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Foreword 

The papers in this Record, dealing with various facets of asphalt concrete pavement con
struction, performance, and recycling technology, should be of interest to highway and airfield 
construction, design, materials, and research engineers as well as contractors and material 
producers. 

Parker and West studied the effects of residual aggregate moisture on the stripping potential 
of asphalt c ncrete mixtures. Their investigation focused on the difference between laboratory 
and field drying of the aggregates used in asphalt concrete mixtures and how residual moisture 
affects the results of the stripping test for different aggregates. Murfee and Manzione studied 
the construction of rut-resistant asphalt mixtures for fighter aircraft taxiways. The study 
confirmed that the design process can ensure resistance to rutting of asphalt mixtures by 
simulating the compaction by aircraft in the laboratory with a gyratory testing machine. 
Emery and Terao discuss the technology for one hot in-place surface recycling method (heat 
reforming process). Kazmierowski et al. discuss the evaluation of cold in-place recycling 
(CIR) as an alternative to conventional pavement rehabilitation in Ontario. They conclude 
that CIR can be uccessfully and economically performed. 

Leach and Oliver discuss a long-life seal coat used extensively in We tern Australia on 
low-volume roads. They cite the use of durable asphalts, the seal design procedure, and 
construction practices as the factors contributing to the long life of the seal. Schutzbach 
discusses the experimental recycling of a badly D-cracked continuously reinforced concrete 
pavement into a full-depth asphalt concrete inlay in Illinois. The paper documents the re
cycling process and the performance of the full-depth asphalt concrete pavement. Ahlrich 
report on an investigation of premature airfield pavement deterioration and distre ses at the 
Jacksonville Naval Air Station. The laboratory evaluation indicated that the di tresse were 
due to an improperly produced and constructed asphalt concrete mixture. Rogge et al. present 
case history and performance data for CIR projects constructed and maintained by the Oregon 
Department of Transportation since 1984. They found that no structural improvement to the 
pavement should be expected from CIR and that, with the exception of two significant failures, 
life cycle costs for CIR projects ranged from 37 to 82 percent of the cost of a 2-in. hot mix 
overlay. Mahboub et al. summarize the results of a 3-year pavement performance monitoring 
program on a Kentucky coal haul road constructed with a large-stone mix asphalt pavement. 
Their primary focus was on the rutting of the pavement. 

DeKold and Amirkhanian report on a field and laboratory study to evaluate the reuse of 
moisture-damaged asphalt concrete pavements in South Carolina. An earlier study found 
that many of South Carolina's asphalt concrete pavements experienced stripping. DeKold 
and Amirkhanian's study was initiated to determine whether these moisture-damaged ma
terials will experience stripping again if recycled. 

v 
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Effects of Residual Aggregate Moisture on 
Stripping Potential of Asphalt Concrete 
Mixtures 

FRAZIER PARKER, JR., AND RANDY C. WEST 

For some asphalt concrete mixes in Alabama, correlations be
tween field stripping performance and stripping test predictions 
have been poor. One of the possible causes of this inconsistency 
appears to be the inability of the laboratory stripping tests to 
simulate field conditions, particularly the drying of aggregates 
before mixing with asphalt cement. In the field, highly absorptive, 
saturated aggregates may not be effectively dried by rapid heating 
in drum dryers . Laboratory preparation of test samples, however, 
begins with well-dried aggregates. Moisture content measure
ments of hot bin aggregates and freshly mixed hot asphalt con
crete occasionally confirm the presence of residual moisture at 
levels that are likely to have an effect on the moisture damage 
susceptibility of the mix. The amount of moisture retained in 
plant-produced mix is highly dependent on ambient temperature 
and th moistur content of aggregate tockpile . Wet-dry indirect 
tensile stripping tests indicate that the effect that residual mois
ture has on tensile strength depends on aggregate type. On the 
basis of tensile strength ratios of conditioned specimens to un
conditioned specimens, residual moisture can be detrimental to 
mixes containing primarily siliceous aggregate. However, mixes 
containing limestone as the dominant aggregate did not appear 
to be adversely affected by residual aggregate moisture. 

Considerable effort has been devoted to developing tests and 
procedures for characterizing the stripping potential of asphalt 
concrete mixtures and methods for evaluating the effective
ness of antistripping additives . Yet it is recognized that even 
the best procedures do not always accurately predict stripping 
performance because of the many internal and external factors 
that are known or believed to affect stripping of asphalt pave
ments. Most internal (mix) factors such as aggregate and as
phalt characteristics, mix design, and component variations 
have been investigated, and their effects are generally well 
understood. However, most external (construction and en
vironmental) factors are difficult to accurately model with 
accelerated laboratory tests . 

Probably the most common stripping test is the basic wet
dry indirect tensile test procedure with some variation of spec
imen conditioning. Two of the most popular methods are the 
Tunnicliff-Root procedure (J) and the Lottman procedure 
(2). The success of these procedures is largely due to their 
ability to simulate factors in the field that are most influential 
in the stripping performance of asphalt pavements. 

The Alabama Highway Department currently uses a method 
for evaluating stripping susceptibility of mixes much like the 

F. Parker, Jr. , Highway Research Center, Auburn University, Au
burn, Ala. 36849-5337. R. C. West, Florida Department of Trans
portation, P.O. Box 1029, Gainesville, Fla. 32602. 

Tunnicliff-Root method as part of the mix design process . 
During the initial development of this procedure, Parker and 
Gharaybeh (J) tested black base/binder mixes from different 
regions of the state that were representative of the range of 
stripping performance in Alabama. Of five mixes tested, re
sults for two did not match with their respective performance 
histories . Part of these inconsistent results were attributed to 
the inability of the procedure to simulate some field condi
tions. It was postulated that some of the error was due to the 
differences between laboratory and field drying of aggregates, 
mixing conditions, and compaction. 

The original purpose of the research from which this paper 
is derived was to determine whether laboratory sample prep
aration and conditioning procedures were adequately simu
lating field construction and environmental conditions. To do 
this, plant mix samples were obtained from typical production 
operations, tested, and compared with laboratory-prepared 
specimens . Moisture contents of the aggregates and mix were 
measured as it progressed through the manufacturing and 
placing sequences. These measurements indicated that some 
mixes retained significant levels of residual moisture through 
production . At this point the investigation became focused 
on the difference between laboratory and field drying/heating 
of aggregates and how residual moisture affects the results of 
the stripping test. 

MOISTURE CONTENT MEASUREMENTS 

Moisture content measurements of asphalt. concrete mixes 
taken in the field and in the laboratory were made using a 
microwave oven for drying the samples. Microwave oven drying 
was rapid and much more convenient than the distillation 
method, ASTM D 1461. More information regarding the use 
of the microwave oven for moisture content determination of 
asphalt concrete mixes is reported elsewhere. 

Moisture Contents of Hot Bin Aggregates 

Moisture contents of hot bin aggregates from five mixes are 
shown in Figure 1. A wide range of residual moisture between 
the five mixes is evident , especially for the coarsest aggre
gates. This variation is directly related to the weather con
ditions preceding and during mix production. Mixes F, H, 
and I, which retained higher levels of moisture in the coarser 
aggregates, were sampled during periods of cool and rainy 
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weather. Mixes A and G were sampled during very hot and 
dry periods. 

The distribution of moisture within the mixes is also sig
nificant. Nearly all mixes contained the highest levels of mois
ture in the coarsest aggregates and lesser amounts of moisture 
for the successive finer aggregates. The moisture differential 
between aggregate sizes is a result of the rapid heating and 
screening in the batch plants. 

Drying Wet Aggregates 

It has often been said that the purpose of heating aggregates 
in hot mix production is to produce surface dry conditions for 
promoting asphalt coating and adhesion and to provide enough 
heat to the mixture to sustain workability of the asphalt through 
paving operations. However, drying of aggregates only to a 
surface dry condition may not be enough. 

Lottman described the heating of wet aggregates (5). Ac
cording to Lottman, for a given blend of wet aggregates en
tering the dryer, the fine aggregate particles will heat up and 
dry out faster because of their larger surface to mass ratio. 
Larger aggregate particles, which contain more moisture, give 
off large amounts of water vapor and are slower to reach a 
uniform temperature. As the aggregates exit the dryer and 
are separated over the screen deck, the temperature differ
ences are compounded by the separate bins. The lower tem
perature of the incompletely dried coarse aggregates in the 
hot bin may not be sufficient to continue the drying of large 
particles. When the aggregates are batched into the pugmill 
and coated with asphalt, the transfer of heat from the asphalt 
and fine aggregates elevates the temperature of the coarse 
aggregate particles enough to drive out some of the moisture 
remaining in the deeper pores of the large particles. 

A similar scenario can develop in drum plants. The parallel 
flow process rapidly heats aggregates entering the drum dryer, 
and, as before , the fine aggregates heat and dry quickly and 
the coarse aggregates more slowly. The water vapor liberated 
from the wet aggregates consumes heat energy and prevents 

1.2..---..----....----...----.----. 

1.0 

'#. o_s 

i 
8 0.6 

.a 
~ 

0.4 

0.2 

OMixA 
DMixF 
XMixG 
.O.MlxH 
OMlxl 

FIGURE 1 Hot bin moisture content. 
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aggregates from reaching optimum drying temperature. When 
the aggregate meets the asphalt spray in the drum , the mois
ture remaining on the aggregate may cause the asphalt to 
foam. The foaming is considered to aid in coating. However, 
as heating is continued in the drum and as the mix is held in 
storage silos, the remaining moisture may be driven off. This 
may disrupt the asphalt-aggregate bond and contribute to 
stripping susceptibility . 

Moisture Contents of Mixes 

Moisture contents of mixes sampled after discharge from the 
pugmill and at the spreader are given in Table 1. Again there 
is a positive correlation between weather conditions and mois
ture content. These measurements clearly indicate that the 
plants that were producing mix during cool wet weather were 
not effectively removing some moisture from the aggregates 
during the drying process . For Mixes D and F there is evidence 
that this residual moisture continued to escape from the mix 
during hauling and spreading. For Mix F there is also evidence 
that moisture contents of the mix decreased during the day 
as ambient temperature increased and the plant conditions 
stabilized. 

Residual Moisture Damage 

The fact that some field-produced mixtures are not moisture
free is not surprising. Yet, residual moisture has received little 
attention in stripping research, even though some connection 
between residual moisture and bond strength and , thus, po
tential for moisture damage is logical. 

Attitudes regarding the importance of residual moisture 
change. Information from a Highway Research Board con
ference held in January 1974 on moisture restrictions in hot
mix plant operations is contained elsewhere (6) . This was 
during the time when drum mix plants were being introduced 

TABLE 1 MOISTURE CONTENTS OF FIELD MIXES 

Mix Pug Mill 

A 0.08% 

D 0.20% 

F 0.57% 
0.41% 
0.39% 

F '0.58% 
0.26% 
0.30% 

F 0.35% 
0.48% 

G 0.03% 
0.05% 

H 0.39% 

0.25% 
0.30% 

Spreader 

0.07% 

0.21% 
0.23% 

0.03% 

Comments 

Summer, Hot & Dry 

Fall, Cool 

Spring, Cool & Rainy, 8:30 a.m. 
" 2:00 p.m. 

4:00 p.m. 

Summer, ~ot & Dry 

Fall, Cool & Rainy 

Fall, Cool,:I'< Rainy 

8:30 a.m. 
11:20 a.m. 
1:30 p.m. 

9:00 a.m. 
10:25 a.m. 
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into the hot-mix paving industry, and higher residual moisture 
contents and lower temperatures were the focus of the con
ference. In response to increased use of drum mix plants, 
some states, including Alabama, changed specifications lim
iting residual moisture. Higher residual moisture contents were 
permitted for mix from drum mix plants than for mix from 
batch plants. There appears to have been a reversal in this 
trend with consistent moisture content requirements that are 
independent of plant type. Current FHWA recommendations 
(7) are a maximum of 0.5 percent moisture measured behind 
the paver. 

The most damaging aspect of incomplete aggregate drying 
is probably the release of steam or water vapor after mixing 
to the completion of rolling. There are three consequences 
of the escaping vapor, and each has the potential for adversely 
affecting bond and causing moisture damage. 

1. Energy expended liberating the residual moisture will 
result in heat loss and a lower mixing temperature . At a lower 
mixing temperature the asphalt viscosity increases and re
duces its wetting power or ability to coat and penetrate into 
the aggregate. 

2. Escaping steam also impedes the asphalt from bonding 
with the aggregate particles. Some aggregates have a greater 
affinity for water than for asphalt. Moisture emerging from 
the internal pores displaces the asphalt film at the aggregate 
surface, forming a water layer around the particle and pre
venting the asphalt from achieving intimate contact with the 
particle surface. This leaves the asphalt coating unbound to 
the aggregate and vulnerable to stripping. 

3. As the mix cools, steam continuing to emerge from the 
internal pores of the aggregates will cause ruptures or blisters 
in the asphalt coating. A rupture in the asphalt film then 
provides an avenue for external water to enter between the 
asphalt film and aggregate surface. 

Healing will probably partially mitigate the detrimental 
consequences of residual moisture. It has been shown that 
strength and stiffness of compacted specimens recover as in
troduced moisture is removed (8,9). Conditions in hot un
compacted mix where residual moisture is present are cer
tainly different from conditions in compacted mix where external 
moisture is introduced. However, data presented later indi
cate that some healing may take place as residual moisture is 
removed during mix storage and transport. The data indicate 
that, in all but one case, field samples had higher strengths 
and retained strength ratios than laboratory samples that were 
compacted and cooling initiated immediately after mixing. 

