

roughness were the screeding and finishing techniques used during construction. Con
sequently, a comparison of the results is best made by grouping the data according to 
the screeding method used during construction. Three classifications of screeding 
methods were used on these structures. They were 

1. Longitudinal mechanical oscillating types (LMO), 
2. Transverse mechanical oscillatin~ types (TMO), and 
3. Transverse vibratory types (TMV). 

Figure 11 shows the results of the roughness tests, with the data grouped according 
to screeding classification along with similar data collected in the earlier study. For 
the purposes of evaluating the data, the average bridge deck roughness values are pre
sented according to their proximity to 121 in./mi since, as pointed out earlier, rough
ness indices of this order or less begin to compare favorably with those of concrete 
pavements. Each point shown in the figure represents the average roughness index of 
a bridge. A general view of all these points shows that considerably more of the bridges 
fell below 121 in./mi in the later study. Furthermore, the proximity of all the higher 
points to the 121 in./mi level was considerably more favorable in the later study. 

Eighty percent of the bridge decks tested in 1965 fell into the longitudinal mechani
cal oscillating screeding category. This would be expected, however, since the 1964 
special provisions encouraged the use of longitudinal type screeds, and preferably those 
of the full span length variety. 

A closer look at all the discrete points included in the longitudinal screeding classi
fication shows a higher frequency of roughness index values centered approximately 
around the 95 to 100 in./mi level. If these data were represented by a continuous prob
ability density function the mean roughness index would be 97 in./mi and the standard 
deviation of 7 .3 in./ mi. This appears to be a rathe1· high standard deviation, which 
would suggest that considerable variation in control, quality of workmanship and equip
ment, and perhaps judgment still exists between job sites and contractors. For ex
ample, the six bridges in this classification from the earlier study were all constructed 
by one contractor and the data suggest the existence of less variance in the finished 
product. Considering all the data points, which represent many different job sites and 
contractors, considerable variation exists. Judgment in the selection of screeding and 
finishing equipment could be in question for the roughness of the one bridge (156 in./mi) 
that falls on the high side of the main distribution. This particular structure was a sin
gle span bridge with a high degree of horizontal curvature and corresponding superele
vation. Such design features could limit the use of full span length longitudinal screed
ing in many instances. 
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Only three bridges tested in 1965 fell into the transverse mechanical oscillating clas
sification, and only two were in the transverse vibratory class. Though these data are 
extremely limited, comparison with the earlier results shown in Figure 11 indicates a 
downward shift and the beginning of a new distribution with a much lower mean R.I. At 
the 95 percent confidence level there is no s ignificant difference between the mean R.I. 
in the longitudinal (LMO) and transverse vibratory (TMV) groups if only the data subse
quent to 1964 are considered. The difference is significant, however, between the mean 
R.I. of the LMO group and the TMO group at the 95 percent confidence level. In gener
al, however, these data do suggest that the increased emphasis on obtaining smoother 
bridge decks brought forth fruitful results regardless of the construction techniques 
used. 

For those structures in the longitudinal screeding classification, either a burlap 
drag, longitudinal belting, or both were used to achieve the final surface texture. No 
significant differences between these operations were indicated by the roughness data. 
For the transverse screeding categories, however, longitudinal floating was used sub
sequent to screeding on the two structures in the vibratory classtlication (TMV), but 
not on those in the oscillating class (TMO). The forme r structures a e on e average 
21 percent smoother than those in the latter class. There is also a significant differ
ence belween the mean R. I. of these two groups at the 95 percent confidence level. This 
result is in close agreement with that obtained in the earlier study. 

For the structures included in the comparisons in Figure 11, a 32 percent general 
improvement in the roughness of decks is indicated. It is of further interest to note 
that none of the bridges tested subsequent to 1964 were rougher than 156 in./mi, where
as 25 percent of those tested prior to 1964 exceeded this level, with nine structures 
rougher than 200 in./mi. 

DISCUSSION OF RESULTS 

Because the mechanical longitudinal type screeding operation has been found to pro
duce the smoothest decks on simple span type bridges, several comments regarding a 
few of the problems associated with this operation are in order. First, it should not be 
construed that this procedure can be used recklessly with good results guaranteed. Due 
regard must be given to the s t r uctural s tability of the machine itself and to the adequacy 
of the rail s uppo rts at the span ends . A poorly constructed screeding machine may not 
be rigid enough to produce good results and inadequate rail supports could lead to fail
ures that would be detrimental to achieving a smooth finish. 

Second, it must be recognized that dead-load deflections of structural members be
come quite important when full span length longitudinal screeding is used. In cases 
where structural members do not deflect the amount allowed for in the bridge deck 
forming, depth deficiencies in the concrete deck can result. This problem is particu
larly critical on long spans where comparatively large dead-load deflections are antici
pated and where the main structural members are connected by rigid cross-bracing. 
In such cases the restraints effected by the total structural system cause the dead-load 
deflections of individual members to vary as concrete placement proceeds across the 
width of a bridge deck. Consequently, after all the concrete is in the forms a final 
pass of the screed over the entire deck is desirable. Where a complete final pass will 
not be practical, calculation of dead-load deflections should be based on a planned se
quence of concrete placement and screeding. Studies associated with this type of prob
lem, with consideration also being given to thermal conditions during concrete place
ment, will be undertaken in the near future. 

It should further be borne in mind that, although the longitudinal screeding and finish
ing procedures as described in this report were found to produce smooth decks in a lon
gitudinal direction, possible occurrences of irregularities in the transverse direction 
should not be ignored. 

Finally, there will be instances when the geometric characteristics of certain bridge 
decks may limit the use of this screeding and finishing procedure. Consequently, due 
consideration must be given to these factors when attempting to make use of a full span 
length longitudinal type screed. 



49 

CONCLUSIONS 

From the results of the bridge deck roughness studies conducted in Virginia and dis
cussed in this paper, the following summary of conclusions appears warranted. 

1. Bridge design types and geometrics such as vertical curves, grades, and hori
zontal curves have no significant effect on deck roughness. 

2. The results of studies conducted prior to 1964 indicate that some contractors can 
build smoother bridge decks than others can, because there was a noticeable difference 
in the average roughness of the bridges constructed by almost every individual contrac
tor. 

3. Prior to 1964 there was a great variation in the types and design of the screeding 
devices being used and also in the floating procedures being used to finish bridge decks. 

4. The full span length longitudinal mechanical oscillating type screed followed by 
longitudinal belting and/or burlap drag generally produced the smoothest bridge decks 
on simple span type bridges during the course of the studies. It must be recognized, 
however, that certain problems can arise when this type screed is used. 

5. Longitudinal floating is beneficial in reducing the roughness of bridge decks that 
are transversely screeded. No differences between the results produced by other types 
of floating and texturing techniques were apparent. 

6. The riding qualities of bridge decks appeared to be independent of the methods 
used to place and spread the concrete on the bridge deck forms. 

7. The issuance in 1964 of special provisions for the construction of bridge decks 
encouraged more uniform construction practices, required mechanical screeding de
vices, and stated a preference for the use c1f longitudinal type screeding. Bridge decks 
constructed subsequently have, on an average, better riding qualities than those con
structed prior to 1964. 

8. The increased emphasis on obtaining smoother bridge decks brought forth fruit
ful results regardless of the construction techniques used. 

9. Considerable variation in the roughness of bridge decks constructed with the lon
gitudinal screeding method suggests that control, qllality of workmanship and equipment, 
and judgment must be kept at high standards to obtain the results capable of being 
achieved. 
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Statistical Evaluation of Highway 
Materials Specifications 
S. C. SHAH and VERDI ADAM, Louisiana Department of Highways 

A statistical evaluation of some of the major highway materials 
specifications is reported. The data for analysis and evalua
tion were obtained from historical sources, with li m it e d 
amounts from research sources for asphaltic concrete, base 
course, and concrete characteristics. The data were analyzed 
by computer and standard statistical procedures. 

The analysis indica.tes that (a) most of the historical data 
tend to follow normal distribution; (b) in general, there is 
considerable variation in production and construction control 
for different contractors; and (c) furthermore, there is a lack of 
compatibility between currently used specification limits and 
statistical parameters. The report describes the various 
single-sampling plans for lot acceptance. The use of control 
charts for control and acceptance of portland cement and as
phaltic concrete is also demonstrated. 

•THIS report is concerned with the evaluation of certain highway materials specifica
tions using statistical quality control techniques. It is condensed from three previous 
reports on the subject (1, 2, 3). 

In its simplest form; quali1y refers to the quality of conformance; that is, does the 
end product conform to some preset standard? If it does, then the product is said to 
have quality built into it. Control is the mechanism whose primary function is the pre
vention of defects. Thus, statistical quality control is a systematic procedure that in
volves random collection of representative data and analysis of the data to determine 
whether all or any part is drawn from within or without a chance-cause system. The 
analysis results in conclusions based on predetermined levels of confidence and 
probability. 

In industry, application of such techniques has provided an important tool to both the 
producer and the consumer for acceptance and/or rejection of the manufactured prod
ucts. Highway construction need not be considered different from any manufacturing 
industry-there is a producer, identified as a contractor; there is a consumer, which 
is the state highway department; and finally, there is the manufactured product, which 
could be the finished roadway or any related structure. Realizing this, highway engi
neers have directed their attention to application of techniques to (a) determine the 
basic pattern of variability concerning each material characteristic, (b) determine 
process capabilities, (c) aid in the establishment of realistic specifications, and (d) 
aid in better overall producer-consumer relationships . 

While it is fundamentally true that the only excuse for specifications in any regard 
is to outline some necessary phase of performance, it is also true that these specifi
cations need to be based on facts. Whenever specifications go into the realm of con
jecture, then difficulty is made certain, costs pyramid, and waste is inevitable. 

Paper sponsored by Department of Materials and Construction and presented at the 47th Annual 
Meeting. 
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SCOPE 

The program of statistical evaluation of highway construction materials for writing 
realistic specifications was initiated in 1963 in cooperation with the U.S. Bureau of Public 
Roads. The project was broken down into three phases: hot mix asphaltic concrete, 
soil and aggregate base course, and concrete and concrete aggregates. Each of these 
phases was further subdivided to include the following specific characteristics: 

Hot mix asphaltic concrete 

1. Bitumen content 
2. Mechanical analysis of extracted aggregate 
3. Marshall stability 
4. Percent voids 
5. Roadway density 
6. Mixing (discharge) temperature** 

Soil and aggregate base course 

1. Aggregate base course 
a. Density 
b. Gradation of sand-clay-gravel 
c. Thickness 

2. Stabilized sand-clay-gravel and sand-shell base course 
a. Density* 
b. Thickness* 

3. Stabilized soil cement base course 
a. Density* 
b. Thickness* 
c. Width** 
d. Moisture content for mixing and compaction** 

Concrete and concrete aggregates 

1. Compressive strength (28-day) 
2. Air content 
3. Slump (paving and structural)* 
4. Gradation of coarse and fine aggregate** 
5. Thickness of pavement 

In the foregoing list, items marked with an asterisk (*) were those for which data for 
statistical evaluations were collected from research as well as historical sources. A 
double asterisk (**) indicates that data were from research sources only. 

OUTLINE OF WORK 

Collection and Processing of Data 

Historical-A quality control program necessitates gathering vast amounts of data. 
F\J.rthermore, it is almost implicit that these data are unbiased, and a religious ad
herence to random selection of samples is usually necessary to ensure this lack of 
bias. To accomplish this, a specially designed sampling plan (using random number 
tables) would have been an ideal approach in obtaining data necessary for development 
of statistical parameters for various characteristics. However, aside from selecting 
jobs under construction in various parts of the state, this controlled field experiment 
would have also involved considerable amounts of time and personnel. Therefore, it 
was decided that much of the information residing, untouched, in long rows of filing 
cabinets could be used to advantage without resorting to any additional sampling and 
testing. 

After careful selection of projects on the basis of their geographic locations, quality 
of workmanship, and type of material, data were accumulated using daily inspection reports , 
laboratory reports, and record test reports as sources. In adopting such an approach, 
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it is assumed that (a) the currently used sampling and testing techniques are sound, 
and (b) the data are representative and free of any bias. A limitation to the latter as
sumption is that the data may not have come from a randomly selected sample and 
there may be some bias in reporting. In statistical evaluation, an out-of-specification 
result is just as important as the one within the specification limits, for only then can 
a true estimate of variability be ascertained. Therefore, a statistical reliability check 
was made on the historical data to verify the assumption. [In essence the normality 
assumption was verified. A straight-line trend of the cumulative frequency distribution 
data on normal probability paper gives empirical evidence of the normality assumption. J 

Research-Variability measurements for some of the characteristics (those marked 
with two asterisks) were also determined from controlled field experiments using the 
following sampling plan: For slump of paving and structural concrete, four random 
trucks were sampled on each project with two replicate determinations per truck. This 
gave a total of 72 individual observations for each type of concrete (representing nine 
separate contractors). The tests were performed with different equipment by various 
operators. 

For coarse and fine aggregate gradation, two replicate determinations were made 
on eight randomly selected samples from each separate stockpile (representing each 
separate source). For fine aggregate, 16 individual tests were performed on each 
source for a total of 144 observations over the nine sources. For Grade A andB coarse 
aggregate, a total of 96 and 80 tests were made over the six and five sources respec
tively. Sampling was performed by different individuals, whereas testing was accom
plished with one operator using the same equipment. 

The bituminous hot-mix discharge temperatures were obtained using the Bureau of 
Public Roads suggested random sampling procedures ( 4) . 

The raw data were analyzed using an IBM 1620 computer and standard statistical 
procedures. 

Test Results 

Because any attempt to include all the data obtained in the study would make this re
port unnecessarily bulky, only those data pertinent to the text are presented. The com
plete results from the original study are available elsewhere (!, ~. ~. 

RELATIONSHIP BETWEEN SPECIFICATIONS AND 
STATISTICAL PARAMETERS 

Theoretical Considerations 

Figure 1A symbolizes a relationship between specification tolerance limits and sta
tistical parameters using an idealized normal distribution curve. It indicates exces
sive variation with respect to the tolerance limits. This situation is untenable and 
three solutions are available to modify this situation: 

1. Remove or reject the fringe lying outside each tolerance by measuring each and 
every item, which is undoubtedly a costly procedure. 

2. Find a new and better method to measure the characteristic, which involves re
search and delay. 

3. Revise the limits by making them wider. There is no point in making specifica
tions so tight that they cannot be enforced. 

Figure lB shows a situation where the curve just clears the inside limits. At first, 
this might seem to be perfect. However, on second thought, there does not seem to be 
any allowance for operating tolerance, and the dotted.line shows how the measurements 
would be outside the limits with only a slight shift in the mean. 

The most comfortable situation is illustrated in Figure lC, where some leeway for 
sampling, testing, or material variation is allowed. Under this condition adequate 
conformance with specification tolerance can be expected. 
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Figure 1. Some distributional aspects of specifications. 

Practical Considerations 

Asphaltic Concrete-To better exemplify the above relationships, consider the data 
in Figure 2, which represents actual plant control data taken from several different 
plants in the state. The result is an interesting comparison of different plants operat
ing toward the same specification. Again, for the purpose of illustration an ideal bell
shape curve is shown. In each case, the two solid vertical lines indicate job-mixlimits 
representing :1:0. 3 percent variation in allowable asphalt content from the design value. 
Statistical information was obtained from Table 1 (symbols and definitions are listed 
in the Appendix). The dashed vertical lines represent the overall mean for each plant. 
The shaded area in each case represents the percentage of observations outside the job 
mix. These data warrant the following comments: 

For plant 1, the process is well able to meet the job mix requirement since the pro
cess or overall mean is well centered toward the desired mean (design value) and the 
natural variability is equal to the allowable variability (:1:0. 3 percent). 

For plant 2, however, the mean is almost at the upper job mix limit. Hence, some 
values will necessarily fall outside the upper limit. Likewise, the standard deviation 
is also large. 

Plant 3 has the same variability as plant 2 although the mean is not as far out to the 
right. 

For plant 4, the mean as well as the variability is too large. 
For plant 5, the variability needs to be reduced in order for all specimens to con

form to the job mix. The mean, however, is well centered. 
Plant 6, because the mean is so close to the lower job limit, will have some values 

below this limit. Likewise, the variability is also large. 
For plant 7, although the mean is at the nominal, there is still a substantial portion 

of the material both too high and too low. The solution will be to cut the process 
variability. 



54 

a-OK' 0.12 

CD 
j( 

® 

Job Mia LiMita----i 

ll- OK : 5,33 

@ 

® 

x-Too Hi9fl = 5.86 I A 
o--Too L-· . 26 J_L__l.L.._ 

@ 

R-Hl.-i = 5.41Lil~ 
~i....ve= .25 I 

I 
I 
I 

© 

I 
ll-Too Hitll = 5.57 
.,..Too Larve= .33 

X-OK =5.~2J Ir\ I __ ,_,.,.ti 
@ 

ll 

R-OK 

Bil.lmen Content 

0 60 

Figure 2. Graphical relationship between specifications (job mix) and statistical parameters for bitu
men content-centrifuge extractor (wearing course mix). 

TABLE 1 

VARIATION IN BITUMEN CONTENT DETERMINATION 
FOR DIFFERENT HOT-MIX PLANTS 

Maximum Difference 

Plant n x a" a % Outside 
Within Between Between Job Mix 

Day Days x,, x. 

Centrifuge-Wearing Course Mix 

1 68 5.35 0.014 0.12 0.36 0.37 0.53 (5.3) 0 
2 44 5.86 0.068 0.26 0.80 0.89 0.97 (5.6)50 
3 94 5.40 0.063 0.25 0.81 1.03 1.13 (5.3) 16 
4 54 5.57 0.144 0.33 0.91 0.75 1.61 (5.3)48 
5 68 5.33 0.032 0.18 0.66 0.65 0.84 (5.3) 6 
6 56 5.34 0.090 0.30 0.71 1.06 1.15 (5.5)23 
7 36 5.02 0.090 0.30 0.58 0.91 1.13 (5.0)22 
8 68 5.14 0.096 0.31 0. 73 0.92 1.31 (5.1) 19 

Centrifuge-Binder Course Mix 

1 44 4.16 0.014 0.12 0.35 0.29 0.50 (4.2) 9 
2 42 4.22 0.057 0.24 0.36 0.72 1. 01 (4.2) 14 
3 30 4.34 0.036 0.19 0.51 0.29 0.64 (4.2)17 
4 38 4.57 1.225 0.35 0.78 1.03 1.48 (4.3 ) 40 

( )-OOJign content, 
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TABLE 2 

SUMMARY OF STA'l'ISTICAL RESULTS ON BITUMEN CONTENT 
AND GRADATION USING CENTRIFUGE METHOD 

Category x a" ap 
Job 1> Outside n Mix Job Mix 

Gradation, percent passing 

Wearing course mix (8 plants) 

%-in. sieve 484 93.10 5.46 2.35 ±7 5 (0) 
No. 4 sieve 482 65.60 10.95 3.31 ±7 9 (4) 
No. 10 sieve 490 53.10 9.33 3.05 ±5 11 (10) 
No. 40 sieve 494 31.90 5.67 2.39 ±4 10 (9) 
No. 80 sieve 480 15.60 3.09 1. 75 ±4 7 (2) 
No. 200 sieve 484 8.50 1.01 1.00 ±2 10 (5) 
Percent bitwnen 488 5.37 0.066 0.25 ±0.3 21 (22) 

Binder course mix (4 plants) 
1
/ 4-in. sieve 160 94.50 6.89 2.63 ±7 4 (1) 
'l'a-ln. sieve 160 74.50 16.32 4.04 ±7 13 (8) 
No. 4 sieve 156 44.50 7.51 2.74 ±7 1 (1) 
No. 10 sieve 158 32.20 6.59 2.56 ±5 19 (5) 
No. 40 sieve 158 23.51 4.28 2.08 ±4 13 (5) 
No. 80 sieve 154 10.20 1. 59 1. 26 ±4 5 (0) 
No. 200 sieve 154 4.93 0.67 0.82 ±2 2 (1) 
Percent bitwnen 154 4.32 0.045 0.21 ±0.3 20 (14 ) 

( )-Obtained from areas under nonnal curve above and below assumed mean of zero. 

Plant 8 indicates the same condition as plant 7. 

In these cases, it is seen that in spite of the process being centered at the nominal 
value (plants 5, 7, and 8), the extent of variability is so large that some of the values 
must necessarily fall outside the two limits. If 100 percent conformance is required, 
then it is almost essential for the process mean to be centered around the nominal val
ue (design value) and the variability or standard deviation to be equal to or less than 
0.10 percent. A slight shift in either of these values will result in some observations 
falling outside the limits. 

TABLE 3 

SUMMARY OF STATISTICAL RESULTS ON BITUMEN CONTENT 
AND GRADATION USING REFLUX METHOD 

Category n x a" ap 
Job <f, Outside 
Mix Job Mix 

Gradation, percent passing 

Wearing course mix (7 plants) 

%-in. sieve 266 95.84 7.55 2.75 ±7 13 (1) 
No. 4 sieve 266 71.21 10.70 3.27 ±7 14 (4) 
No. 10 sieve 266 56.09 9.59 3.10 ±5 20 (10) 
No. 40 sieve 266 34.96 6.01 2.45 ±4 13 (10) 
No. 80 sieve 266 16.95 3.76 1.94 ±4 6 (4) 
No. 200 sieve 266 8.03 1.48 1.22 ±2 11 (10) 
Percent bitwnen 266 5.50 0.096 0.31 ±0.3 32 (32) 

Binder course mix (3 plants) 
1
/ 4-in. sieve 54 92.70 16.28 4.03 ±7 9 (8) 
Y,-in. sieve 54 74.17 22.43 4.73 ±7 15 (14) 
No. 4 sieve 54 46.24 8.22 2.87 ±7 2 (0) 
No. 10 sieve 54 39.44 7.10 2.67 ±5 19 (6) 
No. 40 sieve 54 26.11 4.85 2.20 ±4 13 (7) 
No. 80 sieve 54 10.81 1. 75 1.34 ±4 0 (2) 
No. 200 sieve 54 5.44 0.90 0.95 ±2 2 (3) 
Percent bitumen 54 4.19 0.061 0.25 ±0.3 11 (22) 

( )-Obtained from areas under nonnal curve above and below assumed mean of zero. 
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TABLE 4 

VARIATION IN MARSHALL STABILITY FOR DIFFERENT HOT-MIX PLANTS 

Maximum Difference 

Plant n x "" D' 
i Outside 

Within Between Between Specification 
Day Days X1, Xa 

Wearing Course Mix 

1 140 1977 79524 282 899 975 1496 1.4 (1500) 
2 66 1957 55696 236 804 652 1151 3.0 (1500) 
3 180 1444 35721 189 841 688 990 8.9 (1200) 
4 108 1455 30625 175 492 520 910 3. 7 (1200) 
5 136 1521 28224 168 603 443 975 1. 5 (1200) 
6 104 1463 52441 229 883 794 1093 11. 5 (1200) 
7 72 1623 116964 342 1070 978 1767 5.6(1200) 
8 138 1624 57121 239 570 570 1785 29. 7 (1500) 

Binder Course Mix 

1 82 1628 47089 217 1024 492 1395 1. 2 (1200) 
2 72 1625 73441 271 678 813 1192 0 (1200) 
3 60 1303 26244 162 566 360 667 0 (1000) 
4 57 1423 34225 185 632 603 829 0 (1000) 

( }-Specification limit . 

This clearly establishes the fact that acceptance tolerances for any quality charac
teristic , such as job mix tolerances for bitumen content and extracted aggregate grada
tion, must be based on the magnitude of the variability that is to be expected using the 
existing facilities of men, machinery, and materials. Any attempt to enforce the limits 
other than those realistically derived on the basis of variability will undoubtedly result 
in off-specification measurements. This point is emphasized in Tables 2 and 3, which 
illustrate the percentage of measurements that could be expected to fall outside the job 
mix tolerances applicable to these data. The wearing course data were taken from the 
eight different plants just described for bitumen content. The binder course data are 
from four separate plants. In the last column, the numbers in parentheses represent the 
theoretical percentage that can be expected to fall outside the tolerances. For example, 
as many as 10 percent of the results on the No. 10 sieve will be outside the job mix 
tolerance of ± 5. O percent from the design value. This percentage would be 5 for binder 
course mix. Similarly, for bitumen content the percentage would be 22 and 32 for 

TABLE 5 

SUMMARY OF STATISTICAL RESULTS ON ROADWAY DENSITY 
AND DISCHARGE TEMPERAT URE 

Project n x D'~ af a• D' Min. Max. 

Roadway Density (percent of laboratory) 

A 60 98.14 1.24 1.11 94. 1 99.5 
B 92 98.81 1.06 1.03 95.7 102.0 
c 110 96.60 3.04 1. 74 93.7 102.8 
D 135 98. 26 2.10 1. 45 90.7 100.9 
E 138 97.57 1.61 1. 28 94.6 100.4 
F 219 97. 89 2.48 1. 58 89.6 100.8 
G 252 97. 01 3.40 1.84 90.5 103.0 

Pooled values 97. 64 2.76 1. 66 

Discharge (mixing) Temperature (deg F) 

A 200 324. 03 128.84 9.44 138.28 11.76 280 370 
B 200 316. 23 253.02 5.61 258.63 16. 08 275 350 
c 200 316. 43 119.30 1. 53 120.83 10.99 285 360 
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wearing and binder course mixes respectively, using a job mix tolerance of ±0. 3 per
cent from the design value. 

On the basis of these relationships and the data in Tables 1 through 5, the following 
comments seem warranted: 

1. The natural tolerances for bitumen content and aggregate gradation are outside 
the engineering tolerances (job mix) , indicating a need for either a much closer con
trol in plant operation, sampling, and testing, or a revision in engineering tolerances. 