STRIPPING TESTING 

To measure the effect of residual moisture on stripping, six 
mixes were evaluated by the wet-dry indirect tensile strength 
stripping test. Two mixes (A and J) contain 90 percent do
lomitic limestone and are generally considered nonstripping 
mixes. The remaining four mixes (F, G, H, and I) contain 
siliceous sand and gravel as the dominant aggregate type and 
are rated from moderate to severe strippers on the basis of 
past field performance. Mixes H and I are surface course 
mixes; all other mixes are base or base/binder mixes . The 
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aggregates for Mixes F, H, and I are from the northwestern 
part of Alabama and have a history of stripping problems. 
The aggregates for Mix G are from the southwestern part of 
Alabama and have a reputation for only moderate stripping 
problems. 

Three methods were used to prepare specimens for indirect 
tensile testing: (a) field compacted plant mix, (b) laboratory 
compacted-laboratory fabricated mix (standard method), and 
(c) laboratory compacted-laboratory fabricated mix using an 
alternative method of aggregate heating (modified method) . 
These preparation procedures are described in more detail in 
the following paragraphs. 

The Tunnicliff-Root (1) procedure for conditioning and 
testing of specimens was used. Specimens were compacted to 
6 to 8 percent voids, saturated to 60 to 80 percent, soaked 24 
hr at 140° and 3 hr at 77°F, and tested at 77°F with 2 in./min 
loading. 

Field Compacted Plant Mix 

Hot mix was sampled from loaded trucks. Approximately 50 
lb of hot mix was obtained and placed in a closed insulated 
box to minimize heat and moisture loss. The initial temper
ature of the sample varied from plant to plant between 275°F 
and 325°F. The hot mix was immediately taken into the field 
laboratory where samples were quickly measured into heated 
molds and compacted to 6 to 8 percent voids by an automatic 
Marshall hammer. The number of blows required to achieve 
the proper void content was determined by trial and error for 
each mix. Typically, 6 to 12 specimens could be compacted 
before the mix cooled below an acceptable level (a drop of 
30°F from initial temperature was considered unacceptable). 
A sample of hot mix was also dried in a microwave oven for 
moisture content determination. When the molds could be 
handled, specimens were extracted and sealed individually in 
plastic wrap to prevent loss of moisture. At least two sets of 
six specimens were compacted for each mix, except Mix J, 
which was not sampled during construction. All specimens 
were transported to the laboratory, where conditioning and 
testing were completed within 2 days. 

Laboratory Fabricated Mix (Standard Method) 

Component aggregates were sampled from stockpiles and as
phalt cement was secured at each plant during field sampling 
trips to produce corresponding laboratory specimens. The 
method for specimen preparation generally followed the pro
cedure in ASTM D 1559. Stockpile samples of aggregates 
were combined in specified percentages and sieved to produce 
eight uniform size fractions ( + 3

/4 in. to #200 sieve). The 
fractions were recombined into individual samples to meet 
the job mix gradation. Aggregate samples were preheated to 
325°F for 16 hr, then mechanically mixed with asphalt cement 
at 300°F for 3 min. The mix was then placed into heated molds, 
tamped with a spatula, and compacted with an automatic 
Marshall hammer to produce 6 to 8 percent voids in the com
pacted specimen. At least six compacted specimens were made 
for each mix . 
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Laboratory Fabricated Mix (Modified Method) 

The following method was used to prepare specimens with 
aggregates containing residual moisture to simulate field mixes 
with incompletely dried aggregates . This general method was 
first used by Western Laboratories in their efforts to study 
instability of "wet" mixes (JO). 

For each set of specimens, sampled stockpile aggregates 
were combined according to job mix proportions. Aggregates 
were graded by size over eight sieves to the specified per
centages. The aggregates for the entire set were then split at 
the No . 4 sieve into a coarse portion and a fine portion. The 
coarse aggregate portion ( + #4 sieve) was placed in a can 
filled with tap water and set in a water bath at 140°F overnight. 
This soaking period allowed the coarse aggregate to achieve 
saturation and served as a warm-up phase in the heating pro
cess. The fine aggregates were combined in another can and 
placed in a convection oven at 425°F overnight. 

At the end of the soaking period, the saturated coarse 
aggregate and water were emptied into a 6-quart pressure 
cooker. Hot water was added, as required, to cover all ag
gregates. The pressure cooker and contents were heated on a 

TRANSPORTATION RESEA RCH RECORD 1337 

hot plate at 15 psi until the rocker valve began to release pres
sure. Typically, this phase took 30 min. Meanwhile , asphalt 
cement, standard 4-in. compaction molds, and a large mixing 
bowl were heated to 300°F. When the coarse aggregate had 
reached pressure, the fine aggregate and asphalt cement were 
combined in the mixing bowl. Pressure on the cooker was 
released, and the coarse aggregate was drained. Once the water 
had drained, the aggregate surfaces dried quickly, and the 
coarse aggregate was added to the mixing bowl. Mixing was 
accomplished by a large mixer until all particles were coated. 

The mixture was then divided into four molds and a mois
ture content dish. The moisture content sample was imme
diately weighed and placed in the microwave oven. Two molds 
were covered while the other two specimens were compacted 
simultaneously with a twin hammer automatic Marshall com
pactor. The covered samples were compacted immediately 
after the first pair was completed. The moisture content of 
the mix achieved by this procedure depended on the absorp
tion of the coarse aggregate and the length of time the ag
gregate was allowed to drain. It was difficult to achieve a 
specific moisture content , but variations were obtained by 
adjusting the time between draining and mixing. 

TABLE 2 SUMMARY OF INDIRECT TENSILE AND BOIL 
TEST DATA 

Mix M.C. \bids Sat. U.C. Str. C. Str. TSR 
(%) (%) (%) (psi) (psi) (%) 

A-Lab 0 7.3 75 109.4 34.2 31.3 
0.18 7.8 68 68.5 32.8 47.9 
0.44 7.4 78 83.5 42.5 50.9 
0.54 7.6 68 74.6 47.9 64.9 
0.46 8.3* 70 78.l 36.9 47.2 

A-Field 0.08 7.4 78 134.5 84.1 62.5 
F-Lab 0 7.6 68 125.7 88.4 70.3 

0.21 7.1 69 110.1 35.7 32.4 
0.66 7.1 70 101.6 43.0 42.3 
0.90 10.7* 79 78.8 25.6 22.8 . 
1.50 8.6* 79 86.6 34.3 39.6 

F-Field 0.58 7.8 69 117.6 74.5 63.4 
0.30 9.7* 79 120.1 68.5 57 .1 
0.30 8.8* 73 134.0 79.1 59.0 

G-Lab 0 6.2 71 137.1 77 .7 56.7 
0.20 8.1 * 66 124.4 72.7 54.1 
0.40 8.4* 78 88.4 47.2 53.4 
0.45 7.2 76 124.7 49 .6 40.0 
0.75 8.5* 67 110.3 46.7 42.3 

G-Field 0.05 6.6 78 121.3 65.2 53.8 
0.03 5.9* 75 108.3 59.4 54.8 

H-Lab 0 7.7 76 77.8 43 .8 56.3 
0.42 7.7 70 91.6 37.2 40.6 
0.43 6.7 70 106.9 42.8 40.0 
0.48 7.5 80 88.4 27 .6 31.3 

H-Field 0.39 7.0 72 104.5 85.8 81.8 
1-Lab 0 6.2 73 205.8 129.6 63.0 

0.27 7.9 77 137.4 77.2 56.2 
0.54 8.2* 67 120.2 78 .5 65 .3 
0.70 7.4 76 158.1 63.6 40.2 

I-Field 0.25 5.3* 82 268.2 169.2 63.1 
J-Lab 0 7.2 79 0 0 
(Set I)• 0.19 7.1 74 80.9 14.9 18.4 

0.32 6.3 68 72.3 27.0 37.3 
0.40 6.6 76 72.1 23.5 32.7 

J-Lab 0 6.3 75 127.9 13.0 10.2 
(Set 2)• 0.17 6.9 76 115.9 16.6 14.3 

0.24 6.8 71 121.6 17.3 14.3 
0.38 6.8 70 112.0 33.1 29.5 

•voids * 6-8% •Set I & Set 2 with different sources of AC20 
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WET-DRY INDIRECT TENSILE STRENGTH 
RESULTS 

Indirect tensile test results for all six mixes are given in Table 
2. Included are results from field mixes and laboratory mixes 
prepared with the standard method and the modified method. 
Each row contains average moisture content, voids, and per
cent saturation for sets of six samples. Unconditioned and 
conditioned strengths are averages for sets of three samples 
each, and the tensile strength ratios (TSRs) are ratios of the 
tensile strengths. 

Dolomitic Limestone Mixes (A and J) 

The data in Table 2 indicate that the TSRs are low for the 
limestone mixes prepared by the standard method (A = 31.3 
and 55.4 percent, J = 0 and 10.2 percent), which is contrary 
to the reported field performance . These values are, however, 
consistent with results from tests by Parker and Gharaybeh 
(3). Others have also reported low strength and TSR values 
with limestone mixes (11). 

For Mix A, field samples had higher strengths and retained 
strength ratios than standard laboratory prepared samples. 
Samples that contained reclaimed asphalt pavement also had 
higher strengths and TSRs than the mix with 100 percent 
virgin aggregate and asphalt. 

To study the effects of residual moisture, the data from 
Table 2 were plotted in Figures 2 through 4. These figures 
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show unconditioned strength, conditioned strength, and TSR 
versus mix moisture content. Straight lines were fit to the data 
using least squares criteria. 

Figure 2, which is a plot of laboratory data for Mix A, 
shows, unexpectedly, that TSR increases with increasing 
moisture content. Similar data for Mix J, shown in Figure 3, 
indicate the same trend. In both cases, the strength of the 
unconditioned samples dropped as moisture content in
creased, whereas the conditioned samples increased in strength 
with higher moisture contents. The coefficients of determi
nation (r2

) indicate good correlations between TSR and mois
ture content, with values ranging from 0.88 for Mix A to 0.81 
for Mix J. 

Two sources of asphalt cement were used to prepare Mix 
J. Considered independently the same trends were demon
strated as shown in Figure 3 for the combined data. The 
following relationships were obtained for Sets 1 and 2, re
spectively. 

TSR(%) = 1.2 + 9.18 (%moisture) 

r 2 = 0.91 (1) 

TSR(%) = 7.6 + 47.9 (%moisture) 

r 2 = 0.79 (2) 

When laboratory data for Mixes A and J are combined and 
field data included in Figure 4, the strength of the correlations, 
as expected, is reduced. However, the nature of the trends 
for all three variables remains the same (i.e., conditioned 
strength increases, unconditioned strength decreases, and TSR 
increases as residual moisture increases). 

The reasons why residual aggregate moisture in the dolom
itic limestones produces asphalt-aggregate bonds that are more 
resistant to the detrimental effects of water are not known. 
However, the evidence, increasing TSR and conditioned 
strength for two aggregate and three asphalt cement sources, 
strongly suggests that the observed trends are real. The ex
planation is likely a surface chemistry phenomenon resulting 
from unusual chemical composition or crystal structure, or 
both. Both limestones are quite dense (apparent specific grav
ities greater than 2.8) and have relatively low absorptions. 
Complete drying, as in standard laboratory mix preparation, 
produces bonds that are somewhat stronger if kept dry, but 
that lose strength dramatically when exposed to water. Con
versely, small amounts of residual aggregate moisture produce 
bonds that are not as strong if kept dry, but that are more 
effective in resisting the detrimental effects of moisture. 

The observed influence of moisture may explain the incon
sistency in observed good field performance and poor per
formance predicted by low TSR. The small amounts of re
sidual moisture in field mixes may produce moisture-resistant 
bonds that are not properly modeled with standard laboratory 
mix preparation procedures. 

However, residual moisture does not provide a complete 
explanation of differences between observed and predicted 
performance. Even with residual moisture, TSR values for 
Mixes A and J are well below widely used criteria of 70 to 
80 percent. In addition, conditioned strengths for Mixes A 
and J are not dramatically different from conditioned strengths 
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of the four siliceous gravel mixes that will be considered in 
the next section. Other factors, including field mixing and 
possibly storage, may also affect field performance. As shown 
in Figure 4, TSR and conditional strengths of the field mix 
are higher than comparable laboratory mixes. 

Siliceous Gravel Mixes (F, G, H, and I) 

TSRs for standard laboratory samples of the gravel mixes are 
slightly higher than expected for moderate to severe strippers. 
TSRs for standard Mixes G, H, and I (56.7, 56.3, and 63.0 
percent) correlate reasonably well with field performance; 
however, the standard sample for Mix F, which had a TSR 
right on the limiting criterion (70.3 percent), is reported to 
be a severe stripper. 

Data for siliceous gravel mixes from standard, modified, 
and field samples are combined in Figures 5 through 8 to 
study the effects of residual moisture on tensile strength re
sults. Although the correlations are not as strong as those for 
limestone mixes, Figures 5 through 8 consistently illustrate 
the destructive effects of moisture on the tensile strength of 
individual gravel mixes. With the exception of Mix H, in
creasing moisture contents result in lower conditioned and 
unconditioned strengths and a decline in TS Rs. Conversely, 
conditioned strength and TSR increased as residual moisture 
increased for the limestone mixes. 