2. An overall standard deviation of much less than 0. 2 percent in asphalt content 
cannot be expected with the production, sampling, and testing methods at hand. If this 
value is considered realistic, then an asphalt content tolerance of 0. 6 percent for in
dividual specimens should be specified. A tolerance of this magnitude would allow for 
the inevitable variation due to sampling, testing, material, and probability. 

3. The variability for Marshall stability as indicated by the standard deviation is 
considerably different for each plant. Furthermore, lack of uniformity in production 
is evidenced by considerable between-days variation. 

4. The analysis of variance results for discharge temperature indicate that process 
variance is the greatest contributor. This is also reflective of batch-to-batch and day
to-day production variation. The variation in density control for different contractors 
is also evident from the sigma values. 

Base Course 

Highway construction involves numerous processes. The foregoing discussion has 
involved the production process. After production, the product is delivered to the job 
site where the construction process takes over. Here, too, variability presents itself 
depending on the caliber of workers, efficiency of machinery, and quality of materials. 

As in the case of bitumen content, relationships between specifications and statis
tical parameters are illustrated in Figure 3 for base course compaction. Statistical 
information is given in Table 6. The figure illustrates that, for all test results to con
form to the minimum specification of 95 percent, the process (construction) needs to 

TABLE 6 

SUMMARY OF STATISTICAL RESULTS ON STABll..IZED BASE 
COURSE COMPACTION 

Pr oject n x a" CT Min. Max. 
'f, Outside 

Specification 

Stabilized Soil Cement 

A 1000 98.71 3.84 1.96 88.6 104.8 3.6 
B 736 98.98 8.83 2.97 89.2 116.8 2.6 
c 630 97.69 7. 48 2.73 86.1 105.4 10.0 
D 615 99.11 8.98 3.00 85.2 108. 2 5.2 
E 527 98.94 9.98 3.16 90.8 104.2 4.4 
F 290 99.90 10.82 3.29 89.3 110. 0 5.5 
G 280 99.43 10.20 3. 19 90.4 107.9 2.1 
H 265 98. 40 9.19 3. 03 88.3 105.7 7.9 
I 110 98. 63 15.86 3.98 86.3 115.2 6.1 

Stabilized Sand Clay Gravel 

J 468 102. 74 26.67 5. 16 90.0 127. 4 2.8 
K 134 99.97 16.85 4.11 91.0 111.4 5.2 

Stabilized Sand Shell 

M 385 100.49 22.68 4.75 83.0 114.3 9.4 

Pooled Values of the Above 

5440 99. 28 10.93 3.31 
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TABLE 7 

SUMMARY OF STATISTICAL RESULTS ON STABILIZED 
BASE COURSE THICKNESS 

i Outside 

Project n x a• C7 Min. Max. Specification 

Below Above 

Stabilized Soil Cement, 6-iIL Thickness 

A 292 6.14 0.18 0.42 5.00 7.50 3.40 1.40 
B 207 6.25 0.30 0.55 5.00 9.00 1.00 2.90 
c 162 6.60 0.19 0.42 5.50 7.75 0 8.00 
D 143 5.84 0.15 0.39 5.00 7.50 o. 70 0.70 
E 141 6.51 0.27 0.52 5.00 8.00 4.30 4.30 

Pooled Values of the Above 

946 6.25 0.22 0. 47 

Stabilized Soil Cement, 8-iIL Thickness 

F 272 8.61 0.42 0.65 6.00 11.30 0. 70 11.80 

Stabilized Sand Clay Gravel 

G 134 7.92 0.28 0.53 7.00 9.30 11.90 0.70 
H 100 8.10 0.16 0.40 7.00 9.30 1.00 0 

Unstabilized (Raw) Sand Clay Gravel 

77 8.14 0.32 0.56 7.50 10.80 0 3.90 

Pooled Values of the Above 

583 8.30 0.33 0.57 

TABLE 8 

SUMMARY OF STATISTICAL RESULTS ON BASE COURSE CHARACTERISTICS 

Characteristic n x a• C7p Min. Max. 'f, Outside 
Speclflcations 

Compaction, percent 

Stabilized 5440 99.28 10.93 3.31 85.2 116.8 5.1 (95) 
Raw 556 103. 53 8.66 2.93 96.0 114.6 7.0 (100) 

Thickness, inches 

6 946 6.25 0.22 0.47 5.00 9.00 5.2 (-0. 5, + 1) 
8 583 8.30 0.33 0.57 6.00 11.00 18.5(-0.75, + 1.25) 

10 210 10.23 0.86 0.93 5.50 14.00 9.0(-1, + 1.50) 

Gradation of SCG "A," percent passing 
1
/, In. 609 89.8 6.43 2.53 73. 98. 1.1 (75-95) 
No. 4 609 55. 54 20.65 4.53 43. 72. 11. 7 (40-60) 
No. 40 609 32.68 26.72 5.17 17. 60. 7.6 (20-45) 
No. 200 609 14. 17 6.31 2.51 5. 24. 8.2 (10-20) 

Gradation of SCG "B," percent passing 

No. 4 1001 66.73 27.36 5.20 48. 85. 6.8 (50-75) 
No. 40 1001 41.70 28. 78 5.40 15. 65. 7.5 (20-50) 
No. 200 1001 16.82 16.40 4.05 4. 40. 11.8 (12-25) 

Moisture content, percent 

Soil cement 326 3.40 1.85 -(±2) 

Width, feet 

22 47 21.82 0.075 0.27 20.75 23.l 
26 30 26. 53 0.158 0.40 26.l 27.6 

( )-Specification limits. 
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be maintained at 95 + 3(a), where a is the standard deviation of the characteristic. 
Convei·sely, for all results to be acceptable, the specification needs to be changed to 
X - 3(a) . For example, for Contractor A, whose <:r was 1. 96 and X = 98. 71, the lower 
specification limit should be 98. 71 - 3(1. 96) or 97. 83 percent for 100 percent confor
mance. On the other· hand, if we are ready to relinquish, say, 2. 5 percent of the re
sults, then the specification may be set at 98. 71 - 2(1. 96tpercent. Similarly, for Con
tractor B, who had a larger value of a and X, the lower limit should be 90, 07 percent 
for 100 percent acceptance and 93. 04 percent for 97. 5 percent acceptance. 

Similar reasoning can be applied to other contractors, as indicated in the figure. 
Data presented in Figure 3 and Tables 6 through 8 can be summed up in the following 

statements: 

1. The variability for base course compaction and thickness is considerably differ
ent for different contractors (projects). This variability is more pronounced for ce
ment stabilized aggregate base course than for stabilized soil cement base course. 

2. For raw or unstabilized aggregate base course, the variability is less than that 
for stabilized base course. 

Concrete 

Figure 4 illustrates the relationships between currently used concrete specifications 
and statistical parameters. Statistical information was obtained from Table 9. The 
figure once again illustrates that, for all measurements to conform to the specification 
limits, the process needs to be maintained at the center of the specification limits and 
the variability at such magnitude as to embrace all the results on either side of the cen
tral vaiue (:!:3a). For example, for slump of paving concrete, the process should have 
been maintained at 2. 25 in., and the variability equal to or less than 0. 25 in. for all 
measurements to fall inside the current requirements. However, this not being the 
case, as much as 42 percent of the results failed to meet the specification limits. The 
reason for such a large amount of nonconforming results seems obvious. Notice the 
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TABLE 9 

SUMMARY OF STATISTICAL RESULTS ON CONCRETE CHARACTERISTICS 

Characteristic n x a-" <Yp Min. Max. 'f, Outside 
Specifications 

Slump of concrete, inches 

Paving 72 2.96 1.39 1.18 0. 75 5.75 41. 7 (1. 5-3) 
Structural 72 2.98 0.77 0.88 1.00 6.00 20.8 (2-4) 
structural* 211 3.15 1.06 1.03 1.00 6.75 19.9 (2-4) 

Air content, percent* 

structural 158 3.87 0.60 0.78 2.00 6.00 4.4(3-6) 

Gradation of fine aggregate, percent paasing 

No. 4 144 97.82 2.21 1. 50 92.l 99.9 2.8 (95-100) 
No. 16 144 79.21 62.96 7.94 56.6 91.6 9. 7 (65-90) 
No. 50 144 15.93 42.71 6.54 7.2 31.6 1.4 (7-30) 
No. 100 144 2.06 1.63 1. 28 0.3 5.7 0(0-7) 

Gradation of grade "A" coarse aggregate, percent passing 

1 in. 96 95.60 14.83 3.85 82.7 99.9 7.3 (90-100) 
•;,in. 96 75. 41 117.50 10.85 46.1 88.8 2.1 (40-88) 
y. in. 96 35.46 162.33 12.70 4.6 60.2 13. 5 (15-55) 
No. 4 96 1.35 1.48 1, 22 0.2 5. 5 0 (0-6) 

Gradation of grade "B" coarse aggregate, percent passing 

'!,in. 80 73.09 196.56 14.02 23.3 91.8 11.3 (40-85) 
No. 4 80 1.65 1.29 1.13 0.3 5.0 0 (0-5) 

Compressive strength, psi* 

Structural 608 5150 528896 727 2690 7774 0.3 (3000 min) 
Prestressed 702 6393 851004 922 3803 9823 0. 7 (5000 min) 
Unreinforced 436 3220 564852 752 1410 5134 1.4 (1800 min) 

Thickness of pavement, inches* 

8 379 8.29 0.088 0.30 7.46 9.58 
9 371 9.20 0.083 0.29 8.55 11.69 

10 461 10.34 0.069 0.27 9.41 11. 48 

( )--Specification limits. • Hi storical dato. 

proximity between historical and research statistical parameters for slump of struc
tural concrete (Table 9). 

Once again, it is possible to make the following observations from the data in Tables 
9 and 10: 

1. In general, there is considerable variation in concrete production from batch to 
batch, as indicated by the larger between-trucks-within-site component of variance in 
Table 10. 

2. A testing variance of 0.10 can be expected due to chance alone in slump determi
nation. 

3. For fine aggregate, by far the largest source of variance is contributed by the 
stockpile component. For coarse aggregate, however, samples within the stockpile 
component show greater variance than between stockpile components. This indicates 
a need for a closer look at the currently used stockpiling and sampling procedures. 

4. It is probable, from the values in Table 9 for precast prestressed concrete, that 
a 28-day average strength of 7700 psi is about the minimum average strength allowable, 
if it is desired to have all of the test cylinders break at or above the present minimum 
requirement of 5000 psi. 

Clearly, much information can be gained by comparing the variability characteristics 
of the different plants, contractors, and the like, not necessarily for the purpose of 
condoning one plant and its operator or one contractor and the inspectors, but rather to 
obtain insight into the basic pattern of variability that can be expected from an adequately 
controlled operation or process. Data collected from different plants or contractors, 
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TABLE 10 

COMPONENTS OR VARIANCE FOR SLUMP AND ACCREGATE GRADATION 
~nalysis of Variance) 

Components of Variance 
Source of Variance 

Paving Structural 

Bl ump 

Sites 0.24 0.40 
Trucks/sites 1.08 0.31 
Error 0.11 0.11 

Gradation of fine aggregate No. 4 No. 16 No. 50 No. 100 

Stockpiles 1.90 57.69 0 1.34 
Samples/stockpiles 0,32 10.72 39.88 0.40 
Error 0. 20 0.70 5.36 0.04 

Gradation of coarse aggregate 1 In. '!. In. 'la In. No. 4 

Grade A B A B A B A B 

Stockpiles 9.97 40.72 97.49 26.72 0.72 0.20 
Sample>i/>ilockplles 5.65 - 77.62 116.47 132.04 0.76 0.94 
Error 0.84 6.41 3.58 9.18 0.13 0.22 

repres enting a cross section of the industry in the state, can be analyzed, and the re
sulting statistical information (means and sigmas), when pooled, will serve as a guide 
for the evaluation of tentative specifications. If nothing else, it will definitely help 
make a comparative analysis of existing and derived specifications and determine 
whether there is justification for revision of "intuitive" specifications. 

ACCEPTANCE SAMPLING BY VARIABLES 

Whenever acceptance is to be based on sampling of bulk material, such as a stock
pile of aggregate or a batch of concrete or hot-mix, "variables sampling plans" are 
most likely to be used. In such plans, the characteristic in question is measured along 
a continuous scale in terms of pounds per cubic foot, inches, psi, seconds, etc., as 
opposed to "attributes inspect ion," where an item is classified as either defective or 
nondefective, or by the number of defects in it. A pr actical advantage of using the 
variables inspection plan is the reduced sample size required for specified degrees of 
pr otect ion . 

The acceptance function of any inspection must be coupled with a well-adopted sam
pling plan, which should specify (a) the size of the sample, (b) the critical value or val
ues of the var iable for lot acceptance, and (c) the probability of accepting bad pr oducts 
and rejecting good ones . 

RPL I( APL 

Figure 5. Distribution of X for APL and RPL and the 
corresponding risks (one-way protection on means). 