Figure 5 is a plot with all data for Mix F. The r 2 = 0.28 
indicates a weak correlation of TSR with residual moisture 
content. Field values plot above the regression equation. With 
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only laboratory data the following equation was obtained , 
again indicating a weak correlation: 

TSR(%) = 53.0 - 11.5(% moisture) 

r 2 = 0.21 (3) 

Figure 6 is a plot with all data for Mix G. The r2 0.68 
indicates a fair correlation of TSR with residual moisture 
content. Field values plot slightly below the regression equa
tion. With only laboratory data the following equation was 
obtained, again indicating a fair correlation: 

TSR(%) = 57.1 - 21.6 (%moisture) 

r 2 = 0.64 (4) 

Figure 7 is a plot with all data for Mix H . The r 2 0.10 
indicates no correlation of TSR with residual moisture. How
ever, the field value plots well above the regression equation. 
With only laboratory data the following equation was 
obtained: 

TSR(%) = 56.8 - 44.4 (%moisture) 

r 2 = 0.91 (5) 

This coefficient of determination indicates a strong correlation 
of TSR with residual moisture. However, the sparse, poorly 
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distributed data diminish confidence in the correlation . Nu
merous attempts were made to get a wider distribution of 
residual moisture contents. It was finally concluded that the 
pore structure of the coarse aggregate (absorption = 2.63 
percent) was such that drying and cooling did not occur at 
rates that would permit adequate mixing temperatures for a 
range of moisture contents. 

Figure 8 is a plot with all data for Mix I. The r 2 = 0.38 
indicates only a weak correlation of TSR with residual mois
ture. Again, field values plot above the regression equation. 
With only laboratory data the following equation was ob
tained, again indicating only a weak correlation: 

TSR(%) = 64.5 - 22.0 (% moisture) 

r2 = 0.36 (6) 

When data from Mixes F, G, H, and I were combined, the 
following equation was obtained: 

TSR(%) = 56.8 - 15.1 (% moisture) 

r2 = 0.36 (7) 

Because of differences in materials the correlation is very 
weak, but as was the case for individual mixes, the combined 
data indicate a consistently detrimental effect of residual mois
ture on unconditioned strength, conditioned strength, and 
TSR. 

The strength of the correlations between tensile strength 
and residual moisture , as indicated by the r 2 values, are cer
tainly lower than desirable for the siliceous gravel mixes. 
However, the consistency of the trends for all four mixes 
individually and collectively enhances the credibility of the 
conclusion that residual moisture has a detrimental effect on 
moisture susceptibility. 

The causes or reasons why residual aggregate moisture in 
siliceous gravel is detrimental to the development of strong 
moisture resistant asphalt-aggregate bonds are well estab
lished. It is generally accepted that the mineralogy produces 
acidic surfaces that are hydrophilic in nature and are, thus, 
susceptible to interference of bond development during mix
ing (decreasing unconditioned strength with increasing mois
ture content) and to loss of bond during subsequent exposure 
to moisture (decreasing conditioned strength with increasing 
moisture content) . When these aggregates are completely dry, 
relatively strong bonds develop. Absorption of asphalt into 
pores in the aggregate may also provide mechanical interlock 
and enhance bonding. However, when aggregates are wet , 
absorbed moisture will slow the drying process, and the es
caping steam can be detrimental to bond formation and strip
ping resistance. 

SUMMARY 

The effect of residual moisture on stripping propensity ap
pears to be a function of the mineralogy of the aggregates in 
the mix. Wet-dry indirect tensile test results indicate that 
dolomitic limestone mixes that contain some residual moisture 
have greater resistance to stripping. On the other hand , test 
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results indicate that siliceous gravel mixes are less resistant 
to stripping when they contain residual moisture. 

These responses partly explain why some laboratory strip
ping predictors using well-dried aggregate are not consistent 
with field performance. The effects of residual moisture may 
explain why stripping occurs erratically in asphalt pavements. 
Residual moisture may only be a problem for selected periods 
during construction, which leads to only portions of the road
way susceptible to stripping. Including tests for moisture sus
ceptibility as a routine part of constructon quality control 
procedures will provide a method for identifying such 
conditions. 

CONCLUSIONS AND RECOMMENDATIONS 

Residual moisture in hot mix asphalt is a fact of life when 
aggregate stockpiles are wet. Absorptive coarse aggregates 
are especially difficult to dry by rapid heating as in typical 
production conditions. Standard laboratory preparation of test 
mix samples , however, begins with moisture-free aggregates. 
This difference can be significant when evaluating the mois
ture damage susceptibility of asphalt concrete mixes in the 
laboratory. 

Currently available wet-dry tensile test procedures per
formed during mix design to assess the need for antistripping 
treatment may be conservative for dense dolomitic limestone 
mixes. However, their unusual and unexplained response war
rants a conservative approach until refinements in sample 
preparation methodology permit better simulation of con
struction conditions. 

Current procedures may be unconservative for some sili
ceous gravel mixes. For mix design purposes additional re
search is needed to more clearly differentiate the effects of 
residual moisture and modifications of laboratory sample 
preparation procedures to better simulate construction con
ditions. The potential effects of residual moisture reinforce 
the need for inclusion of moisture susceptibility testing during 
construction as part of the quality control process . 
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Construction of Rut-Resistant Asphalt 
Mixtures 

JIM MuRFEE AND CHARLES W. MANZIONE 

In the last decade, operating tire inflation pressures have risen 
from 250 to 310 psi for fighter aircraft. Because these higher 
pressures bear directly on the pavement surface, the Air Force 
has begun to question whether asphalt mixtures are appropriate 
for fighter aircraft taxiways. Accelerated full-scale traffic of sim
ulated F-15C/D fighters on flexible and composite test sections 
was studied. Half of the asphalt mixtures used for the test sections 
were designed with Marshall procedures and the balance with 
gyratory. The differences between the plastic behavior of the 
Marshall mixture and the stable performance of the gyratory mix 
were dramatic. The premature rutting of the Marshall mixture 
was caused by excessive asphalt for the applied traffic, which was 
caused by insufficient laboratory compaction during design of the 
mix. It was verified that the design process can ensure resistance 
to rutting of asphalt mixtures by simulating the compaction of 
aircraft in the laboratory with the gyratory testing machine. Heav
ier compaction equipment will be required when the leaner mix
tures needed for modern fighters are placed on airfields. On the 
other hand, gyratory mixtures designed for lower contact pres
sures will be much more easily compacted, since they will have 
more asphalt. The granular layers contributed about two-thirds 
of the total surface rutting in all the flexible test sections, Marshall 
and gyratory. 

For a decade, the deteriorating condition of America's infra
structure has been depicted as a national problem in the news 
media. Increasingly, concern relates to erosion of highway 
safety and operating economy due to surface rutting under 
truck traffic. Operating tire inflaction pressures have risen 
from 80 to 120 psi for trucks during this period. Rutting of 
military airfield surfaces has been a problem for half a century. 
Although relatively light, fighter aircraft usually carry 90 per
cent of their total weight on a pair of single wheels. As the 
weights of these aircraft increase, the tires are being inflated 
to increasingly higher pressures. In the last decade, operating 
tire inflation pressures have risen from 250 to 310 psi for 
fighter aircraft. Because these higher pressures bear directly 
on the pavement surface, the Air Force has begun to question 
whether asphalt mixtures are appropriate for fighter aircraft 
taxiways. 

OBJECTIVE 

The Air Force Civil Engineering Support Agency (AFCESA) 
has recently completed accelerated trafficking of test sections 
to study rutting of asphalt pavements under high tire inflation 
pressures found on aircraft such as late-model F-15s and 

Headquarters Air Force Civil Engineering Laboratory, Tyndall Air 
Force Base, Fla. 32403-6001. 

F-16s. Earlier laboratory work (J) had indicated that resis
tance to rutting under these aircraft could be achieved in the 
mix design process. This research sought to validate the earlier 
work by determining whether mix design laboratories can 
achieve the densities produced by these aircraft, the resulting 
leaner mixtures can be compacted in the field, and the com
pacted mixtures can resist rutting under aircraft. 

TEST SECTION DESCRIPTION 

To meet the objectives of this research, the AFCESA pre
pared flexible and composite pavement test sections (Figure 
1) for accelerated aircraft traffic. The flexible sections were 
composed of 4- and 6-in. layers of asphalt concrete pavement 
over 12 in. of aggregate base and local dune sand subgrade. 
The composite sections were 6 in. of asphalt mixture over 12 
in. of portland cement concrete. For the 6-in. sections, a 
2-in. compacted lift was initially placed and compacted. This 
was followed by a tack coat and a final 4-in. compacted lift, 
which also paved the 4-in. sections. All characteristics of the 
surface course reported herein refer to the top 4-in. lift of 
asphalt concrete. 

Characteristics of Granular Layers 

The base course was constructed with 1 in. maximum northern 
Alabama limestone and compacted with a vibrating steel wheel 
roller to 100 percent modified Proctor (ASTM D1557) density 
of 141 pcf as measured by nuclear density gauges. Mean base 
course density was 141.5 pcf, with standard deviation of 2.1 
pcf for 46 locations taken on centerline of proposed traffic. 
Mean sand subgrade density was 100.9 pcf, with standard 
deviation of 4.3 pcf for 33 locations taken on centerline of 
proposed traffic. The 100 percent modified Proctor density 
for this clean unified classification "SP" sand was 97.5 pcf. 

Three random plate bearing values taken from the surface 
of the untrafficked base course averaged 667 pci, correlating 
with over 100 CBR and showing considerable surface strength. 
CB Rs in the sand layer, taken after completion of all traf
ficking, ranged from 18 to 34 percent. The latter was probably 
more representative of the confined condition. 

Characteristics of Asphalt Mixture 

Asphalt samples were taken from the plant tank during pro
duction. The asphalt used was an AC-20 with penetration of 
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57, penetration index of - 0.082, softening point of 128°F, 
kinematic viscosity of 471.8 cSt, and specific gravity of 1.0293. 

The aggregate for the asphalt mixtures was 100 percent 
crushed, well-graded blends of %-in. maximum size Alabama 
limestone for the coarse aggregate and Florida limerock for 
the fine aggregate. The grading of stockpile samples con
formed to that recommended for high-pressure applications 
in Air Force Manual AFM 88-6, Chapter 2, and is designated 
as the "spec band" in Figure 2. 

A typical or representative grading of 17 Marshall and 10 
gyratory samples from the paver, which is also shown in Figure 
2, indicates a surplus in the minus #200 fraction, or dust 
smaller than 0.074 mm. Plant hot bin sample sieve analyses 
showed that most of it was produced while manufacturing the 
asphalt mixture in the 4-ton batch plant. This excess dust was 
reduced as much as possible by adjusting the hot bin pro
portions to get the representative grading shown. The Mar
shall and gyratory sections were placed with an average of 
9.5 and 10.5 percent mineral dust, respectively. This is 50 
percent more than the 6 percent maximum allowed in the 
DOD criteria. 

Half of the asphalt mixtures used on the subject test sections 
were designed, following the procedures of ASTM D 3387, 
with the gyratory testing machine (GTM) developed by John 
McRae at the Corps of Engineers' Waterways Experiment 
Station. The gyratory design for these test sections was ac
complished with compaction pressure of 300 psi, an angle of 
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mixtures. 
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gyration of 1 degree, and a gyratory stability index (GSI) 
determined from stabilities after 30 and 60 revolutions. The 
widely used 75-blow Marshall method (Military Standard 620A, 
Method 100) was used to design the balance of test section 
mixtures. 

Regardless of the design procedure used to select the binder 
content, both mixtures were subsequently checked against 
voids criteria commonly used with the Marshall procedure. 
Figures 3 through 7 describe the characteristics of the con
structed mat in terms of these Marshall parameters for the 
top 4 in. of asphalt pavement. Whereas Marshall stability, air 
voids content, voids filled with asphalt, and, to a lesser extent, 
flow clearly differentiated between the Marshall and gyratory 
sections, voids in the mineral aggregate (VMA) were more 
similar. The gyratory sections received approximately 25 per
cent more rolling than did the Marshall sections; this was 
apparently sufficient to drive the gyratory VMA readings down 
to those of the better-lubricated Marshall mixture. 

Characteristics of the Traffic 

Traffic was applied while the temperature 3 in. deep in the 
asphalt ranged between 95°F and 130°F. The mean temper
ature at this depth during traffic was 104°F. These test sections 
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were trafficked with fighter aircraft wheel loadings of 29,600 
and 19,000 lb having tire inflation pressures of 355 and 195 
psi, respectively . The two loadings, which were intended to 
simulate fully loaded and unloaded F-15C/D fighter aircraft, 
were applied, back and forth, in a normal distribution across 
to the centerline. The number of actual applications of any 
portion of the load wheel over the centerline of the peak of 
the rut was typically 25 percent of the total traffic. 

The speed, transverse and longitudinal location, and dy
namic loading of the traffic were recorded for each pass of 
traffic . The aircraft and environment loadings that were mea
sured in this test are characterized in considerable detail in 
other papers (2,3) . The forward and reverse speeds of the 
fully loaded loadcart averaged 13 and 9 mph, respectively. 
Only the results of this fully loaded F-15 traffic are presented 
in this paper . 

MATCHING LABORATORY COMPACTION TO 
THE TRAFFIC 

Plastic behavior of the asphalt mixture under traffic can be 
predicted in the laboratory only if the compaction effort ap
plied in the laboratory is equal to that of the expected traffic 
(2). Since traffic varies with function of air bases, the labo
ratory compactive effort must be adjustable to the traffic. The 
kneading compaction pressure of the GTM permits the at-

100 
!'·15 Compaction(% TMD) 

99 -

98 -

97 l 
96 -

95 -

94 -

93 -

92 
92 93 94 95 96 

c 
0 

0 

Line of llquality 

97 98 
GTM Compaction(% TMD) 

99 100 

FIGURE 8 Laboratory versus traffic density. 

tainment of proper densities at whatever compactive effort is 
desired . The 75-blow Marshall compaction currently used is 
a hammer impact procedure having a single compactive effort 
that cannot be increased without degrading the aggregate . 

Figure 8 shows the excellent correlation obtained between 
final bulk densities produced by the F-15 traffic and gyratory 
compaction. The data point shown to have lowest density was 
from the end of the test section that was paved initially, after 
which the job mix formula was changed. Although it was not 
representative of the test sections as a whole, this data point 
was included to emphasize how well the GTM density sim
ulated that of the F-15. 

Figure 9 shows the use of two of the parameters in DOD 
mix designs, density and percent voids filled with asphalt (VF). 
The line designated as 85 percent voids filled refers to DOD 
limits for voids filled for absorbent aggregate . Densities of 20 
Marshall and 15 gyratory core samples taken from the test 
sections after traffic are shown as data . When F-15 traffic was 
applied to the AFCESA test sections that were surfaced with 
the 6.4 percent binder mixture required by the Marshall de
sign , the excessive compaction filled the mixture's air voids 
with asphalt. The load-carrying ability of the mix was trans
ferred from the aggregate to the binder; plastic flow of the 
mixture ensued. Even the 5.1 percent asphalt mixture re
quired by the gyratory design was trafficked into the upper 
boundary of criteria limits for VF. These show why the lab-
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FIGURE 9 Final densities under traffic versus criteria. 
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FIGURE 10 Effect of four levels of compaction 
on gyratory mix. 

oratory density that is used to select the binder content of a 
mixture must match that of the traffic. For this particular 
aggregate, any asphalt content more than about 5 percent 
would be too rich and prevent the close packing of aggregate 
required to support the F-15. 

Four levels of compaction of the gyratory mixture are shown 
in Figure 10, those of the two laboratory mix designs, the 
rubber-tire roller (RTR), and the traffic. On the average, 60 
revolutions of the GTM produced laboratory densities equiv
alent to those from 10,350 passes of a loaded F-15. Marshall 
compactions of the same mixture averaged 93 percent theo
retical maximum density (TMD), little more than the con
structed mat density achieved by the RTR. 

Production Effects on Marshall Mixture Compactness 

Experience with Marshall compaction has been that asphalt 
mixtures will rut under traffic if the laboratory compaction 
produces a density higher than 97 percent TMD. Samples of 
this mix were taken from the paver and compacted by Mar
shall hammer into 78 specimens (Figure 11). Ninety percent 
of these compactions had less than 3 percent air voids . Since 
the mix design that was produced from stockpiles of the same 
aggregates provided from 3 to 5 percent voids, something in 
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the manufacture of the mix (production of fines or more ef
ficient mixing, or both) must have increased its susceptibility 
to compaction. 

Because production changed the aggregate grading from 
that originally in the stockpiles, which had been used for both 
Marshall and gyratory mix designs, the mixtures placed as 
test sections were not optimum designs. Therefore, the Mar
shall mixture was redesigned by proportioning the material 
salvaged from the hot bins to produce a grading representative 
of the test section materials . 

The new mix design, using the as-constructed grading, pro
duced an optimum binder content of 5.8 percent. A glance 
at Figure 9 shows that this mixture would have been only a 
marginal improvement over the 6.4 percent binder, because 
F-15 traffic would have produced too much compaction to 
perform satisfactorily for any mixture of this aggregate with 
more than about 5 percent binder. These higher density mixes 
require a lower asphalt content. Otherwise, there will not be 
enough room for the asphalt when the air voids are reduced 
by traffic. The pore pressures that will develop under traffic 
will shove the aggregate apart . It is probable that the excess 
dust in this mix helped fill the air voids and to some degree 
increased the ease with which this mix could be compacted. 
However, the asphalt content of the Marshall mixture would 
have been too much for F-15 traffic, even without the added 
problem of excess dust. The Marshall compactive effort is too 
low to produce densities in the laboratory consistent with 
those produced in the field by the F-15 effect on the gyratory 
mix. 

Production Effects on Gyratory Mixture Compactness 

Samples of the gyratory mix were taken from the paver and 
compacted by GTM into 74 specimens (Figure 11). Sixty
seven percent of these compactions had less than 3 percent 
air voids; their average GSI was 1.057. Although these data 
indicated that the gyratory mix might rut, cores taken after 
10,350 passes of traffic averaged 2.81 percent Rice voids, and 
there was little evidence of plastic flow. In fact, Figure 12 
shows that densification of the gyratory mix was essentially 
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FIGURE 11 Voids of laboratory-compacted paver samples. 
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FIGURE 12 Densification under traffic. 

leveling off after 10,000 passes, indicating that this mix might 
continue to carry the traffic. The performance of these sec
tions challenges the premise that mix laboratory density can
not exceed 97 percent TMD. 

FIELD COMPACTION OF THE MIX 

The asphalt mixture was placed at temperatures between 
260°F and 280°F and compacted between 250°F and 270°F. 
After breakdown with a static steel wheel roller, both the 
Marshall and the gyratory mixes were rolled with a conven
tional 6,000-lb-per-wheel, seven-wheel, sand-filled RTR until 
their densities peaked, as determined by nuclear meter mea
surements. Approximately 20 to 25 percent more rolling was 
required for the gyratory sections to reach peak density than 
for the Marshall sections. The latter were paved and rolled 
on the same day and with the same equipment as the gyratory 
sections. Densities of the joints were not monitored during 
this study. 

Gyratory Sections 

During and immediately following construction of the gyra
tory test sections, 15 samples that were taken from the paver 
were reheated and compacted in the laboratory; densities are 
plotted in Figure 13. Following compaction with the RTR, 
the densities of 56 cores were taken from the same locations 
as the paver samples and are also plotted in Figure 13. In this 
chart, the area defined as acceptable voids filled is labeled 
"VF Criteria." The DOD applies pay penalties for insufficient 
compaction when voids exceed 7 percent. Though marginal 
on the whole, it is obvious from Figure 13 that field compac
tion of the gyratory test section mixture was insufficient by 
current DOD standards. In fact, one-half of the initial mat 
cores from the gyratory mix had more than 7 percent voids. 

On the average, the RTR achieved 1.03 pcf greater density 
of gyratory asphalt mixture over concrete than over granular 
base course. The difference was significant at 95 percent con
fidence levels for the gyratory mix, but not for the Marshall 
mix, where the difference was only 0.34 pcf. 

Marshall Sections 

The Marshall designed sections were constructed to an av
erage of 96.0 percent TMD. For cores taken before traffic, 
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FIGURE 13 Laboratory versus initial field bulk densities of 
the gyratory mix. 

6 

the densities for 12 percent exceeded 97 percent TMD (Figure 
3). The air voids in these locations within the Marshall sections 
were almost filled with asphalt at the start of traffic, and the 
mix probably began plastic deformation right away, leading 
to rapid failure. 

RUTTING PERFORMANCE OF MIXTURES 

Damage Parameters 

The surface profile parameters used to quantify damage under 
traffic were obtained with a Rainhart profilometer. Only the 
true rut depth, which is the greatest measured displacement 
of the trafficked surface from its original elevation, will be 
discussed in this report. Readers interested in detailed mea
surements and variations of other rutting parameters are re
ferred to the Air Force technical report (3). 

Measurements of Surface Rutting 

Figure 14 shows the entire range of rut measurements taken 
after 2,324 passes of the simulated F-15 for each of the six 
test sections. Since each plot comprises the true rut depths 
from 50 to 75 profiles at different locations on each test sec
tion, considerable variability is displayed. 

The plots show most clearly that the flexible pavement 
surfaces rutted much more than did the composite surfaces. 
Such rutting in the flexible sections, even in the gyratory 
flexible sections, is classified as severe and unsuitable for 
normal military operations. The difference was much greater 
for Marshall than gyratory asphalt mixtures. All this implies 
that most of the rutting occurred in the granular layers and 
there was more granular layer rutting in the Marshall sections. 
The stiffer gyratory mix apparently protected its underlay
ment more than did the Marshall mixture. On the average, 
the granular layers contributed more than two-thirds of the 
surface rutting for both the Marshall and gyratory mixture 
flexible test sections. 

The differential rutting between 4- and 6-in. surfaces is also 
clear from Figure 14. Traffic over the 4-in. Marshall test sec-
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FIGURE 14 Means and ranges of surface rutting after 2,324 passes. 

tion had to be stopped at this point; the load tire could not 
stand up to the rubbing of its sidewalls against the shoulders 
of the ruts in the plastic mixture. 

Finally, the superior performance of the gyratory mixture 
can be seen by comparing the composite sections, where the 
base course rutting was not a factor. This is even more ap
parent in Figure 15, where the mean rut ± 2 standard de
viations are displayed for a different number of profiles within 
each composite test section after 5 ,817 passes. These are the 
last available data from any of the Marshall sections; they 
show the dramatic differences between the plastic behavior 
of the Marshall and gyratory mixtures. 

o.5~-----------------. 

0.4 

0.3 

0.2 

Mershllll SteUons 192-304 ft 

e: 0.1 

~ ::: l--~ ....... -?..:.,,.,,,~::~ .. -5' ~ .. _ 

-0.3 

-0.4 

-0.5 1,--.-~--r---~--.---..-----....,I 
63 64 65 66 67 68 69 70 71 72 73 

Transverse Position (ft) 
o.sr------ ------------. 
0.4 

0.3 

0.2 

Gyratory Stations 326-334 ft 

e: 0.1 

~ ::: , ___ _,, ... , ______ .,..~- Me~n for n=5·'-
-0.3 

-0.4 

-0.5 --.--.---.----~--.---..---.--..----
63 64 ~ 66 u 68 69 m n n n 

Transverse PosHlon (ft) 

FIGURE 15 Surface rutting ± 2 SDs after 5,817 
passes over composite sections. 

CONCLUSIONS AND RECOMMENDATIONS 

Laboratory Simulation of Traffic Compaction 

The premature rutting of the Marshall mixture was caused by 
excessive asphalt for the traffic applied due to insufficient 
laboratory compaction, exacerbated by dust produced when 
the fine fraction of aggregate degraded in the dryer. The 
gyratory designed mix remained stable to F-15 traffic through
out the test period and was not seriously affected by manu
factured dust. In the design of asphalt mixtures for fighter 
traffic, the density from laboratory compaction must match 
that produced by field compaction. Only in this way can de
signers be confident that the correct amount of asphalt is 
chosen and that a mix so designed will not rut. Both the high 
pressures required by modern aircraft and flexibility to match 
their very different contact pressure levels exceed the limits 
of the Marshall method, but not that of the gyratory 
procedure. 

Field Compaction of the Gyratory Mixture Was 
Insufficient 

DOD and many state highway departments require mat den
sity compaction of at least 93 and 92 percent TMD, respec
tively. These requirements ensure that newly compacted 
pavements are impermeable to resist oxidation of the asphalt 
and moisture damage. Target construction density should be 
about 94 percent TMD to ensure that these densities are achieved 
over the mat (4). Obviously, gyratory mixtures designed for 
lower contact pressures than those employed in the test would 
have had more asphalt and would have been much easier to 
compact. 

In order to support modern fighters, however, mixtures will 
have to be leaner and more difficult to compact. Heavier 
compaction equipment will be required when mixtures such 
as the one used for these gyratory test sections are placed on 
an airfield . Comparison of Marshall and RTR data in Figure 
10 shows dramatically how industry has developed construe-
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tion equipment to achieve the Marshall compaction level and 
where it needs to be for the gyratory/fighter traffic level. 

Asphalt Mixtures Can Be Designed To Resist Rutting 

At this writing, work to explain large amounts of rutting in 
the base course and subgrade had just begun. Therefore, 
remedies will be proposed in later papers. As for the surface 
course, the gyratory mixture performed superbly and did not 
rut under the most severe loadings of the aviation industry. 
Conversely, rutting of test sections designed with Marshall 
compaction was plastic failure from the start. Only when agen
cies step out and specify gyratory design procedures will con
tractors adjust their compaction equipment to the levels re
quired to compact gyratory designed mixtures. Such steps will 
be necessary if America's military and civilian infrastructures 
are to be maintained. 
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Asphalt Technology for Hot In-Place 
Surf ace Recycling 

JOHN J. EMERY AND MASAHISA TERAO 

The heat reforming process for hot, in-place rehabilitation of 
deteriorated asphalt pavements consists of a heating system (up 
to three liquid propane gas infrared preheaters), which can ef
fectively heat to a depth of 50 mm, and a reforming system (re
form, remix, and repave options), which can readily improve the 
pavement quality through rejuvenation or place a new surface 
course, from very thin to 50 mm in thickness, in one pass. The 
main asphalt technology aspects of the heat reforming process 
can be summarized as determining the overall suitability of the 
aged, cracked, and rutted pavement for processing (must be struc
turally adequate for instance); testing the existing pavement to 
determine the necessary rejuvenator application rate (asphalt ce
ment content, recovered penetration/viscosity, etc.); and moni
toring the quality of the in-place, hot recycled mix and any new 
mix during and after processing, including surface tolerance. No 
problems have been encountered in meeting softening specifi
cations for aged pavements. The heat reforming process has also 
been extended to effectively treat asphalt pavements with prob
lems such as severe flushing and low in situ air voids. The key 
requirements for cost-effective, technically sound, hot, in-place 
rehabilitation are described through heat reforming process proj
ect experience and the associated asphalt technology. 