A strict application of the variables 
sampling plan requires a rather strong 
assumption concerning the distribution 
of the quality characteristic under con
sideration, namely, that it be normal. 
The frequency distribution of many 
measurements is roughly normal, and 
hence, from a practical point of view, 
this assumption is considered valid. 

One-Way Protection on Means 

Basically, the plan calls for deter -
mination of sample size n and accep
tance tolerance E and operates as 
follows: 
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1. Select a random sample of size n from the lot. 
2. Find X, the mean of this lot. 
3. If Xis greater than or equal to some value K, accept the lot; otherwise, reject 

it or take corrective action . 

With any sampling plan, we are required to assume what is called the producer's 
and consumer's risk. In acceptance sampling, there is always a chance that one may 
erroneously reject a good lot, which would be a sacrifice for the producer or contractor. 
This is the producer's risk, a. On the other hand, one may accept a bad lot errone
ously, which would be a risk for the consumer or the state, (3. What can be considered 
satisfactory risks depends on the criticality of the variable and the economics of sam
pling and testing. However, if the variable is considered critical enough to affect the 
successful performance of the end product, then the risks should be adopted accordingly. 
It is believed that for a major characteristic such as compaction of base course, the 
producer's risk can be set at 0. 02 and the consumer's risk at 0. 05; ct. = 0. 02 means 
that the probability of rejecting lots of acceptable mean quality is 0. 02. Likewise, 
8 = 0. 05 means that 5 percent of the time bad lots would be acceptable if offered by 
the contractor. This is shown graphically in Figure 5. 

To determine the value of n, the sample size, two equations are needed. The simul
taneous solution of these two equations, containing standardized normal deviations as
sociated with ct. and 8, will give the desired sample size and the acceptance limits ~' ~. 

Two-Way Protection on Means 

The preceding plan was for variables requiring only one-way protection. Similar 
reasoning can be applied to variables requiring two-way protection. 

Again, assuming normal distribution of sample means, the problem can be illus
trated graphically as in Figure 6. Once again, the choice on risks will depend on the 
criticality of the characteristic. X _ X' 

These single-sampling plans were based on the statistic al.Jn where " ' the uni-

verse standard deviation, was assumed known. However, when this value is not known 

the statistic X ;fr..' can als o be used, s being the sample standard deviation. For small 
s n - - , 

samples, say, n ~ 12, the statistic X RX can be used. R in this case represents the 

range or the difference between the maximum and the minimum value in the group @. 

Figure 6. Distribution of X for APL and RPL and the corresponding risks (two-way protection on means). 
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CONTROL CHARTS 

Control of any repetitive process, such as production of portland cement concrete 
or asphaltic concrete, is of prime importance. A control chart is a statistical tool 
that gives a visual indication of the state of control of any production process. It is an 
instrument to be used in specification, production, and inspection and when so used 
brings these three phases of industry into an interdependent whole ( 6) . 

The variables control charts most commonly used are average or X-charte and 
range or R-charts. An X-chart shows variation in the averages of samples. On it are 
drawn the central line and upper and lower control limits. 

A sample of n items is taken from the process at some interval of time or quantity, 
and after determining the quality measurement, the average of these n items is plotted 
on this chart. As long as the points fall within the band, the process is considered to 
be in control. If a point falls outside the control limits, the process is said to be out 
of control and an investigation is made to find the assignable cause of this variation. 
The R-charts are similar, except that instead of means of n items, the ranges are 
plotted and any point outside the band indicates lack of control with respect to the vari
ability of the process. 
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Sometimes the charts can be used as dual-purpose charts-to control current pro
duction and also for acceptance of the lot. Figure 7 shows the use of such charts for 
slump of structural concrete. To illustrate the dual purpose of the charts, the slump 
measurements were arranged consecutively in subgroups of five. Interesting observa
tions can be made from these charts. For example, the chart for means shows Lot 1 
to have slump values close to the upper limit, which suddenly drop to the central value 
for Lot 2 and keep on decreasing to a value where they barely meet the lower tolerance 
limit for Lot 5. Adjustments were made to bring the process in control, as indicated 
for Lot 6. 

If a point falls outside the limits on the X-chart, the chart for individuals will show 
whether the shift in the mean was due to one value or to the whole group, as illustrated 
by Lot 1 on the chart for individuals. The middle chart represents a control chart for 
ranges, and illustrates the shift of variability from lot to lot. 

SUMMARY 

An attempt has been made to present some of the major findings obtained in the 
Louisiana study on quality control analysis of highway construction mater~als (!, ~' ~ . 
It was shown how historical data can be used to calculate statistical parameters. It 
was further shown how the variables sampling plan can be constructed and applied in 
cases where the standard deviation is known. The lack of compatibility between cur
rently used specification limits and statistical parameters was also brought forth in 
the analysis. The terminal criteria of the entire study are summarized in Tables 11, 
12, and 13. 

The effectiveness of the sampling plan discussed in the tables can only be evaluated 
when applied to actual jobs during construction. Therefore, it is suggested that: 

1. Three separate projects for each of the major material characteristics (soils, 
concrete, and asphaltic concrete) be selected for such an evaluation. The sampling 
plans for means and individuals and the corresponding acceptance limits can be incor
porated in the contract specifications as special provisions for research purposes only. 

2. Control charts be utilized whenever a production process is involved. Such charts, 
in addition to serving as important tools for control of current production, can serve as 
a permanent record of production, sampling, testing, and acceptance. 

TABLE 11 

SUMMARY OF SUGGESTED LIMITS FOR ASPHALTIC CONCRETE 

Control Limits 
A. Job Mix Tolerances 

Average of 2 Tests Individual Test 

3
/ 4-in, sieve ±6 ± 9 
'1i-in. sieve ±9 %12 
Ya-in. s ieve ±7 *10 
No. 4 sieve ±7 ±10 
No. 10 sieve ±6 ± 9 
No. 40 sieve ±5 ± 7 
No. 60 sieve ±4 * 5 
No. 200 sieve ±2 ± 3 
Percent bitwnen ±0.4 ±0.6 
Mix temp., deg F ±25 ±40 

B. Marshall Stability and Flow 
Acceptance Limits, Control Limits, 
Average of 4 Tests Individual Test 

AC-5, BC, and WC (Type 1, 2, 4) 1100 min 15 max 800 min 16 max 
AC-3, BC, and WC (Type 1, 2, 4) 1200 min 15 max 900 min 18 max 

C. Roadway Density Average of 5 Tests Individual Test 

Percent of laboratory density 96 93 
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TABLE 12 

SUMMARY OF SUGGESTED LIMITS FOR SOIL AND AGGREGATE 
BASE COURSE 

Characteristic Acceptance Limits Control Limits 

A. Compaction (percent) 

Raw 
Stabilized 

B. Thickness (in. ) 

6 
8 

10 

C. Gradation of SCG "A" (percent passing) 

•;.-in. 
No. 4 
No. 40 
No. 200 

U. Gradation of SCG "B" (percent passing) 

No. 4 
No. 40 
No. 200 

E. Moisture content (percent) 

Soil cement 

F. Width (ieet) 

Less than 22 
Greater than 22 

Average of 5 Tests 

101 min 
96 min 

Average of 4 Te sts 

5. 50-6. 75 
7.50-9. 00 
9.00-11.50 

87-93 
50-61 
26-39 
11-17 

60-73 
35-49 
11-17 

±2 

±4 in. 
±6 in. 

Individual Test 

95 min 
90 min 

Individual Test 

±1.50 
±1. 75 
±2,75 

83-98 
43-70 
17-49 

7-22 

51-83 
26-58 

5-29 

TABLE 13 

SUMMARY OF SUGGESTED LIMITS FOR CONCRETE AND CONCRETE AGGREGATES 

Characteristic 

A. Slump of Concrete (in, ) 

Paving 
Structural 

B. Thickness of pavement (in.) 

8-in. uniform 
9-in. uniform 

10-in. uniform 

C. Gradation of fine aggregate (percent passing) 

No. 4 
No. 16 
No. 50 
No. 100 

D. Gradation of Grade 11A11 coarse aggregate (percent passing) 

1-in. 
[,,-In. 
Y.-ln. 
No. 4 

E. Gradation of Grade "B" coarse aggregate (percent passing) 
1
/ 4-in. 
No. 4 

Acceptance Limits 

Average of 5 Tests 

1. 75-4. 25 
2. 00-4. 00 

7.75 min 
8.75 min 
9.75 min 

Average of 4 Tests 

96-100 
70-90 

8-24 
0-4 

90-100 
60-90 
20-52 

0-3 

55-90 
0-3 

Control Limits 

Individual Test 

6.50 max 
5.75 max 

95-100 
62- 95 
3-29 
0-5 

88-100 
53-97 
10-60 

0-4 

45-100 
0-4 
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3. The process control be transferred to the contractor for effective implementa
tion of the overall program. 

The Louisiana Department of Highways has prepared tentative special provisions 
for field evaluation of the suggested asphaltic concrete specifications. These are in
cluded in the Appendix. The specifications are by no means complete or final, but 
they do represent suggestions from construction personnel and the contractor group. 
Fortunately, the latter has indicated favorable response to the overall approach. While 
the approach is not new, the application is. Considerable effort will be needed to ac
commodate this change. 

Summing up, the correctness of any specification is determined by the mathematical 
relationship between use and production coupled with cost. Specifications should be 
based fundamentally on facts and these must be known first. They must come from a 
study of the product, of its use, and its production. Last but not least, the correct 
specifications mean an open, cooperative effort by the producer and consumer. Each 
must be conversant with the problems of the other and both must be willing to study 
the overall problem. 
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Appendix 
DEFINITIONS 

The mean, :X, is a measure of central tendency of a group of measurements. 
Mathematically, 

where 

Xi = individual observations, and 
n = number of observations in a group. 

!:Xi 
n 

The standard deviation, a (sigma), is a measure of the dispersion of the measurements 
from their mean. The mathematical definition is 
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a = 
_/!:(Xi - X) 2 

l' n - 1 

where 

Xi, X and n are as above. 

The variance, cr 2
, is the square of the standard deviation. 

The standard error, a X' is the standard deviation of the mean of several samples and 
is estimated by 

a a-x {fl 

The pooled staudard deviation, crp, is the average standard deviation of several samples 
and is estimated by 

= / _<n_1~-~l)~cr_:~+~_(_n_2 _-~1_)_cr_i~-+~~~~+~_(_nk~-~l_)_cr_k_2 

'V n1 + n 2 + n3 + + nk - k 

SYMBOLS 

APL-An Acceptable Process Level that yields product quality that should be accepted 
almost all of the time. 

E-The specification tolerance that determines acceptance limits. 
K-The desired value for acceptance of the lot. 
k-The number of subgroups. 

LL-Lower limit. 
n-The number of observations in a group. 

Pa-The probability of accepting good material having the desired average value. 
Pr-The probability of rejecting bad material having the lowest acceptable average. 

RPL-A Rejectable Process Level that yields product quality that should be rejected 
almost all of the time. 

UL-Upper limit. 
a-The producer's risk or the probability of rejecting lots of acceptable mean 

quality. 
~-The consumer's risk or the probability of accepting lots of rejectable mean 

quality. 
I:-A symbol for summation of values. 

cra2-The inherent process variance . 
a{-The variance due to test method. 

SPECIAL PROVISIONS FOR BITUMINOUS PAVEMENTS 
SECTION 501 & 502 

OF THE STANDARD SPECIFICATIONS 
FOR 

ROADS & BRIDGES 

SECTION 501 PLANT MIX PAVEMENTS-GENERAL 

501. 01 DESCRIPTION 

The second paragraph of this subsection is amended to read as follows: 
This work shall consist of one or more courses of bituminous mixture constructed 

on the prepared foundation in accordance with these specifications and the specific re
quirements of the type under contract, and in reasonably close conformity with the 
lines, grades, thicknesses, and typical cross sections shown on the plans or established 
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by the Engineer. Work will be accepted on a lot to lot basis as described in subsec
tion 502. 04. 

501. 02 COMPOSITION OF MIXTURE 

Delete this subsection and substitute the following: 
The bituminous plant mix shall be composed of a mixture of aggregate, filler, if re

quired and bituminous material blended together. The several aggregate fractions 
shall be sized, graded and combined in such proportions that the resulting mixture 
meets the physical characteristics of these specifications. 

(a) Quality Control of Mixes: The Contractor will assume full responsibility for the 
quality control of the mixes supplied to the Department. He will assume responsibility 
for the initial determination and all necessary subsequent adjustments in proportioning 
of materials used to produce the specified job mix and other physical characteristics. 
The Contractor will have available at all times during the plant operation, the testing 
equipment necessary to perform the required tests and analyses. 

The Contractor will be required to have present during the initial set up and for all 
subsequent adjustments of the plant for quality control of the mixes, a Certified As
phaltic Concrete Technician. A Certified Asphaltic Concrete Technician is that person 
who is capable of designing the asphaltic concrete mixes at the plant. He will also be 
capable of conducting any tests and/or analyses necessary to put the plant into opera
tion and to produce a mixture within the requirements of the specifications. The certi
fication will be awarded by the Department upon satisfactory completion of an examination. 