The objective of in-place, hot asphalt pavement surface re
cycling (hot, in-place surface recycling) is to restore the ex
isting aged, cracked, worn or rutted surface course to the 
same quality as a new hot-mix overlay (1-4) in a cost-effective 
manner. Pavements generally suitable for such hot, in-place 
recycling have adequate structural performance (no structural 
defects beyond localized areas that can be repaired) without 
prior treatments (surface treatment, rubberized asphalt, epoxy 
patching, etc.) that may preclude recycling, unless removed 
first (by milling for instance). Over the past 10 years, mainly 
as a result of surface rehabilitation equipment and technology 
developments in Europe and Japan, the process has evolved 
from simple heater scarification to hot, in-place surface re
cycling with rejuvenation, and new hot-mix overlay placement 
in one pass, capabilities. The focus of this paper is the heat 
reforming process (HRP-5, capable of heater scarification, 
addition of new material and rejuvenator, remixing, and si
multaneously placing a new overlay; and HRP-6, same as 
HRP-5 but without integral overlay capability) for hot, in
place surface rehabilitation (reform, remix, and repave op
tions), based on experience gained with North American high
way and airport projects since 1987 (5). The key requirements 
for successful hot, in-place rehabilitation, including remedia
tion of problems such as severe flushing, are described through 

J. J. Emery, John Emery Geotechnical Engineering Limited, Downs
view, Ontario, Canada. M. Terao, Taisei Road Construction Co., 
Ltd., Tokyo, Japan. 

direct project experience and the associated asphalt 
technology. 

HEAT REFORMING PROCESS 

The heat reforming process [HRP-5 and HRP-6 (there are 
several comparable systems)], as shown in operation (HRP-
5) and schematically in Figure 1, typically consists of a liquid 
propane gas (LPG) infrared heating system (up to three pre
heaters with up to 5.58 million kcal/hr total heating capacity) 
that can effectively heat to a depth of 50 mm and a reforming 
system that can apply additional heat (up to 616,000 kcal/hr), 

GENERAL VIEW OF HEAT REFORMING PROCESS CHRP-5) AT SPOKANE INTERNATIONAL 
AIRPORT SHOWING THE TWO PREHEATERS AND REFORMER. The pre-mtll ed (75 mn) 
keel section involved heater scar1fication/rejuvenat1on (50 1111) with new 
surface course placement (50 mn) in one pass (Remix-Repave Opt lon) [6]. 

Preheater 
LPG Infrared Heating System 

~~e t~Pg0 i ~r~~e~e~~~t i~g a s{~~~r f~!~ ~:~~e~~~u~~i ~; i~~u~g~~g~~g~~~ t t~!vement 
asphalt. 

New mix can go here or to rear screed. 

-
Load of New Hot Mix Reformer Compaction 

Reform, Remix and Repave System 

The reforming system can apJ?lY additional heat, scarify to re~u1red depth, 

~~~e~}~ e~~~d n~~a~~i~~i~f t~e~~j~~=~~~~dm~; dr~~~v(~=~~~d i~1~e~~ a~jia~f~):~e 
an overlay from very thin (- 10 mm) up to 50 mm. 

FIGURE 1 Equipment involved in heat reforming process 
(HRP-5) for one pass, hot, in-place asphalt pavement surface 
rehabilitation (2). 
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add rejuvenator, mix rejuvenator into the old mix, add new 
mix, and place a new hot-mix overlay [from very thin (about 
10 mm) to 50 mm in thickness] in one pass. This overlay is 
well bonded to, and acts monolithically with, the rejuvenated 
old mix, as compared with conventional overlays. These com
ponents, and related features, are also shown in Figures 2 
and 3. There are four basic heat reforming process options, 
as described in more detail in following sections; 

•Reform option-heating, scarification, levelling, repro
filing, and compaction; 

•Remix option-heating, scarification, rejuvenator, mix
ing (and/or new hot mix/mixing), levelling, reprofiling, and 
compaction; 

•Repave option-heating, scarification, levelling, laying 
new hot mix, reprofiling, and compaction; and 

•Remix-repave option-heating, scarification, rejuvena
tor, mixing, levelling, laying new hot mix, reprofiling, and 
compaction. 

Because the reform and remix options do not involve the 
one pass laying of a new hot-mix overlay, a smaller simpler 
heat reforming process (HRP-6) without overlay capability 
has also been developed, as shown on highway and airport 
projects in Figures 4 and 5 (9, 10). To minimize the number 
of stops for LPG tank refilling, preheaters with a full shift 
LPG tank capacity are now being used, as shown for the 
preheaters in Figure 4. 

PROJECT STEPS AND ASSOCIATED ASPHALT 
TECHNOLOGY 

The steps in a typical heat reforming process project and the 
important related asphalt technology aspects are given in a 
series of tables covering general steps (Table 1), preliminary 
pavement evaluation and applicability of the process (Table 
2), detailed pavement evaluation (Table 3), selection of op
tion (Table 4), and quality control (Table 5) (1-4). It is im
portant that the procedures given in Table l, from preliminary 
pavement evaluation through completion of the heat reform
ing project , be followed step by step, with reference to the 

FIGURE 2 Heat reforming process (HRP-5) on Ontario 
Highway 5/24, showing reformer (40 mm with rejuvenation, 
remix option) (7). 
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FIGURE 3 Reformer with rejuvenator tank and metering 
(top); scarifier, rejuvenator sprays, first mixer, controls, and 
second mixer (from left to right between the wheels). The first 
mixer blends the rejuvenator into the old mix and can also mill 
to ensure the required depth of scarification. 

FIGURE 4 Heat reforming process (HRP-6) on British 
Columbia Highway 1 near Langley (40 mm without 
rejuvenation, reform option) (8). 

FIGURE 5 Heat reforming process (HRP-6) on Runway 15-33 
at Prince George Airport (50 mm with rejuvenation, remix 
option) (9,10). 
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TABLE I GENERAL STEPS IN A HEAT REFORMING PROCESS 
PROJECT (2) 

STEP FURTHER DETAILS C<MIENTS 

1. Preliminary Table 2 Mainly to determine if 
Pavement pavement structure is 
Evaluation adequate. 

2. Applicability Table 2 If Heat Reforming Process 

~ not applicable, develop 
alternative rehabilitation/ 

Yes reconstruction method(s}. 

3. Detailed Table 3 Mainly quality and 
Pavement properties of existing 
Evaluation pavement surface course. 

4. Selection of Table 4 Reform, Remix, Repave or 
Heat Reforming Remix-Repave. 
Process Option 

5.a. Remix - Select Figure 6 Major asphalt technology 
Rejuvenator aspects in conjunction 
(Type and with Step 3. 
Application 
Rate}, and/ 
or Design 
New Hot Mix. 

b. Repave - Design 
New Hot-
Mix Overlay. 

6. Completion of 
Heat Reforming 

Table 5 Quality control important. 

Process Project 

Note: It is assumed that the appropriate specification preparation, 
tendering, quality control, etc. have been incorporated in the 
steps, as required. 

supplementary information in Tables 2 to 5 as necessary. For 
instance, the preliminary pavement evaluation (Step 1, Table 
1) must be of sufficient scope (Table 2) for the agency to be 
able to make a decision on the applicability of the heat re
forming process (Step 2, Table 1) on the basis of pavement 
structure adequacy, any potential problems with prior treat
ments, and.cost relative to other possible pavement rehabil
itation strategies (milling and hot-mix plant recycling for in
stance). Any special features, such as severe flushing, can also 
be considered at this time. If the heat reforming process is 
applicable, then the detailed pavement evaluation informa
tion (Step 3, Table 1), developed as outlined in Table 3, is 
required for the selection of the heat reforming process option 
(Step 4, Table 1), and so on. Where there appear to be other 
appropriate rehabilitation strategies available , agencies some
times tender the heat reforming process option selected along 
with alternatives such as milling/hot-mix plant recycling/con
ventional overlay in order to obtain the most cost-effective 
approach. In addition to the asphalt technology aspects de
termined by the detailed pavement evaluation (Table 3) and 
quality control requirements (Table 5), it is necessary to es-

tablish the rejuvenator type and application rate for the proj
ect. This is generally made the responsibility of the contractor, 
along with any necessary hot mix designs, if end result spec
ifications have been adopted. It is also necessary to establish 
the desired recycled mix average and minimum temperatures 
required at the bottom of the scarified depth for proper place
ment and scarification, respectively. 

Laboratory evaluations have been completed on Shell RJO 
Rejuvenator (RR), Witco Cyclogen L Rejuvenator (RC), and 
Sunoco Sundex 790 Rejuvenator (RS) (11,12) that have shown 
RR to meet standard recycling agent requirements (ASTM 
D 4552 for instance) and to be cost-effective. Supportive field 
experience with the RR rejuvenator was obtained in 1987 in 
Ontario (5,7). The Abson method for recovery of asphalt 
cement (ASTM D 1856) requires considerable technician skill 
and experience to obtain reliable recovered penetration/vis
cosity data . For this reason, the proposed ASTM rotavapor 
approach (13) is being evaluated because it can be automated 
and has shown reasonable laboratory and interlaboratory ac
curacy. The selection of RR rejuvenator quantity for softening 
aged asphalt cements, based on laboratory testing of both 
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TABLE 2 PRELIMINARY PAVEMENT EVALUATION
ADEQUACY OF EXISTING PAVEMENT STRUCTURE (1,2) 

ITEM DETAILS REASON 

l. Inventory • class of pavement • work schedule 
Information • ~~vgm~nt ~try~tYr~(a) •applicability of Heat 

Reforming Process 

• pavement history • su~plements detailed 
va uation 

• traffic volume • work schedule 

2. Pavement 
• ~!i~~~ui~ ~~~!~(a) • applicability of heat 

Structure reforming process 
• non-s ructura • selection of heat 

defects atypes and extent) Reforming Process Option 
• localize structural •need for preliminary 

defects localized repairs 

3. Prior • any special treatments or • need for removal (cold 
Treatments materials (surface treat- milling for instance), 

(See Inventory ment, rubberized asphalt, if ~ossible, before 
Also) road markin~s, fabrics, 

epoxy, pate ing, etc.) 
Hea Reforming Process 

4. Geometry • g}~~enfl!~nment and •applicability of Heat 
and Profile Reforming Process 

• sur ace profile • need for preliminary 
(extensive rutting treatment (cold 
and wear)(b) milling for instance~ 

if possible, before eat 
Reforming Process 

5. Miscellaneous • manholes, catch- • work schedule, protection 
basins, utility and potential 
covers, etc. flammable gas counter-

measures 
• adjacent (close) • work schedule and 

plants trees, protective action as 
fla11111ables, etc. necessary 

Notes: a. In genera 1, a pavement with structural defects (i.e. lack of 
structural capacity and/or inadequate base, beyond localized 
defects that can be readily repaired) will not be a suitable 
candidate for the Heat Reforming Process . Pavements with non
structural surface defects (rutting, wearing, cracking, aging, 
poor frictional characteristics, etc.) are suitable candidates 
for the Heat Reforming Process. 

b. Pavement width, alignment and/or gradient improvement requirements, 
or excessive rutting and wear (greater than about 50 mm), may 
preclude the Heat Reforming Process. 
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recovered and artifically aged asphalt cements (11,12), is shown 
in Figure 6 along with an example of its use in terms of 
penetration improvement. By using Figure 6, the RR reju
venator application rate can be developed for any penetration 
or kinematic viscosity requirements. A similar approach can, 
of course, be used for the RC and RS rejuvenators. RR re
juvenator application temperature data (desirable viscosity) 
have also been developed. It is generally advised that the 
lowest suitable RR rejuvenator application temperature be 
used, typically about 70°C to 80°C, to avoid any misting (fu
gitive emissions) during incorporation and mixing. 

data are given in Table 6 that can be used to select this de
sirable minimum temperature. 

The average recycled mix temperature required for satis
factory compaction is in the 105°C to 115°C range at the 
breakdown roller, depending on specific site and ambient 
conditions. Generally, no problems have been experienced 
with achieving specified compaction levels, particularly when 
the repave option is involved. For the scarification of the old 
asphalt concrete to be effective and efficient, specific project 
experience has shown that it is desirable for the minimum 
"bottom" temperature to be the softening point temperature 
for the project recovered asphalt cement before rejuvenation 
(T. Nishikawa, personal communication, Sept. 1988). Ap
proximate penetration, softening point, and absolute viscosity 

PERFORMANCE 

Some specific project experience can be used to outline how 
well "projected" softening of aged asphalt, from the Figure 
6 data, was achieved in the field. It is also of interest to know 
how much damage LPG infrared heating does to an existing 
pavement, which of course requires data from projects where 
rejuvenation was not involved. For a British Columbia reform 
option project (8), the before heat reforming process (HRP-
6) data were an average penetration of 63 dmm, average 
kinematic viscosity (135°C) of 328 mm2/s, and average ab
solute viscosity (60°C) of 212 Pa.s, compared with after re
forming data of an average penetration of 59 dmm, average 
kinematic viscosity (135°C) of 299 mm2/s, and average ab
solute viscosity (60°C) of 247 Pa.s (i.e., within the accuracy 
of testing, there was little damage to the pavement) (A MacNeil, 
personal communication, Sept. 1988). 

For a 1987 heat reforming process (HRP-5) project in On
tario (Figure 2) with the reform option and significant quality 
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TABLE 3 DETAILED PAVEMENT EVALUATION-PROPERTIES OF 
EXISTING SURFACE TO BE CONSIDERED IN DETERMINING 
SUITABILITY FOR HEAT REFORMING PROCESS (1 ,2) 

ITEM DETAILS TYPE OF SURFACE DEFECT(a) 
WEAR RUTTING CRACKING FRICTION 

1. Surface • cracks (types and N N M N 
Condition extent) 

transverse profile M M N R 
• l ongitudi na l 

profile R R N N 

2. Existing • thickness M M M M 
Asphalt • asphalt cement M M M M 
Concrete(b) content (for 
(Usually scarification depth) 
surface • gradation (for M M M M 
course, scarification depth) 
but must • density M M M M 
be at • air voids M M M M 
least to • penetration/viscosity M R M N 
proposed of recovered 
scarifi- asphalt cement 
cation (for scarification 
depth.) depth) 

M - Mandatory R - Recommended N - Not Necessary 

Notes: a. Information to be representative of the pavement section 1nvolved, 
with special areas (spray patching for instance) and localized 
structural distress areas noted. 

b. Typically based on a coring program. Cores to be representative 
of pavement section involved, with additional cores taken as 
necessary for special areas. 

control testing, the RR Rejuvenator application rate was set 
(0.40 l/m2

) to achieve a recovered average penetration of 
about 55 dmm, somewhat above the low end of the ministry 
(MTC, now MTO) specified range of 50 to 80 dmm. The aged 
asphalt cement had an average initial penetration before the 
reform option of 34 dmm, and the average recovered pene
tration after the reform option was 54 dmm, close to the 
"softening" level anticipated (7). [The parallel ministry test
ing indicated that a somewhat lower softening level of 44 dmm 
was achieved, but their data (not ASTM D 1856 method) 
includes tests on control sections without rejuvenator appli
cation (D. Lynch, personal communication, Nov. 1987)) . The 
compaction level achieved(> 98 percent) was satisfactory and 
the Marshall compliance testing was favorable, with the ex
ception of somewhat low air voids. When a rejuvenating agent 
is added to an old mix, the effective binder content in the 
recycled mix increases by about 7 to 10 percent, resulting in 
lower air voids. It is necessary that this impact on field air 
voids be checked and options such as the addition of an un
derasphalted new hot mix or hot sand be considered, as proven 
effective on a number of remix option projects . Regardless, 
from both an economic and overall recycled mix quality view
point, the rejuvenator addition rate should be set as low as 
possible. 

An obvious question at this point is the cost of the heat 
reforming process options compared with conventional hot
mix paving technology. Data on alternative bids, where equiv-

alent quality and pavement modifications have been required, 
show the heat reforming process to be 10 to 20 percent lower 
in cost. As the actual beneficial depth of heater scarification 
extends below the specified nominal depth (i.e., have elevated 
temperature, with some closing of cracks below scarification 
depth, for instance), the actual cost-effectiveness is probably 
better than this level. In addiiton, specific site conditions, and 
particularly ambient conditions (prefer hot, calm days for hot 
in-place recycling) influence the project costs. For instance, 
under good operating conditions, the HRP-5 in the remix (50 
mm)-repave (50 mm) option can achieve up to 1000 m2/hr. 
With street work that involves utility covers or poor ambient 
conditions, or both , this production rate can drop to less than 
500 m2/hr. Regardless, in comparing the costs of alternatives, 
it is important that the quality and pavement modification 
requirements (i.e., end results) be equivalent. In addition, 
the heat reforming process has the public attractions of much 
reduced traffic impact during construction and the recycling 
of pavement materials. 

PROBLEM PAVEMENTS 

Projects recently completed demonstrated methods by which 
the heat reforming process technology can be used to address 
localized asphalt pavement problems such as flushing/bleed
ing, low in situ air voids, and so forth. 
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TABLE 4 HEAT REFORMING PROCESS OPTIONS (2,3) 

PURPOSE(a) OPTION PROCESS 

I. To improve the profile Reform Heating - Scarification -
of surface course HRP-5 Levelling - Reprofiling(c) -
deformed by rutting or or Compaction(d) 
wearing, but in HRP-6 
comparatively unaged 
condition with minor 
cracking (no rejuve-
nator required)(b). 

2. To improve the quality Remix Heating - Scarification -
of old, cracked, aged Rejuvenator - Mixing 
surface course by the and/or 
addition of rejuve- New Hot Mix - Mixing -
nator and/or new hot Levelling - Reprofiling -
mix(e). Compaction 

3. To improve the profile Repave Heating - Scarification -
of surface course Levelling -
severely deformed by Laying New Hot Mix(f) -
rutting or wearing, 
with new hot-mix over-

Reprofiling - Compaction 

lay placed in one 
pass. To improve 
frictional character-
istics. To provide 
some pavement 
strengthening. 

4. Combination of remix Remix- Heating - Scarification -
and repave purposes. Repave Rejuvenator - Mixing -

Levelling -
Laying New Hot Mix -
Reprofiling - Compaction 

Notes: a. Prime purpose given in each case. 

b. Often used prior to hot mix resurfacing (heater scarification). 

c. Standard screed and screed controls. 

d. Standard compaction equipment and procedures. 

e. The composition, gradation and/or asphalt cement content of the 
new hot mix can be adjusted to improve the quality of the old 
mix. 

f. Standard augers and auger controls. 

Severe Flushing/Bleeding 

Variable, moderate to severe flushing/bleeding of wheelpath 
areas (and associated wheel path rutting) developed on several 
relatively high traffic rural roads in southwestern Ontario shortly 
after MC800 hot mix binder course had been placed on the 
existing roadways (14). The flushing/bleeding problems were 
attributed to moisture in the mix that caused both poor coating 
of the coarse aggregate and excessive fluids (moisture and/or 
somewhat high MC800-asphalt cement/cutback-content). 

The recommended remedial action consisted of spreading 
12 to 19 mm of hot (about 180°C) asphalt sand (natural fine 
aggregate) on top of the bleeding areas. This operation was 
followed by thorough in-place remixing of this hot asphalt 
sand with the top 25 mm or so of MC800 binder course, then 
relaying (HRP) and compacting to give a satisfactory im
proved MC800 binder course driving surface for subsequent 
hot mix surface course placement. The rehabilitated MC800 
binder course was left under traffic for about 6 weeks, with 
no evidence of the previous flushing, even in localized areas 
where the previous bleeding had been severe. A conventional 
hot mix overlay was subsequently placed without any prob-