The Department's Inspector will also be a Certified Asphaltic Concrete Inspector. 
He will never assume by act or word the responsibility of testing and analysis of the 
mix for control purposes, calculations or the setting of dials, gages, scales and meters. 
Such duties are to be assumed only by the Contractor. 

In the event the Contractor is not in a position to provide a Certified Asphaltic Con
crete Technician as specified in the previous paragraphs for quality control of mixes, 
then the Department shall be so notified in writing prior to operation of the plant. Upon 
request from the Contractor, the Chief Engineer may furnish on a loan basis, a Certified 
Asphaltic Concrete Technician from within the Department's personnel, at a cost of 
$50. 00 per day charged to the Contractor. However, this will not relieve the Contrac
tor of the responsibility of controlling the mix. The Chief Engineer may also authorize 
rental of Department's Laboratory testing equipment at a rate of $5.00 per day of 
possession. 

(b) Job Mix Formula: No work shall be started nor any mixture accepted until the 
Contractor has submitted in writing for approval, his intended source of all component 
materials and his job mix formula for the mixture he proposes to furnish. The formula 
so submitted shall indicate a single definite percentage of aggregate passing each re
quired sieve size, a single percentage of bituminous material to be added to the aggre
gate, a single temperature at which the mixture is to be produced and the wet and dry 
mixing time. 

(c) Approval of Job Mix Formula: Following the initial set up of the asphaltic con
crete mix accordillg to the Contractor's submitted job mix formula, the plant shall 
operate at least 30 minutes prior to sampling of the mix by the Engineer. Four trucks 
shall be sampled at random for determination of Marshall Test properties as based on 
one briquette per sample. Only two of these samples shall be analyzed for bitumen 
content and extracted gradation. The plant may continue to operate while the samples 
are being analyzed at the plant laboratory and the material produced prior to obtaining 
these results may be accepted. The average of these four samples will conform to the 
requirements for Marshall Stability and Flow as specified in Table 1. 

Dry and wet mixing time shall be such as to give 951' or better coating of the coarse 
aggregate particles when tested in accordance with AASHO T 195. Other pertinent de
sign properties shall be as specified in the Laboratory Manual. The bitumen content 
and extracted gradation shall be within the job mix formula initially submitted by the 
Contractor. In the event the samples fail to meet the requirements of the design cri
teria, immediate adjustments shall be made to correct the mix. Any mix that does 
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Type of 
Mix 

Type 1. Z, & 4 
AC - 3, BC & WC 
AC-5, BC & we 

Type 3 
AC-3, Base 
AC - 3, Binder 
AC-3, Wearing 

TABLE 1 

Mar shall Stability 
@ 140'F, lbs. 

1650 
1500 

1650 
1830 
zzso 

Flow 
1/100" 

15 Max 
15 Max 

15 Max 
15 Max 
15 Max 

not meet the design, while the plant is be
ing adjusted until the design criteria are 
met, will be paid for at 50% of the contract 
unit price of the aggregate provided the 
mix is satisfactory for the use intended. 

The Engineer may permit the Contrac
tor to change the job mix formula pro
vided the changed job mix meets all the 
physical requirements of the specifications. 
The request to make this change shall be 
made in writing by the Contractor to the 
Engineer. 

(d) Application of Job Mix Formula 
and Allowable Tolerances for Control of 

Mixes: Maintenance of adequate control on the quality of bituminus mixes shall be the 
responsibility of the Contractor. In order to check this control, the Contractor 
shall obtain a minimum of two samples of the mixture from each lot. A lot shall 
be considered as one day's production of the mixture . He shall obtain these sam
ples using a stratified random sampling plan. One of the samples shall represent 
the morning control and the other indicative of the afternoon control. The time at 
which to obtain these two samples shall be set by the Contractor using random num
ber tables. 

The Contractor shall conduct his operations so as to produce a mixture conforming 
to the approved job mix formula except that variations shall be permitted within speci
fied control limits for individual and average of two samples. Results of each lot shall 
be charted on the Control Charts for Individuals and Averages. The upper and lower 
control limits for individuals and averages shall be set at the following values from the 
specified job mix formula . 

U. S. Sie v e 

3/4 inch and larger 
I /2 inch 
3/8 inch 
No. 4 
No. 10 
No. 40 
No. 80 
No. ZOO 
% Bitumen 
Temp. of Mix. 'F .* 

TABLE Z 

Individual 

± 9 
±12 
±10 
±10 
± 9 
± 7 
± 5 
± 3 
± . 6 
±40 

Control Limits 
Average of Z Tests 

± 8 
± 9 
± 7 
± 7 
± 6 
± 5 
± 4 
± z 
±.4 
±ZS 

* As based on the approved mixing temperature measured after discharge. 

When the tendency of the individual test results on the controi charts indicate that 
the mix falls outside of the control limits for individuals, then the Contractor shall 
make adjustments to bring the mix into the job mix formula. 

Individual materials from more than one source shall not be used alternately nor 
mixed when used in surface courses without the written consent of the Engineer . Where 
additional sources of materials are approved, a job mix formula shall be established 
and approved before the new material is used. When unsatisfactory results or other 
conditions make it necessary, the Contractor may be required to establish a new job 
mix formula. 
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501. 15 MIXING 

The second paragraph of this subsection is amended to read as follows: 
After the required amounts of aggregate and bituminous material have been intro

duced into the mixer, the materials shall be mixed until a complete and uniform coat
ing of the particles and a thorough distribution of the bituminous material throughout 
the aggregate is secured. Dry and wet mixing time shall be submitted by the Contrac
tor on the basis of a single determination and will conform to the minimum requirement 
given in Subsection 501. 02(c). 

501. 18 SURFACE TOLERANCES 

Delete this subsection and substitute the following: 
(a) Job Control Testing: The Contractor shall test the surface of the completed 

course with a 10 foot straight edge. Necessary corrections shall be made to the Engi
neer's satisfaction. 

(b) Acceptance Tei;ting: The surface shall be tested by the engineer, using a roll
ing 10-foot straight edge at randomly selected longitudinal and transverse locations in 
accordance with LDH designation TR . The sample shall consist of one path of the 
rolli.ng straight edge, 500 feet in length, and shall be selected using random sampling 
procedw·es. This sample shall represent each lot. A lot shall constitute one day's 
production of bituminous mix. In the event that a lot results in less than 500 linear 
feet of roadway, then the entire lot shall bi~ tested. All surface tolerance testing shall 
be done as soon as practical after the construction of the lot. 

Two surface tolerance settings shall be used for the testing of a sample as shown 
below: 

Types 1, 2 and 4 Mixes and Shoulders: 

Type 3 Mix: 
Asphaltic Concrete Base Course 
Asphaltic Concrete Binder Course 
Asphaltic Concrete Wearing Course 

11e inch and 3/i. 6 inch. 

3~ inch and 1/a inch. 
1

/ 4 inch and 1/:i inch. 
11e inch and 3,{ 8 inch. 

Whenever sections of pavement do not meet the requirements for surface tolerances, 
an adjustment in the unit price for the lot of the mixture shall be made as further out
lined in Subsection 502. 12. 

For type 3 mix the maximum deviation from grade established by the engineer or 
cross section at any point shall not be more than: 

Asphaltic Concrete Bose Course (Second and Intermediate 
layers) 

Aspholtic Concrete Binder 
Asphaltic Concrete Wearing Course and Each Successive 

Layer 

1~ inch. 
3

/ 8 inch. 

% inch. 

When tested longitudinally from a stringline or comparable method applied parallel 
to the surface on any 25 or 50 foot section, such section shall not vary· more than the 
specified limits given in the following schedule. 

Interval 
Base, Second and Binder Wearing 

Intermediate Layers 

25 feet 1/a Inch 3~ inch 
1~ inch 

50 feet 51e inch 1 a inch 3 
8 inch 
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The above requirements shall be met 95 percent of the time with no single measure
ment to exceed the specification requirements by more than % of the tolerance speci
fied. Any deviation below tbe 95 percent tolerance will require correction of all defi
cient areas. 

Any irregularities in the base or any intEtrmediate course may be corrected by 
either skin patcJling, featheredging, or full depth patching, where appropriate, and 
where 1t can be completed in a satisfactory manner. 

To correct the irregularities of the finished surface, skin patching will not be per
mitted. When the requirements specified above are not met, and the contractor elects 
to remove the section in question, then it will be done at his expense, to a minimum 
depth of one inch and replace it with additional mixture meeting these requirements. 
Featberedging at any intermediate point will not be permitted on the pavement except 
when specified on the plans or in th~ special provisions. 

SECTION 502 ASPHALTIC CONCRETE PAVEMENT 

502 . 04 PHYSICAL PROPERTIES OF MIXTURE FOR ACCEPTANCE 

Delete this sub8eclion and substitute the following: 
The Contractor shall design his mix with the intent that compacted specimens of the 

mixture shall conform to the properties in Table 3 when tested in accordance with LDH 
Designation: TR 305, for an average of four samples taken from each lot after it is 
placed in the trucks using random sampling procedures. A lot shall be considered as 
one day's production of bituminous mix. A stratified random sampling plan shall be 
utilized such that two of the four samples are obtained during the morning and the other 
two during the afternoon using LDH Designation: S . The time at which these ac-
ceptance samples are obtained from the trucks shall be set by the Engineer using ran
dom number tables. 

Compaction of mixtures for Marshall Stability and Flow determination shall be con
ducted by the Engineer's personnel at the plant. The testing and final approval of the 
mL"{ture will be done by the District Laboratory. 

When the average of four tests is outside of the acceptance limits specified for tbe 
average of the four test results for Marshall stability, an adjustment in the unit price 
for the lot of the mixture shall be made as further outlined. No adjustment in the unit 
price will be made ~or mixture being outside the limits on the individual results except 
as noted below. 

Whenever it is not possible to sample the whole lot (four samples) due to unfavorable 
circumstances caused by plant breakdown or inclement weather or other causes, then 
the acceptance limits will be as shown in Table 3 as based on the number of tests made 
during the time the plant was in operation. In no event will the number of tests or sam
ples be less than four for more than six hours of plant operation and less than two for 
four hours of operation. 

In the event the plant operates for less than four hours and only one sample has been 
obtained, then the mix will be accepted on the basis of limits for one sample. 

When the average of the number of tests representing the period the plant was in 
operation for the day is outside the acceptance limits for Marshall stability shown in 
Table 3 for the average of the number of samples tested during the day, an adjustment 
in the unit price for the lot of the mixture represented by the number of samples shall 
be made as further outlined in Subsection 502.12. 

No adjustment in the unit price shall be made for mixes being outside the limits on 
the Flow for the average of the lot or the individual test result. 

502. 05 HANDLING OF AGGREGATES 

Delete the second paragraph of this subsection. 

502. 06 PREPARATION OF ASPHALT AND AGGREGATES 

Delete the second paragraph. The third and fourth paragraphs of this subsection are 
amended to read as follows: 
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TABLE 3 

Type of Acceptance Limits for Marshall Stability Control .Limita for Flow 
Mix Ave.rage of: (Sarn2les) Average of: (Samele•! 

4 3 2 4 3 2 

T e I 2 & 4 

AC -3 , BC & we 1200 Mi.n 1150 Min 1050 Min 900 Min 15 Max IS. Max 15 Max 18 Max 

AC-5, BC & WC 1100 Min 1050 Min 1000 Min 800 Min 15 Max 15 Max 15 Max 18 Max 

T e 3 

~C-3 , Base 1200 Mi n 1150 Min 1050 Min 900 Min 15 Max 15 Max 15 Max 18 Max 

AC-3, Binder 1450 Min 1400 M i n 1300 Min 1100 Min 15 Ma:x 15 Max 15 M nx 18 Max 

AC-3, Wearing 1800 Min 1700 Min 1600 Min 1350 Min 15 Max 15 Max 15 Max 18 Max 

Shoulder 1100 Min 1050 Min 1000 Min 800 Min 15 Max 15 Max 15 Max 18 Max 

The temperature of the bituminous mixtures, when discharged from the mixer, shall 
be within the limits pres~ibed in Table 2 of Subsection 501. 02. 

The dried mineral aggregate for any of the various type mixtures shall be combined 
in the plant in the proportionate amount of each fraction of aggregate r equired to meet 
the job mix formula . The bituminous material shall be measured and introduced into 
the mixer. Prior to adding bituminous material, the combined mineral aggregate shall 
be thoroughly mixed dry, after which the proper amount of asphalt shall be sprayed 
over the mineral aggregate and mixed to produce a homogeneous mixture in which all 
particles of the mineral aggregate are ltniformly coated. The mixing time shall be 
submitted by the Contractor in the job mix formula and approved by the Engineer. Suit
able locking means shall be provided for this regulation. 

502. 09 COMPACTION 

The second and ninth paragraphs of this subsection are amended to read as follows: 
The highest contact pressure that will give the required density will be used for the 

pneumatic roller. 
Rolling shall continue until all roller marks are eliminated. Upon completion of the 

rolling procedures, five pavement samples shall be obtained from each compacted lot 
at locations determined in accordance with the stratified random sampling plan within 
24 hours after placement of the mix. In the event this falls on a holiday or a Sunday 
and the Contractor's crews are not working, then the sampling will be done the follow
ing day. A lot shall be considered as the number of linear feet of mix laid during the 
days' operation. The linear feet laid during the day shall be subdivided into five sec
tions of approximately equal length and one sample shall be obtained from each of the 
five sections using random number tables. In no event will the number of samples 
representing a full day's production or a fraction thereof be less than five. The density 
requirement for individual samples and for the average of five samples shall be as 
prescribed in Table 4 when determined in accordance with LDH Designation TR 304. 

Payment will be made as outlined in Subsection 502. 12 . No adjustment in the unit 
price will be made for density tests outside the limits for individual tests . 
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TABLE 4 

A c ceptance Control 
Limi t s Limits 

Type of Mix 
Average of Individual 
5 Samples Samples 

Traffic Lanes I and 4 96% min of 93% min of 
briq. density briq. density 

Traffic Lanes 2 92% min of 89% min of 
briq. density briq . density 

Traffic Lanes 3- !st lift of 95% min of 92% min of 
asphalt cone . briq . density briq. density 
base course 

-All additional 97'/o mlu uI 94% min of 
layers of asph. briq. dens ity briq. dens ity 
cone, base 
course 

-WC and BC 97'/o min of 94% min of 
briq . density briq. density 

Shoulders !, 2, 3 and 4 93% min of 
briq . density 

In the event the sampling location as determined by random sampling procedures 
indicates obvious bad spots that are to be replaced, or falls within two feet of the edge 
of the pavement, then an additional sampling location shall be determined and used. 

502 . 12 BASIS OF PAYMENT 

Delete this subsection and substitute the following: 
The quantities of aggregate and asphalt in the completed and accepted asphaltic con

crete pavement will be paid for at the respective contract unit prices per ton on a lot 
basis. 

Whenever the mix does not conform to requirements for acceptance of mixes as 
provided in Subsection 501. 18, 502. 04 and 502. 09 of these Special Provisions, pay
ment shall be made at a unit price per ton of bituminous plant mix course of the type 
specified in accordance with the following: 

Adjustment for Stability: 

(a) When the mix is to be accepted on the basis of the average of four, three, two 
or one Marshall stability test result, then the payment per unit price shall be made as 
outlined in Schedule No. 1-A, 1-B, 1-C or 1-D respectively. 

(b) For shoulder mixes representing more than 2, 000 tons, the payment per unit 
price shall be made as outlined in Schedules 1-A through 1-D under AC-5 (column 2) . 

(c) No adjustment in the unit price shall be made on shoulder mixes used for turn
outs, and similar miscellaneous areas representing less than 2, 000 tons. 

(d) The lower percent of contract price shall be used for final adjustment in unit 
price for mixes that are deficient in Marshall stability, roadway density, and surface 
tolerances. 



SCHEDULE NO. 1 -ADJUSTMENT IN BID PRICE PER TON 
FOR MARSHALL STABILITY 

Type 1, 2, & 4 
WC, BC 

Type 3, Base 
AC - 3 

A 
1650 and higher 
1200 to 1649 
1100 to 1199 
1000 to 1099 

Below 1000 

B 

115 0 and higher 
1100 to 1149 
1000 to 1099 

Below 1000 

c 

1050 and higher 
1000 to 1049 

900 to 999 
Below 900 

D 

900 and higher 

Below 900 

Average of Four Marshall Stabilities 

Type 1, 2, & 4 
we, BC 

AC-5 

1500 and higher 
1100 to 1499 
1000 to 1099 

900 to 999 
Below 900 

Type 3 
Binder 
AC-3 

18 30 and higher 
l450 to 1829 
1350 to 1449 
1200 to 1349 

Below 1200 

Average of Three Marshall Stabilities 

1050 and higher 1400 and higher 
1000 to 1049 1350 to 1399 

900 to 999 1200 to 1349 
Below 900 Below 1200 

Average of Two Marshall Stabilities 

I 000 and higher 1300 and,)ligher 
950 to 999 1250 to 1299 
800 to 949 1100 to 1249 
Below 800 Below 1100 

One Marshall Stability Test Result 

800 and higher 1100 and higher 

Be low 800 Below 1100 

Type 3 
Wearing 

AC-3 

2250 and higher 
1800 to 2249 
1650 to 1799 
1450 to 1649 

Below 1450 

1700 and higher 
1625 to 1699 
1450 to 1624 

Below 1450 

1600 and higher 
1525 to 1599 
1350 to 1524 

Below 1350 

1350 and higher 
Below 1350 

Percent of Contract 
Price/Ton of Aggregate 

Per Lot 

105% Payment 
100% Payment 

95% Payment 
80% Payment 
50% or Remove 

100% Payment 
95'7~ Payment 
80% Payment 
50% or Remove 

I 00% Payment 
95% Payment 
80% Payment 
SOo/o or R e move 

100% Payment 
50% or R e move 

SCHEDULE NO, 2 - ADJUSTMENT IN BID PRICE PER TON 
FOR ROADWAY DENSITY 

Average of Five Roadway Samples P e rcent of 
Contract Price/ 

Type 1 & 4 Type 3 Type 3 Type 2 Ton of Aggregate 
(WC, BC) (1st lift of (Ac.ditional lifts (WC & BC) Per Lot 

Base Course) of Base Course, " 5twulder 
AC & BC Mix 

100. 1% & More 100. 1% & More 100 . 1% & More 100. 1% & More 100% Payment 
98 - 100% 97 - 100% 99 - 100% 97 - 100% I 05% Payment 
96 - 97. 9% 95 - 96 . 9% 97 - 98. 9% 92 - 96. 9% 100% Payment 
95 - 95. 9% 94 - 94 . 9% 96 - 96 . 9% 90 - 91. 9% 95% Payment 
93 - 94. 9% 92 - 93. 9% 94 - 95. 9% 89 - 89. 9% 80% Payment 

Below 93% Below 92% Below 94% Below 89% SQ% or Remove 

SCHEDULE NO. 3 - ADJUS.TMENT IN BID PRICE PER TON 
FOR SURFACE TOLERANCE 

Linear Percent of Sample Exceeding Surface 
Tolerance 

Lower Tolerance Setting 

1% or less. 
1 to 2%. 
More than 2%. 
More than 2%. 
More than 2%. 

Upper Tolerance Setting 

None 
O. 5% or Less. 
O. 5 to O. 75%. 
O. 75 to 1. 5%. 
More than 1. 5%. 

Percent of Contract Price/Ton 
of Aggregate Per Lot 

105 % Payment 
100 % Payment 

95 % Payment 
80 % Payment 
50 % or Remove 
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Adjustment for Roadway Density 

For roadway density, the payment per unit price shall be adjusted as in Schedule 
No. 2 for the average of five samples in a lot. 

Adjustment for Surface Tolerance 

For surface tolerances, when measured by 10 foot rolling straight edge, the pay
ment per unit price shall be adjusted as in Schedule No. 3 for the sample in a lot. 



Determination of Asphalt Content in Hot 
Bituminous Mixes With a Portable 
Nuclear Asphalt Content Gage 
RICHARD L. GREY, Materials Engineer, Pennsylvania Department of Highways 

This study was initiated as a preliminary evaluation of a portable 
nuclear gage developed to determine accurately the asphalt content 
of hot bituminous concrete. statistics involved in the random 
decay of the source and the background count previously had tended 
to place a limit on sensitivity of nuclear devices, usually on the 
order of ±0. 25 percent of actual content. The sensitivity of the 
newly developed gage was shown to be much better than this, using 
initial calibration results. 

Samples of hot bituminous concrete were prepared to develop 
an initial system calibration. Mixes were tested with the nuclear 
gage and the nuclear test results were then paired with actual 
design asphalt contents to yield a regression curve. standard 
deviations were computed and some results were compared with 
results for the same samples using ASTM (.!)methods. 

•IN the spring of 1967, the Pennsylvania Department of Highways received a portable 
nuclear gage developed by Nuclear Chicago Corporation specifically for the purpose of 
determining the asphalt content of hot mixes rapidly and accurately. Current extraction 
methods employed for the same purpose throughout the country have been found to yield 
results with a standard deviation of about 0. 20 percent of content (2). Previous attempts 
at determination of bitumencontent by nuclear methods usually resulted in results with 
about the same standard deviation as extraction methods. 

Good results were usually achieved with expensively instrumented, nonportable sys
tems, but a low-cost portable unit usually tended to have limitations of sensitivity be
cause high background counts tended to influence the system. Since the standard devia
tion of the background count itself was high, calibration curves usually encountered with 
about 1, 000 counts per minute per percent asphalt produced limited sensitivity. The 
portable unit evaluated herein had a very low background count which helped minimize 
such inaccuracies. 

EQUIPMENT 

The portable asphalt content nuclear gagE! system was comprised of a portable gage 
unit, Model 9999, a portable scaler, Model 5920, and a calibration standard. 

The gage consisted of a neutron source of 157 millicuries of Am241Be, four He 3 pro
portional neutron detectors, a preamplifier, and a sample cavity interposed between 
source and detectors. 

The scaler amplified and counted pulses from the preamplifier on a preset time basis. 
The calibration standard was a 4-quart stainless steel sample pan filled with Benelex 

and sealed. Benelex is a high-density wood by-product material having about the same 
hydrogen concentration as wax on a volume basis. Its high strength and structural sta
bility over wide temperature limits made it an excellent reference standard. 

Paper sponsored by Committee on Nuclear Principles and Applications and presented at the 47th 
Annual Meeting. 
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No. 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

TABI.F. 1 

RESULTS OF INITIAL CALIBRATION TESTS 

Design AC 
~ 

2.98 
11. 65 

3. 78 
10.48 
4.90 
9.62 
5.91 
B.74 
8. 69 
9.46 
8.24 
3. 87 
7.80 
4. 76 
4. 83 
4.79 
7. 10 
6. 92 

Nuclear Ratio 

0.142 
1. 080 
0.224 
0.941 
o. 321 
0.853 
0.450 
o. 761 
0.744 
0. 831 
0. 690 
0.217 
0.664 
0. 315 
0. 339 
0.326 
0.567 
0.565 

Theoretical AC 
~ 

3.10 
11. 72 

3.85 
10.44 
4.75 
9.64 
5.93 
8.79 
8.63 
9. 43 
8.14 
3. 79 
7.90 
4.69 
4. 91 
4. 79 
7.01 
6. 99 

Deviation 
~ 

+0 . 12 
+O . 07 
+O . 07 
-0.04 
-0.15 
+O . 02 
+0.02 
+0. 05 
-0.06 
-0 . 03 
-0.10 
-0.08 
+0 . 10 
-0.07 
+O. 08 

-0.09 
+0.07 

RMS deviation 0. 08 

PRINCIPLE OF OPERATION 

Basically the nuclear gage 
system is a hydrogen content 
gage. High-energy neutrons 
emitted from the source are 
transmitted through the sample 
of bituminous material interposed 
between the source and detectors. 
Neutrons are slowed down by 
elastic collisions with nuclei. 
Since a hydrogen atom (a nucleus 
of one proton) has a mass ap
proximately equal to that of a 
neutron, high-energy neutrons 
will lose energy at a much greater 
rate in collision with hydrogen 
than in collision with the nuclei 
of other elements. 

As the number of hydrogen 
atoms is increased, the number 
of neutrons that have come to a 
state of low kinetic energy in -

creases. If we equate the hldrogen in the sample to the amount of asphalt, the thermal 
neutrons detected by the He proportional counters can be related to asphalt content of 
the sample bituminous mix. 

The Benelex standard offered a check on equipment operation. The Benelex is pre 
dominately composed of hydrogenous material with the number of hydrogen atoms un
changed over time since the standard is sealed. Any change in gage geometry, elec
tronics, or source strength cen be allowed for by means of taking a series of standard 
counts and dividing this average into counts obtained from the bituminous sample, to 
yield a ratio that should be consistent over time on a given sample standard. 

PROCEDURE 

All samples tested by the nuclear system were of the same volume, which was that 
of the 4-quart sample pan supplied with the gage. 

It was decided at the outset of the evaluation to maintain the same type of asphalt and 
aggregate along with consistent aggregate gradation for initial calibration. The range 
of 3 to 12 percent asphalt by weight was chosen since this would essentially cover the 
range of normal bituminous mixes encountered in Pennsylvania. Samples were prepared 
by weighing out aggregate and asphalt on balances accurate to 1 gram. Samples were 
then thoroughly mixed and transferred to the sample pan, which was then shaken and 
leveled off, and placed in the gage cavity. 

At the beginning of each day, a series of 10 standru:d counts was run wi th the sealed 
standard in the cavity along with 10 background counts (counts with no sample in the 
cavity). These were then averaged and recorded. The nuclear gage was mainta.ined in 
a fixed position for the complete series of tests so that counts due to other neutron 
sow·ces or counts due to some other material containing hydrogen atoms in the gage 
proximity would have a minimal effect. The average of the background counts was sub
tracted from averages of material and standard counts only as a matter of procedure. 