lems but was designed to have air voids near the agency upper 
limit of 5 percent to reduce any future flushing potential. 

Low In Situ Air Voids 

Pavement cores indicated that an approximately 30-year-old 
existing surface course asphalt concrete was quite variable 
(extensive hot mix patches of varying age and thickness, orig
inal old surface course, and spray patching), with low air voids 
(SSD) of about 2.5 percent. Project specifications required 
that recovered penetration for the new mix be between 50 
and 80 dmm, with the existing recovered penetration about 
29 to 35 dmm (requiring RR rejuvenating agent dosage levels 
of 0.46 l/m2 and 0.31 l/m2 to raise the penetration of the 
original pavement and patch areas, respectively, to the spec
ified minimum of 50 dmm). 

To mitigate potential problems with flushing due to exces
sive liquid content (existing asphalt cement plus rejuvenator) 
and low in situ and mix air voids, a thin (5-mm) layer of hot 
(about 180°C) manufactured sand (100 percent crushed fine 
aggregate) was applied using a chip spreader between the first 
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TABLE 5 QUALITY CONTROL FOR HEAT REFORMING PROCESS• (J,2) 

ITEM RECOftlENDED METHOD(b) 

1. Width • same as for conventional paving 

2. Depth of Scarification • for HRP (depth set) - measure depth from 
existing surface adjacent to second mixer 

• for others - circular ring method 

3. Rejuvenator Application • calculate from quantity used 
Rate (if any) (litres) 

4. Reiuvenator Quality • same as for conventional pavin~ 
(i any) (specifications and (ASTM D 45 2 [11]) 

5. New Mix Addition Rate • calculate from quantity used 
(if any) (tonnes) 

6. Thickness of New Hot Mix • calculate from quantity used 
Overlay (if any) (tonnes) 

7. Tem~erature at Breakdown • monitor at mid-point of re-profiled depth 
Rol i ng 

8. Temperature of New Hot • same as for conventional paving 
Mix (if any) 

9. Asphalt Cement Content, • same as for convent i ona 1 paving 
Gradation and Marshall 
Compliance of New Mix 
(if any) 

10 . Compaction • same as for conventional gavin~ as usual 
(nuclear density for esta lish n~ 
rolling fattern, cores for accef ance) -
importan to compare to relevan 
re-compacted density 

11.Surface Tolerance • same as for convent i ona 1 paving 

12. Penetration/Viscosity of 
Recycled Mix 

• same as for conventional paving 

Notes: a. As the Heat Reforming Process is largely based on conventional 
hot mix paving technology, it is only necessary to supplement the 
usual quality control requirements. The quality control items 
and frequency of testing should be established at the level 
necessary to ensure specification compliance. 

b. All testing should be done on random, representative samples, by 
qualified technicians in a certified laboratory. 

and second preheaters (Figure 7) and was thoroughly mixed 
by the reformer with 40 mm of hot recycled mix (plus added 
rejuvenator), relaid, and compacted. The manufactured sand 
increased the air voids in the recycled mix sufficiently that 
the rejuvenating agent could be added at the prescribed dos
age, and no flushing was observed in the new mat during 
compaction and after 1 year. In addition , the thin layer of 
hot sand acted as an ablation layer, absorbing any excess 
asphalt cement at the surface of the existing mix and pre
venting direct application of heat to any spray patch areas. 
The use of a third preheater and ablation layer has proven to 
be the most effective means of eliminating "blue smoke" 
problems. 

sonal communication, Nov. 1989) that has been used in Japan 
and will be tried in North America in the near future. 

OR-60 is an artificial aggregate graded between 5 mm and 
0.5 mm that, when added to mixes susceptible to plastic de
formation rutting, acts as an inorganic oil absorbent hardener. 
OR-60 prevents plastic flow of asphalt concrete during hot 
weather by absorbing the lighter oil fraction of the asphalt 
cement. The OR-60 can be uniformly spread in a thin layer 
directly on the asphalt pavement to be heat reformed or di
rectly incorporated through the HRP. At a typical application 
rate of 6 percent by mass of asphalt pavement to be treated, 
the OR-60 causes about 0.3 percent reduction in the asphalt 
cement content of the mix. It is anticipated that OR-60 will 
be used during 1992 for HRP projects in the Toronto area. 

USE OF SUPPLEMENTARY MATERIALS 

Other supplementary materials can be applied in conjunction 
with the heat reforming process to improve the properties of 
the existing asphalt pavements. Among these is OR-60, which 
is a special oil absorbent aggregate (16; T. Nishikawa, per-

CONCLUDING COMMENTS 

To take advantage of the demonstrated quality (Figure 8) 
achieved with the heat reforming process (HRP-5, HRP-6, 
and similar equivalent systems), it is necessary for project 
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FIGURE 6 Selection of RR rejuvenator for softening aged asphalt cements (11,12). 

specifications to reflect the equipment requirements in terms 
of LPG infrared preheaters (to minimize damage of existing 
pavement); scarifying unit (to ensure that specified scarifi
cation depth is achieved); rejuvenator addition (to have ap
plication rate properly interlocked to rate of reformer travel); 
first mixer to incorporate rejuvenator into scarified old mix 
(to both ensure thorough mixing and establish the depth of 
processing, typically through incorporating milling teeth); sec
ond mixer (to further mix the rejuvenated material and to 
allow the new hot mix addition to correct deficiencies in the 
old pavement such as air voids and stability); proper first and 
main screeds (to ensure the necessary distribution of material 
and laying quality' main screed typically state of the art with 

automatic grade and slope controls); and proper machine and 
mix instrumentation (to expedite quality control checks
infrared thermometers, depth sensors, rejuvenator temper
ature control, rejuvenator application meter, etc.). Because 
there are several qualified contractors and suppliers of suit
able heat reforming process equipment, it should be no prob
lem for North American agencies to obtain quality hot, in
place asphalt pavement rehabilitation. 

Heat reforming process asphalt technology extensions in
clude the addition of asphalt absorbing aggregate (OR-60) 
and the use of hot sand to remediate severe flushing/bleeding 
problems. It is anticipated that the growth of the heat re
forming process in North America will result in future reports 
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TABLE 6 APPROXIMATE PENETRATION, SOFTENING POINT, AND 
ABSOLUTE VISCOSITY RELATIONSHIPS• (T. Nishikawa, personal 
communic_ation, Sept. 1988) 

Penetration(b) Softening Point(d) Absolute Viscosity(c) 
dmm oc Pa.s 

5 84 690,000 
10 74 140,000 
15 69 57,000 
20 64 29,000 
25 61 18,000 
30 59 12,000 
35 57 8,400 
40 55 6,100 
45 53 4,800 
50 51 3,700 
55 50 3,000 
60 49 2,400 

Notes: a. From empirical relationships developed from extensive test 
data on recovered asphalt cements. 

b. The softening point penetration relationship is 
approximate. 

c. The softening point absolute viscosity relationship is 
fairly 'accurate'. 

d. The minimum 'bottom' temperature for scarification should 
be the softening point temperature for the 
penetration/absolute viscosity of the project recovered 
asphalt cement before rejuvenation. 

on both asphalt technology improvements and continuing 
equipment developments for cost-effective, technically sound, 
in-place, hot asphalt pavement rehabilitation and 
remediation. 
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Performance of Cold In-Place Recycling in 
Ontario 

THOMAS J. KAZMIEROWSKI, ALISON BRADBURY I SAM CHENG, AND 

CHRIS RAYMOND 

In today' climate of environmental and economic constraint 
coupled with a Limited aggregate supply, in-place recycling pro· 
vides a feasible alternative to conventional pavement rehabili
tation. Several state agencies have employed the cold in-place 
recycling (CIR) proceS for low-to-moderate traffic volume. r~ads 
since the mid-1980s with reported favorable results. The Mm1 try 
of Tran portation of Ontario was intere ·ted in determining whether 
these benefits could be realized on Ontario's highways. CIR con
sists of partial milling the exi ting pavement, processing the ma
terial to a suitable size, treating with an emulsion, and placing 
this recycled cold mix u ing conventional paving and compaction 
equipment. In the summer of 1990 the mini try decided to u e 
CIR on a major rehabilitation project. The location chosen was 
Highway LS, 40 km southwest of Ottawa. The ride on this road 
was considered uncomfortable with major distresses consisting 
of extensive, moderate transverse and longitudinal wheel track 
cracking and slight rutting throughout the project length. The 
design details, construction procedures, mix tesl results, and 
pavement performaJJce of this project are described . onclusion 
and recommendations are made for Curtl1er development of CJR 
in Ontario. 

As we become more conscious of the need for construction 
techniques that not only rehabilitate to acceptable standards 
but are also environmentally friendly, cold in-place recycling 
(CIR) is proving to be an economical rehabilitation technique 
that conserves granular materials and energy and results in 
zero waste. It had been used in the states of Oregon and New 
Mexico with progressive success since the 1980s (J-5). Al
though it had been used on two local roads in the Ottawa 
area in 1989, it had never been tried on a highway in Ontario. 

Cold mix recycling is a process in which reclaimed asphalt 
pavement is combined with new emulsified asphalts or re
cycling agents, or both, either in place on the roadway or at 
a central plant to create a cold mix (6). 

CIR is an alternative to off-site central plant recycling for 
highways with lower traffic volumes and moderate to severe 
distresses. CIR involves milling the existing pavement to a 
maximum depth of 150 mm; screening and crushing, if nec
essary, to meet a specific gradation; adding a polymer
modified asphalt emulsion and mixing; then placing it on the 
roadway in a windrow as one continuous operation. The proc
essed material is then picked up by a slat elevator, laid down 
with a conventional paver, and compacted. 

T. M. Kazmierowski and A. Bradbury, Ministry of Transportation 
of Ontario, 1201 Wilson Avenue, Downsview, Ontario, Canada M3M 
1J8. S. Cheng and C. Raymond, Ministry of Transportation of On
tario, 355 Counter Street, Kingston, Ontario, Canada K7L 5A3. 

ADVANTAGES AND DISADVANTAGES 

Besides the environmental advantages to in situ recycling, 
CIR can be used on severely cracked but structurally sound 
pavement. Unlike hot in-place recycling, it is not limited to 
pavements exhibiting only surficial defects. The cold mix tends 
to be self-healing and therefore helps to retard reflection 
cracking and localized roughness. 

Traffic disruptions are also minimized with CIR. Vehicles 
can drive on the recycled mat immediately after compaction 
and need only be detoured around the CIR train and uncured 
mat as it makes its way down the highway. 

As with all rehabilitation techniques, there are also some 
disadvantages to CIR: 

• It must be placed in warm, dry weather and therefore is 
limited to the summer months for construction. 

• The cold mix is also susceptible to moisture intrusion and 
abrasion, so it requires a separate wearing surface such as a 
hot mix overlay or surface treatment. 

• Since cold in-place recycling is a relatively new technique, 
there is no widely accepted mix design or thickness design 
methodology. Typically treatment depths range from 50 to 
100 mm. 

BACKGROUND 

In 1990 the Ministry of Transportation of Ontario decided to 
award a demonstration project on a provincial highway to 
determine whether CIR is a feasible rehabilitation technique 
with regard to economics, performance, and preservation of 
resources (7) . 

Highway 15 from Smith Falls north to just north of Frank
ton, a length of 15.6 km, was chosen as the demonstration 
site. Highway 15 is a two-lane, rural King's highway that 
serves as a collector route southwest of Ottawa in eastern 
Ontario. It was chosen as the trial project because of its mod
erate traffic volumes and fair to poor pavement condition. 

Traffic on this section of highway has an AADT of 4,000 
with commercial traffic between 10 and 15 percent. 

The existing pavement structure consisted of 150 mm hot 
mix over 150 mm granular base and 150 mm granular subbase. 
The subgrade is typically a silty sand to silty clay. The surface 
course was placed in 1980 and was one of the first central 
plant recycled hot mixes placed in eastern Ontario. At that 
time the two-lane pavement was widened from 6.1 to 7.3 m, 
and a 0.6-m partial paved shoulder was added on both sides. 
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The pavement condition before construction was fair to 
poor. The major distresses were slight wheel track rutting 
throughout, extensive moderate longitudinal wheel track 
cracking and extensive moderate center line cracking. There 
was also moderate coarse aggregate loss (raveling) aad mul
tiple transverse cracking over most of the highway. 

The exten ive longitudinal and transverse cracking contrib
uted to an uncomfortable ride, especially during the spring. 

DESIGN 

The design used for this project was to cold in-place recycle 
75 mm of the existing pavement and resurface with 50 mm of 
hot mix. Normally the rehabilitation cheme for thi type of 
rughway would con ·i t of mming one lift and replacing with 
two 40-mm lift of recycled hot mix and a 40-mm virgin surface 
course mix. A short section (850 m) at the south end, which 
exhibited fewer distresses than the rest of the project, was 
repaired with a 50-mm overlay with no recycling. Two 1-km 
test ections, one to be cold in-place recycled to a depth of 
100 mm and the other to a depth of 50 mm, were incorporated 
into this project. 

No formal mix designs were available for this project. 
Emulsion and water contents were established in the field 
using trial and error procedures by experienced paving per
sonnel. Field adjustments were based on softness of extracted 
asphalt, gradation of millings, and percentage of recovered 
asphalt. 

CONSTRUCTION 

A 3.8-m-wide cold milling machine was used at the start of 
the paving train· it pulled a mobile screen deck and pugmill 
behind it. The pavement was milled to the required depth in 
a single pass leaving the existing partially paved shoulder in 
place (P. Bound, memorandum). Water was added to the 
drum of the milling ma hine, resulting in a 2 to 3 percent 
moi ture content of the reclaimed asphalt pavement (RAP). 

A conveyor belt then sent the RAP to a screening deck to 
ensure that no oversize material got into the mix. Any oversize 
material was sent to a portable hammer mill for crushing, 
then placed back on the conveyor belt for screening. From 
here the processed material was weighed and introduced into 
a continuous flow computerized pugmill where a metering 
system added the required amount of emulsion, which was 
mixed into the RAP. The mix was then placed in a windrow 
behind the pugmill. If necessary, water could be added at the 
pugmill to facilitate mixing. 

The RAP in the windrow was picked up by a slat elevator 
and placed into a conventional paver. The mix was then placed 
on the highway at the appropriate depth. 

Automatic longitudinal grade controls were not used on the 
paving machine for the CIR mat, since this could result in 
overloading or emptying of the paver hopper. 

The mat was left in place before compaction for 15 to 30 
min to allow the emulsion to break and the curing process to 
start. 

Compaction was accomplished with a 30-ton pneumatic 
breakdown roller followed by a steel wheel roller usually in 
the static mode. 

29 

The texture of the mat was open and inconsistent with slight 
to moderate segregation throughout and a few areas of lo
calized severe segregation. 

Previous experience by various state agencies has shown 
that a mat with open texture and segregation is common for 
CIR. Once traffic was on the roadway, the center of the lane 
and edges appeared more segregated because of the lack of 
kneading action by traffic (2). 

Traffic was allowed to run on the CIR material about 1 hr 
after compaction. This caused a small amount of loose ma
terial to be picked up from the pavement by traffic and moved 
eventually onto the shoulder. This is a normal occurrence on 
CIR projects, as reported by several state agencies (2). 

The specifications called for a minimum of 14 days curing 
before placement of the overlay, but because of wet, cool 
weather the overlay was not placed until after the curing was 
complete at about 22 to 26 days after placement. To remove 
any interim rutting, secondary compaction was allowed after 
10 days of curing, but this had no effect on the traveled surface 
and was discontinued. The overlay consisted of 50 mm of 
HL-4 hot mix. 

SPECIFICATIONS 

The following requirements from the special provision con
trolling the cold in-place operation are highlighted: 

•The maximum size of the reclaimed a phaltic pavement 
shall be 100 percent passing the 37.5-mm ieve. 

• The binder shall be a polymer modified high float emul
sified aspbaJt. 

• The cold in-place recycled mix shall cure for a minimum 
of 14 calendar days before being covered with the hot mix 
overlay. 

• One and three-tenths percent binder total emulsion by 
mass of reclaimed asphalt pavement hall be used. 

• The cold in-place shall be compacted to a minimum of 
97 percent of the laboratory density. 

• The surface shall be free from any deviation exceeding 6 
mm as measured in any direction with a 3-m traightedge. 

CIR MIX TEST RESULTS 

Compaction 

To test for compaction before overlay, the contractor first 
attempted to core the cold in-place recycled material, but the 
mix had not cured enough and could not withstand the pres