To minimize effects of the random nature of radioactive source disintegration, 10 
one-minute counts were taken on any sample to yield a more statistically reliable aver 
age count. During laboratory analysis it was also customai·y to run the same type of 
tests on pure asphalt of the brand being used. Since various asphalts differ in hydrogen 
content, a record was maintained of any change in type of asphalt and nuclear count of 
the pure material to correct for such changes if needed. 

The results of tests on the initial calibration mixes are given in T able 1. The devia
tions stated after theoretical asphalt content refer to the regression equation developed 
from the data. This straight-line relationship was 
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5. 0 

ACT 1.796 + 9.191 (R) 

where 

ACT = theoretical asphalt content, and 
R = nuclear ratio = material cpm avg m~nus background 

standard cpm avg mmus background 

Samples are listed in the order they were tested. The standard deviation for all sam
ples noted was 0.08 percent with a coefficient of correlation of 0.998 between design and 
nuclear contents. 

The plot of nuclear ratio versus design asphalt content is shown in Figure 1. 
A comparison between design asphalt content and extraction results is given in Table 

2. The samples are the same as No. 1 through 7 and No. 9 as given in Table 1. For 
the samples tested, the standard deviation of the extraction method is approximately 
three times that of the nuclear. 

Asphalt used during this series of tests was Ashland Oil Co. Type BM-1. Nuclear 
tests were run for pure asphalt of this type along with two others, Chevron Springdale 
and Chevron AB-A. Results of counts on these three samples were very similar, yield
ing approximately 77, 000 cpm with little difference between the three. It was concluded 
that saturation or overloading of the detector tubes was occurring. A series of tests 
was thus devised to determine if this was the case using two different brands of asphalt. 

TABLE 2 

COMPARISON OF DESIGN AND 
EXTRACTION RESULTS 

Design AC "f, Extraction AC % 

2.98 
11. 65 

3.78 
10.48 

4. 90 
9.62 
5. 91 
8. 69 

2.78 
11. 22 

3.78 
10.10 

4.78 
9. 37 
5.59 
8.44 

Deviation% 

-0.20 
-0.43 

-0. 38 
-0.11 
-0.25 
-0. 32 
~ 

RMS deviation 0. 28 

Pure asphalt of a given type was placed 
in the sample pan at depths ranging between 
% and 4 in. in %-in. increments. After the 
sample was poured to the desired depth in 
the pan, counts were taken. Results for 
the two samples (Fig. 2) indicated that fill
ing the pan to the top resulted in an erro
neous count due to detector saturation. Any 
comparison of different brands of pure as
phalt should therefore be made by filling 
the sample pan to a depth less than 3in. so 
that overloading of detectors does not oc
cur, and maintaining this test depth for all 
asphalts. 

Reading pure asphalt in this manner and 
then placing a bituminous paving mixture 
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No._ 

A 
B 
c 
D 
E 
F 

TADLE 3 

RESULTS OF SAND MIX TESTS 

Design AC 
'f, 

5.00 
6.00 
8. 30 
5.40 
6.00 
7. 00 

Nuclear Ratio 

0. 21 2' 
0.280 
0.422 
0.235 
0.276 
0. 338 

Theoretical AC 
% 

5.00 
6. 07 
8.29 
5.36 
6. 00 
6.98 

RMS deviation 

Deviation 
% 

+0. 07 
-0.01 
-0.04 

-0.02 

0. 03 

in the pan to the same depth 
should yield another method of 
determining percent asphalt in 
the sample. This method was 
not employed in the current anal
ysis but will be attempted during 
a later study. 

In a further examination, sev
eral different aggregate materi
als were tested . All aggregates 
were oven-dried prior to testing. 
Three different aggregate mate
rials were examined, completely 

filling the sample pan in each case. Two different gradations of limestone were avail
able, + 1/s in . and+ % in., and these were tested to ascertain whether any volume ef
fects were present. The other materials tested were lB slag and lB gravel. Results 
were as follows: 

+ 1~ in. limestone 3,037 cpm 
+ J8 in. limestone 3,039 cpm 
1 B slag 3,648 cpm 
lB gravel 4, 140 cpm 
Background 3,635 cpm 

Assuming minimal trapped moisture, since the samples were oven-dried, it appears 
that aggregate type can definitely affect the reading if the "pure asphalt equals 100 per
cent" method is used. Allowances should then be made for the type of aggregate in such 
an analysis. 

It was noticed that taking a longer series of counts on samples, especially those of 
higher asphalt contents, produced erroneous results due to the settling of liquid asphalt 
to the bottom of the test pan. The theoretical maximum error was investigated by pre
paring two samples of 5 percent asphalt by weight. The first sample was placed in the 
pan in the gage cavity with the aggregate filling the pan and the asphalt then poured on 
top. The result of this sample position was an average of 4, 829 cpm. The second 
sample was placed with the asphalt in the bottom of the pan covered with aggregate, thus 
placing the asphalt next to the source, whereas the first sample had the asphalt closer 
to the detectors. The result of this method was an average of 7, 220 cpm. Thus it can 
be seen that a considerable error could be introduced by using a nonuniform sample or 
allowing a high asphalt content sample to settle out. It is thus mandatory that samples 
be tested as soon as possible after mixing when calibrating the system. 

Asphalt that has settled out in the pan is in close proximity to the radioactive source, 
rather than being evenly distributed in the region between source and detectors. Since 
the neutrons that are counted have undergone collision with the nucleus of hydrogen 
atoms, placing a layer of asphalt close to the source increases the probability that a 
collision will occur between a neutron and a hydrogen nucleus. With the greater inci
dence of hydrogen atoms in close proximity to the neutron source and thus the greater 
probability of collisions, an increased count rate is obtained that is not the same as that 
when hydrogen atoms are more evenly distributed throughout the mix. 

Another important procedure to be adhered to is cleaning the instrument thoroughly, 
particularly the sample pan holder. Any build-up of bituminous material in this region 
could cause erroneous readings. 

A series of sand mixes was run with the equipment. These had been prepared months 
earlier of unknown brand asphalt using sand as the aggregate. The results did not fitthe 
developed curve since the asphalt was probably different as was the aggregate. All six 
samples were then tested with the nuclear equipment yielding the curve 

ACT = 1. 677 + 15. 677 (R) 

Results are given in Table 3. It can be seen that an excellent relationship was found 
between nuclear and actual asphalt content, although the number of samples available 
for this mix design was limited. 



Design AC <1. 

8 . 30 ± 0. 40 
8 . 30 ± 0.40 
8.30 ± 0.40 
8 . 30 ± 0. 40 
8 . 30 ± 0. 40 
8 . 30 ± 0 . 40 

TABLE 4 

RESULTS OF FIELD TESTS 

ACT % 
(Nuclear ) 

8.05 
8.05 
8.62 
8. 27 
8. 46 
8.10 

Plant Extraction AC % 

8.10 
8.40 
8.20 
8 . 60 
8 . 30 
8 . 20 
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Since the apparatus performed so well 
during laboratory analysis, the system was 
next removed to a plant in one of the Engi
neering Districts in Pennsylvania where 
continuous mixes were being produced for 
a bituminous concrete construction project. 
Here gage response was tested under field 
conditions. Again, results whose reliability 
was acceptable were obtained throughout the 
series . Procedure was the same in the field 
as in the laboratory. 

For the bituminous concrete construction 
project, Atlantic BM-1 asphalt, 85-100 pen

etration was used. The aggregate was gneiss rock and washed screenings. Final bitu
minous material was FJ-4 wearing surface (3) with a design asphalt content of 8. 3± 0.4 
percent by weight. -

The nuclear system was calibrated by preparing samples of 7. 0, 7. 5, 8. 0, 8. 5, and 
9. 0 percent asphalt content by weight and testing these with the portable gage in the same 
manner as previously mentioned. All samples were prepared with 1 percent asbestos 
by weight since this was required in the bituminous wearing mix used in the construction 
project. 

Results of calibration yielded the regression calibration curve 

ACT = 3. 476 + 9. 684 (R) 

with a standard deviation of 0. 09 percent. This curve was then relied upon to determine 
contents of check samples of the actual mix being set down (8 .3 ± 0.4 percent AC) during 
a 2-week period, at the same time running extraction tests on the samples, as is usual 
field control procedure. 

Results of these tests are given in Table 4. Since design criteria allowed a ±0. 4 per
cent tolerance, no attempt was made to note deviations from design content as was usu
ally done in calibration, where design was held to a strict tolerance necessary for cali
bration curve development. 

CONCLUSIONS 

fuitial calibration and testing with the Nuclear Chicago portable nuclear asphalt con
tent gage showed that the system was capable of producing results much more quickly 
and with a much better statistical accuracy than previous methods. The two initial cali
bration curves developed in the laboratory and the one in the field showed standard de
viations of 0.08, 0.03, and 0.09 percent respectively when compared with design asphalt 
contents of mixes used to determine the calibration curves. An initial calibration using 
the same aggregate and asphalt as would be used in the actual construction of the bitu
minous concrete roadway would result in a calibration curve for that particular material. 
This calibration process took approximately 4 hours in the bituminous plant because a 
technician was required to prepare very carefully the calibration mixes of various as
phalt contents. Each of these was then tested with the nuclear system for 10 minutes. 
Once the curve was developed, the system could be used to determine accurately the as
phalt content of the hot bituminous mix in 10 minutes, thus allowing more tests to be 
taken for better quality control. 

fuitial results obtained with the nuclear system when compared with the accepted ex
traction method standard deviation of approximately 0.20 percent showed that the porta
ble nuclear asphalt content gage had a standard deviation of less than half that of the 
extraction method in each case. 
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A Tentative .Calibration Procedure for Nuclear 
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Nuclear equipment for field measurement of soil moisture and 
density has received wide acceptance from scientists and engi
neers , but the majority of work accomplished with these in
struments has been done with surface-type gages. The use of 
nuclear depth instruments presents some serious problems 
related to the standardization and calibration of the equipment. 
As tentative solutions for some of these problems, techniques 
for the construction and measurement of secondary laboratory 
standards are presented and a preliminary calibration proce
dure for both moisture and density gages is proposed. 

•THERE seems to be a general tendency for the moisture content of the subgrade, sub
base, and base materials beneath a highway pavement to increase over a period of time. 
While some of this increase is due to infiltration of surface water, a large portion is 
attributed to the migration of moisture in both the liquid and vapor phases from adjacent 
areas. Regardless of the source, however, the increased moisture content appears to 
be associated with unsatisfactory pavement performance due to swelling or decreased 
shear strength of the subgrade soils and the base materials. If the extent of this mois
ture variation beneath existing highway pavements can be determined and all contribut
ing factors evaluated, a correlation with pavement performance will be possible. Ulti
mately, information of this nature could lead to revisions in present design methods 
and construction procedures to achieve improved pavement performance. 

The School of Civil Engineering at Oklahoma State University initiated a research 
study in June 1964 to determine the extent to which moisture content of highway subgrade 
soils is affected by natural environmental factors such as rainfall, temperature fluctua
tions, and roadway design characteristics, and the relationship between subgrade mois
ture variations and pavement performance. The research was conducted in cooperation 
with the Oklahoma Department of Highways and the Bureau of Public Roads. Nuclear 
depth moisture and density probes are being used to measure the field moisture content 
and density at various depths beneath existing pavements in this cooperative research 
study. 

The ability of nuclear or radioactive-type gages to measure moisture content and 
density of engineering materials is generally acknowledged by scientists and engineers, 
but the calibration of this equipment presents some serious problems as to the appro
priate methods or techniques to be used in order to achieve a desired accuracy of mea -
surement. In addition, there is some doubt as to whether experimentally determined 
calibration curves remain valid as the soil types or mineralogical composition of the 
calibration media vary (!., _!, ~. _i, .2_). Thus, calibration of the nuclear probes was one 
of the major investigative problems encountered. 

Calibration of such devices ordinarily refers to the development of a graphical rela
tionship between the pulse rate response of the instrument and either the moisture con-
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tent or density of the material being studied. The reliability of measurements made in 
the field with these probes will depend on the accuracy of their calibration. In the case 
of soils and/or highway applications, the instrument calibration should be valid for a 
relatively wide range of subsurface soil types and moisture contents. 

The response of nuclear soil moisture and density measuring devices is a function 
of elemental compositfon and mass density of the investigated materials (6). Although 
the nuclear interaction processes are complex and highly theoretical, it was believed 
that a semi-empirical approach to calibration that would minimize these material re
sponse differences was possible. Accordingly, a laboratory calibration technique was 
developed utilizing both soil and aggregate media calibration standards. The materials 
used in these standards were similar in mineralogical composition to various Oklahoma 
soils and the same standards were used for calibrating both the moisture and density 
probes. 

EXPERIMENTAL DETAILS 

Nuclear Equipment 

The nuclear equipment used in this investigation was manufactured by Troxler Elec
tronic Laboratories, Inc., of Raleigh, North Carolina. The counting device was a trox
ler Scaler Model 200-B, SN 256. The moisture device was a Troxler SY-SM-1 Depth 
Moisture Gage, Shield and Standard Model S-5, SN 407, with a Depth Moisture Probe 
Model 104, SN G-19953, using a 3 millicurie Radium-226-Beryllium source, SN N-3-
149. The density device was a Troxler St-DD-2 Depth Density Gage, Shield and Stan
dard Model S-7, SN 77, with a Depth Density Probe Model 504, SN 23, using 3 millicurie 
Radium-226 source, SN R-3-15. Calibration data furnished with the density probe were 
developed from readings made on portland cement concrete standards and the calibra
tion data for the moisture probe were obtained using distilled water-cadmium chloride 
solutions of varying concentrations as the standard media. 

Standard Preparation 

Because of the weight and storage problems involved in the construction of the lab
oratory standards, it was considered desirable to attempt to develop standards that 
could be used for both density and moisture calibrations, i.e., dual-purpose standards. 
Three locally available types of aggregates were selected for use in the standards-a 
crushed limestone, a river gravel, and a lightweight expanded shale concrete aggregate. 
Since calcareous and silicious sedimentary deposits predominate throughout most of 
Oklahoma, it was considered that these three materials, while serving as standard me
dia, might also provide a basis for evaluating the effects of mineral type variance found 
in the different soils that would be encountered during field testing. A single size gra-

Figure 1. Empty standard barrel with central ac
cess tube in position. 

dation was used in all cases to achieve a 
more uniform density of the materials in 
place in the standards. In addition to the 
aggregate standards, three standards were 
prepared using a perimian red clay from 
a source located on the OSU campus. 

The standard containers were 55-gal 
oil drums, cut down to a height of approx
imately 24 in. and having an average vol
ume of 5 cu ft. Because the aggregates 
were to serve as both density and moisture 
standards, a drainage system for the stan
dard containers was necesaary; this was 
furnished by using the top of the barrel as 
the bottom of the standard container and 
galvanized pipe fittings screwed into the 
small bung. This arrangement provided 
a means of flooding and draining the con-
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Figure 2. Sea led end of alum inum access tube . 

tainers with a minimum amount of disturbance to the materials. Sections of seamless 
aluminum irrigation tubing, 25 in. long, were used for the access tubes and were cen
trally located in the standard container prior to filling (Fig. 1 ). These access tubes 
were plugged at the bottom end with a lead disk and an 0-ring arrangement (Fig. 2) and 
the plugged ends were sealed with an epoxy paint. 

The aggregates \11ere thoroughly \\lashed to remove all fine material and then oven -
dried to constant weight. Placement was made in three lifts using a small concrete 
vibrator to achieve maximum densification of the aggregate. Figure 3 shows a barrel 
standard partially filled with the crushed limestone aggregate. Figure 4 shows a filled 
barrel standard; the small vibrator used for densification can be seen in the background. 
After placement, the surface of the final layer of material was carefully leveled and the 
filled containers were weighed and dry unit weights calculated. After weighing, the 
standard barrels were covered with polyethylene sheeting and sealed. 

For the permian red clay standards, the material was first air-dried and then pul -
verized until it passed a No. 30 sieve. Three moisture contents were selected for these 
standards and the necessary amounts of water, allowing for the initial moisture content 
of the clay, were added to the pulverized clay through a fine spray nozzle and then mixed 
by hand. After the water was incorporated, the moistened clay was sealed in 30-gallon 
waste cans for several days until an assumed moisture equilibrium condition existed. 

Compaction of the clay material in the barrels was achieved using a pneumatic back
fill tamper weighing approximately 30 pounds. A circular plywood disk was placed under 
the barrel to minimize the deformation of the bottom of the barrel during compaction. 
The material was compacted in lifts of approximately 2 in. (compacted thickness). A 
standard compactive effort for each lift was achieved by maintaining a constant period 
or time of compacting with the pneumatic tamper using a stop watch. With this method 
the compactive effort could be varied by lengthening or shortening the compactingperiod. 

To install the access tubes in these compacted clay standards, a 2-in. OD steel tube 
was slowly pushed into the center of a compacted barrel using a 200,000-lb universal 

Figure 3. Partially filled barrel standard. Figure 4. Filled barrel standard. 



Figure 5. Steel platform and chain sling. 
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testing machine. This steel tube had a 
Y1a-in. wall thickness and was sharpened 
on the inside at one end to minimize ma
terial disturbance as it was forced intothe 
clay. After the steel tube had been pushed 
into the center of the barrel, it was with
drawn and an aluminum access tube, sealed 
on the bottom end, was inserted in the cored 
hole. The core sample obtained from the 
steel cutting tube was used to determine 
the percent water content on a weight basis, 
and the completed standards were weighed 
to determine the wet density. Polyethyl
ene sheeting was used, as in the aggregate 
standards, to seal the clay barrel standards 
and prevent evaporation. 

The completed barrel standards weighed 
between 500 and 600 lb. Because of their 
size and weight, a cross-shaped steel plat
form and chain sling arrangement (Fig. 5) 
was developed so that the standards could 
be handled easily and conveniently using 
an overhead crane or a steel framework 
mounted on wheels. 

Readings with the nuclear probes were initially made on the aggregate standards in 
the dry condition. The aggregate standards were then flooded with water and allowed 
to soak for at least 7 days before wet densities and the amount of water on a volume 
basis were determined. Readings with both the moisture and density probes were made 
with the aggregates in the saturated or flooded condition and then in the drained condi -
tion. Thus, each aggregate type furnished three points on a calibration curve. Nuclear 
readings were taken with the probes on the clay standards immediately following the in
stallation of the access tubes and also several weeks later as a check on the first set 
of readings. 

The proper location or position of the probe in the access tubes of the barrel stan
dards was determined by taking readings at 1-in. intervals starting at the bottom of the 
tube and working upward. These data in graphical form were used to select a location 
for the probe to be used for the calibration measurements. A point or section where 
little change in reading occurred with probe location change was used. For the density 
probe, this location was near the bottom of the access tube. The very bottom position 
was not desirable due to backscattering from the container bottom and the steel platform. 
The location for the moisture probe was near the middle of the standards. The sphere 
of influence of the moisture probe is a function of the amount of water present and the 
location of the center of this sphere is a function of the geometry of the source and de
tector. Because of this, the proper probe location was determined for each individual 
standard in each of the respective conditions. 

Calibration curves were plotted as media mass density vs percent of standard count. 
Standard count refers to readings made with the probes in the shield units. The shield
ing cylinders have small low-intensity radioactive sources imbedded in them for the 
purpose of providing a reference count rate for the instrument. An actual measurement 
or count rate is expressed in terms of a percent of this reference count. This technique 
is less subject to error since it compensates for electronic instabilities of the equipment. 

RESULTS AND DISCUSSION 

Density Data 

The relationship between mass density and percent standard count is approximately 
linear on a semilogarithmic plot for normal values of soil mass densities. At least, the 



40 -

I-
z :i.o -
::J 

8 
a 
Cl'. 
<1: a 
z 
i=! 
(fJ 

20 
I-
z 
w 
<..> 

18 
Cl'. 
w 
a.. 16 

14 

12 

40 

I-

~ 30 
0 
<..> 

a 
Cl'. 
<1: 
a 
z 
<1: 
1-
(f) 

1-
z 

20 

w 18 
<..> 

LOG PERCENT STANDARD= 2 09707-0 00568(DENSITY) 

SCALER MODEL 200-B, SN 256 
PROBE MODEL 504, SN 23 
SHIELD 8 STANDARD S-7, SN 77 
SOURCE Ra SN R- 3 - 15 
HV 900V GAIN 3 

80 90 100 110 IZO 

WET DEN S IT Y , LBS / CUFT 

130 

Figure 6. Density calibration curve-river grovel. 

[5 LOG PERCENT STANDARD= 2_04694-000555(0ENSITY) a.. 16 

14 -

12 

SCALER MODEL 200- B, SN 256 
PROBE MODEL 504, SN 23 
SHIELD 8 STANDARD S-7, SN77 
SOURCE Ra SN R-3-15 
HV 900V GAi N 3 

140 150 

I07~0,---"~--::8~0~_..~--::9~0,.-~~_,,1~00=-~~__,.1 ~10,.-~~__,1~2~0~_._~-1~3~0,_....~~--:-:1 4~0:--~~-.,-:150 

WET DENSITY, LBS/CU. FT 

Figure 7. Density calibration curve-crushed limestone. 



87 

relationship is linear on this type of plot for densities above about 90 pcf (1). Density 
data for each of the barrel standards was plotted with percent standard counts as the 
ordinate on a log scale and wet density in pounds per cubic foot as the abscissa on an 
arithmetic scale. A least-squares regression analysis was made on each set of data 
and an equation for the linear portion of the curve was determined. 

Typical curves are shown for the river gravel, crushed limestone, and perminan red 
clay standards in Figures 6 through 8. In Figure 8, the data point for the first of the 
clay standards constructed is shown below the calibration line. The mixing and com -
pacting technique for this material had not been perfected and the results for this par
ticular standard were considered inaccurate. 

The combined data for all the standards tested are shown in Figure 9. The data 
shown for concrete were obtained from measurements on the equipment manufacturer's 
concrete calibration standards. The measured mass densities of the expanded shale 
standard were below 90 pcf even in the saturated condition. Since the relationship be
tween mass density and percent standard count may not be linear in this low density 
range, extrapolation to the wet density region of the other materials was questionable 
and these data are not shown. While the different types of calibration media produce 
differences in nuclear response, i.e., the linear portions of the calibration curves ex
hibit different slopes, this variance does not appear extremely great within the range 
of normal soil densities. The combined data plot in a rather narrow band as indicated 
by the dashed lines. 

A single calibration curve and its equation is also shown in Figure 9. This curve is 
the median of the band and for a given percent standard count the wet density of a ma
terial within ±4 pcf can be determined from the curve. This range is the lateral spread 
right or left of the median curve within the calibration band. At a percent standard 
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Figure 9. Combined density calibration data and median calibration curve. 

count reading corresponding to a wet density of 90 pcf on the median calibration curve, 
the error indicated by the lateral band width amounts to ±4.4 percent. For lower per
cent standard count readings, in the higher density ranges, the percent error would be 
reduced. 

The equation of this median curve developed from the band of density calibration 
values was converted to a tabular listing for field usage. This permitted rapid con
version of percent standard counts to wet density and eliminated variations in curve 
interpretation by field personnel. 

Conventional methods of determining in-place density of soils can be in error as 
much as ±10 percent (1). Since the maximum error in this study was considerably less, 
it is believed that this -band-width type approach to the calibration of nuclear depth den
sity equipment has considerable merit. While exacting calibration of the depth density 
probes may not be possible, this method appears to offer a practical solution to the cal
ibration problem. 

Moisture Data 

The combined moisture data curve for the OSU laboratory standards is shown in 
Figure 10. The curve is an arithmetic plot with percent standard count as the ordinate 
and water content in pounds per cubic foot as the abscissa. The curve seems to be lin
ear in the region from about 5 to 30 pcf of water. Points for the saturated expanded 
shale and the first of the clay standards are shown, but they were considered doubtful 
and not used in drawing the curve. At extremely low moisture contents the curve is 
not accurate, since in theory it should pass through the origin. A reading taken in pure 
water defines the upper limiting value and indicates that at high moisture contents the 
plot becomes curvilinear. 
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The linear portion of the Troxler calibration curve developed from cadmium chloride 
standards is contrasted with the one developed from the OSU laboratory standards in 
Figure 11. A considerable slope change between the curves for the soil type and non
soil type of standards is illustrated. The slope deviation in the two sets of curves in
dicates definite calibration differences for various standard media and the need for cal
ibration of the moisture probe using materials similar to those that will be encountered 
during field use. 

The linear portion of the curve in Figure 10 between 5 and 30 pcf of water was rec
ommended for use in the field-testing phase of the project. As for the median density 
curve, an equation for this linear section was determined and converted to a tabular 
listing for use in the field. It was also recommended that the calibration curve not be 
employed to convert percent standard counts of less than 20 or greater than 120. 

SUMMARY 

The problem of calibrating nuclear depth moisture and density gages has certainly 
not been completely solved by tlris preliminary research study. However, p1·ocedures 
for construction of durable laboratory standards utilizing both coarse- and fine-grained 
materials have been solved, and te clm14.lll:l~ of gravimetric as well as nuclear measure
ment of the barrel standards have been developed. The procedure utilizes readily avail
able and economical materials and standard laboratory equipment. Granular and/or 
cohesive soils of the type prevalent in a particular locality can be used as the calibration 
media and the measurement technique is accurate enough to distinguish soil type variations. 

This calibration study is not yet completed, but the results so far indicate that this 
approach offers a practical solution to the problem of calibrating nuclear depth gages. 
Using this calibration procedure, these probes can measure soil density and moisture 
content in the ranges that are likely to be encountered in the field with a minimum of 
error. 
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