sure of coring. The re-suiting sample were not acceptable for 
testing. The contractor then decided to use dry aw cut am
ples (100 mm x J.00 mm) for both the compaction and mois
ture tests. 

The contract required a minimum compaction of 97 percent 
of the laboratory density. A compaction procedure similar to 
Oregon's sample preparation and modified Marshall proce
dure was specified (4). 

Briefly the sample preparation procedure involved 

1. Air drying the processed millings (26.5 mm minus) for 
4 hr to determine air content; 
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2. Heating sample to 60°C for 1 hr and adding sufficient 
water to raise moisture content of mixture to 4.5 percent of 
dry weight; 

3. Adding and mixing emulsion at the design application 
rate, spreading it, and allowing it to cure for 1 hr at 60°C; 

4. Compacting samples using 50 blows/side for Marshall 
procedure in preheated molds, curing for 20 ± 4 hr at 60°C 
and recompacting at 25 blows/side; and 

5. Curing specimens for 24 hr at 60°C in the molds, ex
truding, and curing for 72 hr at room temper'!-ture before 
normal testing. 

The majority of samples did not reach the compaction re
quirement of 97 percent; the average was only 95.1 percent 
with a standard deviation of 1.84. These results and the fol
lowing graphs only apply to samples taken in the areas where 
the pavement was CIR to a depth of 75 mm. Four samples 
were taken in the section of 100-mm-deep CIR and one in 
the area of 50-mm-deep CIR . All results are given in 
Table 1. 

Figure 1 shows the percent compaction versus moisture 
content. The trend indicates that as the moisture content de
creases, the compaction increases, which is expected. 

The weather seems to have the greatest effect on compac
tion: the higher the degree days, the higher the compaction; 
also, the longer the cure time, the greater the compaction 
(see Figures 2 and 3). Degree days is the summation of the 
high temperature of the day from time of paving to coring. 

TABLE 1 CORE DATA 
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PERCENT COMPACTION 
100 --------------------~ 
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--- Required Compaction 

FIGURE 1 
material. 

Compaction versus moisture content, CIR 

Moisture Content 

6 7 

Moisture content was analyzed on all but one of the samples 
taken for compaction testing. The graphs only refer to samples 
taken in the areas of 75-mm-deep CIR treatment. All test 
results are given in Table 1. 

The moisture content of the cold in-place recycled material 
appeared to be unaffected by the number of degree days or 

Cores from 75 mm CIR 

Core Days cured Degree 
Number Before % Compaction % Moisture Days 

Coring 

3 20 95.9 N/A 501 
4 24 78.0 2.83 598 

R4-B 28 98.0 1. 03 688 
5 22 Too Loose 3.68 549 

R5-B 26 94.6 3.51 639 
6 27 95.8 1.50 663 
7 26 96.2 1. 34 606 
8 22 97.3 1.82 526 
9 21 97.3 2.28 504 

10 20 92.6 1.22 484 
RlO-B 25 95.2 2.42 579 

11 19 92.4 1.28 460 
Rll-B 24 93.8 5.02 578 

12 14 93.3 3.03 339 
R12-B 16 93.5 1. 78 387 
R12-c 21 95.5 2.03 505 

Cores from 100 mm CIR 

1 22 97.3 N/A 545 
2 21 97.0 N/A 525 

14 29 95.7 1. 75 703 
R14-B 33 99.1 1.83 793 

Core from 50 mm CIR 

13 17 95.8 N/A N/A 
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FIGURE 2 Compaction versus degree days, CIR mix. 

amount of curing time (see Figures 4 and 5). This probably 
was due in large part to the very wet weather experienced 
during construction, with 13 cloudy and rainy days and an 
average daily maximum temperature of 24°C until the CIR 
mat was overlaid. 

Permeability 

Permeability testing was done using the Johns-Manville field 
permeability test. Results indicated that the CIR material was 
very permeable (i.e., greater than 25 ml/min). The inconsis
tency of the mix resulted in varying test results, ranging from 
145 to more than 500 ml/min (see Table 2). 

Tests were also carried out on the existing partially paved 
shoulder, which indicated that it was impermeable. There was 
some concern during construction that this would cause drain
age problems by restricting the lateral drainage of the CIR 
material. But observation and coring at the interface between 
the partially paved shoulder and the CIR lift did not indicate 
any problems with trapped water, since the partial paved 
shoulder was only 50 mm thick and drainage occurred into 
the adjacent granular materials. 

PERCENT COMPACTION 
100~-----------------------, 

ea t----------~ 

95 t------------------. 

90 1.......<:::.I...-'----'--'----'---'--'---'--'---''---'---'- -'-----'---' 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

NO. OF CURING DAYS 

FIGURE 3 Compaction versus curing time, CIR mix. 
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FIGURE 4 Moisture content versus degree days, CIR mix. 

Marshall Stability Testing 

Limited stability testing was done during construction. The 
specification did not have any stability requirements for the 
CIR material (see Table 3 for the results). 

The limited testing done indicates an initial low stability for 
the CIR mix in all three sections. Normally for this type of 
highway an HL-4 or HL-8 would be used for the binder course. 
Both of these types of mixes call for a Marshall stability of 
5800 N at 60°C. Although no retesting was done for stability, 
the falling weight deflectometer (FWD) testing indicates an 
increase in strength with time that would be reflected in in
creased stabilities as the mix continued to cure. 

Recovered Penetration 

Testing for recovered penetration on the original hot mix was 
done in 1987, 2 years before construction. The tests had an 
average value of 31at25°C. The contract specifications called 
for a recovered penetration of 50 at 25°C after CIR, but of 
the 13 tests taken during construction only one sample met 
this requirement. 

MOISTURE CONTENT ('llo) 
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3 f-----------~----

21---------------- ----- -
.. 

O'----'--'------'---"---'--..___._ _ _.__.. _ _.___, _ _.___, _ _..___, 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

NO. OF CURING DAYS 

FIGURE 5 Moisture content versus curing time, CIR mix. 
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TABLE 2 PERMEABILITY TEST RESULTS 

Station Test Pavement Permeability Comments 
No. Age(Days) • (ml/min) 

14+625 1 29 >500 500 mm from 
Edge of Pav't 

(Montague) 2 29 180 Centre of Lane 
Northbound 3 29 >500 250 mm from 

Lane Centreline 

16+150 1 11 >500 Outer Wheel Path 
(Montague) 2 11 >500 Inner Wheel Path 

3 11 >500 Centreline 
Northbound 4 11 22 Partial Paved 

Lane Shoulder 

16+150 1 23 N/A Leak Detected 
(Montague) 2 23 >500 outer Wheel Path 
Southbound 3 23 145 Inner Wheel Path 

Lane 4 23 >500 Outer Wheel Path 

* Permeability= Volume (30 secs)- Volume (90 secs) 

The average recovered PEN was 40.8 with a standard de
viation of 7.5. This represents a 29 percent improvement in 
recovered penetration as a result of the CIR process. Test 
results are given in Table 4. 

Binder Material 

The binder used was a polymer-modified high float emulsified 
asphalt Styrelf HF-150-P. Because of problems in shipping 
and receiving, the contractor did not ensure that the labo
ratory testing samples were received within the required 7 
days. The emulsion had broken and the samples were not 
suitable for testing. 

Polymer modified emulsions are not necessarily used by 
other agencies, except when pavements are highly weathered 
and oxidized (a penetration of less than 10) (8). 

PERFORMANCE EVALUATION 

Pavement Condition Evaluation 

Before construction the ride on Highway 15 was classified as 
uncomfortable. A pavement condition index of 50 for this 

TABLE 3 MARSHALL STABILITY TESTING 

Immediately after 
Secondary Compaction 

type of highway facility would necessitate rehabilitation within 
the 5-year program. Pre ently, the major distresse are fre
quent moderate midlane cracking in the urface courses, which 
was caused by a defective paver. Centerline cracking asso
ciated with moderate to severe frequent segregation is also 
present in the overlay, probably caused by poor paving op
eration. There were few distress manifestations associated 
with the CIR, since most of the visual distresses are associated 
with surficial distresses in the overlay. 

Load DeOection Characteristics 

The FWD is a nondestructive test in which a dynamic load 
impulse strikes the surface of the pavement. The resultant 
deflections are measured by seven sensors. The loads used in 
this testing were 40, 60, and 80 kN in sequence. The results 
discussed have all been normalized to 40 kN and 21°C (9). 

FWD testing was performed on May 30, 1990, before con
struction, on June 26, 1990, after CIR but before the hot mix 
overlay, and on August 22, 1990, September 24, 1990, and 
in October 1991 after construction was completed. Table 5 
gives the results of the testing. 

Readings were taken in the control section, where there 
was no CIR but a 50-mm hot mix overlay was placed. Test .. 

72 hr after 
Secondary compaction 

Marshall Percent Marshall Percent 
Design Stabili~y Flow Air Stabili~y Flow Air 
Depth (N @ 60 C) (0.25 mm) Voids (N @ 60 C) (0.25 mm) Voids 

50 mm 3005 15.0 6.4 2390 15.0 6.5 
75 mm 2159 12.0 9.0 1465 10.0 7.2 

100 mm 2695 15.0 7.9 2625 15.0 7.8 
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TABLE 4 RECOVERED PENETRATION RESULTS 

Date Tested Recovered 

Existing Pavement 
Sept 
Oct. 
Oct. 

Cold In-Place June 
Recycled Material June 

June 
June 
June 
June 
June 
June 
June 
July 
July 
July 
July 

Sections 1, 2, and 3 are areas where 50, 75, and 100 mm of 
CIR were carried out, respectively. 

Figures 6 and 7 show the mean deflection of each of the 
three test sections of the CIR mix and the control section, 
which was only overlaid. Immediately after CIR the deflec
tions increased, indicating a drop in strength characteristics 
compared with the original. But after the overlay and addi
tional curing time, the strength of the pavement has pro
gressively increased to such an extent that it is greater than 
the original pavement. 

Test Sections 2 and 3, with 75- and 100-mm-deep CIR treat
ments, tended to have a greater reduction in strength just 

TABLE 5 FWD TEST RESULTS 

30, 
1, 
5, 

7, 
8, 

13, 
14, 
14, 
22, 
22, 
22, 
22, 

3, 
3, 
4, 
4, 

Initial Mean 

Penetrasion 
at 25 C 

1987 31 
1987 32 
1987 30 

1990 35 
1990 49 
1990 40 
1990 59 
1990 37 
1990 30 
1990 39 
1990 36 
1990 42 
1990 49 
1990 40 
1990 37 
1990 38 

after the CIR took place, compared with the 50-mm-deep 
section. 

The control section results show a nominal progressive drop 
of deflection, reflecting the normal drying of the granular and 
subgrade over the summer months. 

Rutting 

Surveys were initially taken along Highway 15 with the Au
tomatic Road Analyzer (ARAN) to determine the size and 
extent of the rutting before construction. The ARAN uses a 

Mean 
Mean Deflection Deflection Mean 

Deflection After After Deflection(rnm) 
(mm) CIR (mm) Overlay (mm) Sept. 24/25 

Section May 30, June 26, August 22, 1990 
1990 1990 1990 

Control 
Section 

NBL 0.31 0.30 0.26 0.21 
SBL 0.27 0.27 0.23 0.19 

Test 
Section #1 

NBL 0.48 0.56 0.36 0.29 
SBL 0.48 0.61 0.39 0.29 

Test 
Section #2 

NBL 0.50 0.59 0.37 0.32 
SBL 0.37 0.55 0.36 0.26 

Test 
Section #3 

NBL 0.33 0.46 0.29 0.25 
SBL 0.27 0.44 0.29 0.22 
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MEAN DEFLECTION (mm) 

0.6 
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CONTROL SECTION 1 SECTION 2 SECTION 3 

TEST SECTION 

May 1990 

- Sept 1990 

D June 1990 

- Oct 1991 

- Aug 1990 

Normalized to 40kN and 21 C 

FIGURE 6 FWD testing, southbound lanes. 

3. 75-m-long "smart bar" mounted on its front bumper equipped 
with ultrasonic sensors spaced at 100-mm intervals. The sen
sors bounce signals off the pavement and record the relative 
distance between the bar and the surface. These data are 
interpreted to give a transverse profile of the pavement lanes 
(10). 

Rut surveys were also taken in December, April, and Au
gust 1991, 6, 10, and 14 months after construction. The sur
veys indicate that any initial severe rutting was alleviated; 
slight rutting, however, is apparent throughout after CIR with 
some increase between the last surveys. 

Before rehabilitation, the average rut depth was 13 mm. 
The 6-, 10-, and 14-month average rut depth readings were 
5.4, 5.7, and 6.2 mm, respectively. This increase in rutting 
may be the result of minor consolidation of the CIR material 
under traffic loading due to the low levels of compaction 
achieved during construction. 

MEAN DEFLECTION (mm) 

0.6 

0.4 

0.2 

0 
CONTROL SECTION 1 

Detailed rut survey results for the northbound and south
bound lanes are shown in Figures 8 and 9, respectively. The 
results are similar for the two lanes. A summary of the rut 
survey comparing both directions is shown in Figure 10. 

Roughness 

Roughness surveys were taken using a portable universal 
roughness device (PU RD) before and just after construction, 
then 10 and 16 months after rehabilitation. 

The PURD is a trailer-mounted, accelerometer-based 
measuring device operated at a constant speed on the high
way. It uses the root mean square of vertical acceleration of 
the trailer axle to mea ure roughne · . The data ar converted 
into a ride condition rating (RCR) as follows (10): 

RCR = 26.64 - 7.38*log10 (PURD) 

SECTION 2 SECTION 3 
TEST SECTION 

- May 1990 

- Sept 1990 

~ June 1990 

- Oct 1991 

- Aug 1990 

Normalized to 40kN and 21 C 

FIGURE 7 FWD testing, northbound lanes. 
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FIGURE 8 Rut classification survey, Highway 15, 
northbound. 
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FIGURE 9 Rut classification survey, Highway 15, 
southbound. 
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FIGURE 10 Summary of rut survey, Highway 15. 

Before construction the ride was about 4.7, described as 
uncomfortable. Immediately after construction the average 
RCR reading was 9.5 and 9.2, respectively. These are excel
lent ratings, indicating that a high level of ride quality was 
achieved. 

The detailed RCR readings are shown in Figures 11 and 
12 for both the southbound and northbound lanes. The 10-
and 16-month readings show little change in the ride quality, 
with RCR values consistently above 9. A summary of rough
ness readings is shown in Figure 13. 
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FIGURE 11 PURD roughness, Highway 15, 
southbound. 
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FIGURE 12 PURD roughness, Highway 15, 
northbound. 
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FIGURE 13 Summary of roughness, Highway 15, 
northbound and southbound. 
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This paper summarizes the successful design and construction 
of a CIR project undertaken in Ontario. An overview of the 
initial performance results is presented and compared with 
conventionally rehabilitated pavements. 

Monitoring and data collection activities are continuing and 
future performance results will be documented. 

The following general conclusions based on short-term 
postconstruction results are presented: 

1. The drawings and specifications developed for CIR proved 
to be adequate, and no significant deficiencies were apparent. 
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2. Construction of the project went smoothly, and minimal 
problems were encountered with the CIR process. 

3. On the basis of FWD results, the strength characteristics 
of the pavement have improved with time. 

4. A significant improvement in ride was attained using the 
CIR process. Postconstruction ride measurements are better 
than those typically achieved using conventional rehabilitation 
techniques. 

5. The test section using 50 mm of CIR appeared to exhibit 
fewer surficial defects (segregation) in the CIR mat than the 
75- and 100-mm sections. Several agencies typically specify a 
50-mm depth of treatment (8). 

6. An overall conclusion is that the Highway 15 project has 
proven that CIR can be successfully and economically per
formed in Ontario. 

Several aspects of CIR requiring additional developmental 
work include the following: 

• Optimization of the depth of CIR treatment, 
• Development of appropriate mix design and testing pro

cedures for CIR mixes, 
• Refinements in the methods and timing of compaction 

efforts on the CIR mat, 
• Establishment of criteria for the binder type (normal or 

polymer-modified emulsions) used in CIR, and 
• Investigation and monitoring of long-term deformation 

characteristics of CIR mixes at much higher traffic volumes. 
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Long-Life Western Australian Seal Coat 

REG D. LEACH AND JOHN w. H. OLIVER 

In Western Au tralia sprayed seals, laid on thin unbound granu lar 
bases, typically have lives of 16 years before a reseal is needed. 
This type of cheap pavement, using naturally occurring material , 
should be ideal for the long lengths of low-vo.lume roads found 
in the United States. A case history of a seal laid as part of an 
asphalt cement durability experiment is presented. Extensive data 
on construction and performance are thus available for this seal, 
which is typical of hundreds of kilometers of road on either side 
of the experiment that are giving the same performance and that 
were laid to the same construction standards and with essentially 
the same materials. A sand primer seal was first placed on a base 
consisting of 160 mm unbound , naturally occurring gravel laid 
over a compacted natural clay sand subgrade. The primer seal 
was trafficked for 6 months and then the final seal applied. This 
consisted of Class 160 (85/100 pen) aspJ1alt sprayed at rates vary
ing from 1.3 to 1.6 Um2 and covered with 14-mm one ize ag
gregate, spread one stone thick at a rate of 80 m2/m3• The site is 
in an area of low rainfall but hJgh ummer temperature . Traffic 
at the site is low (100 to 200 veb/day-total both direction ) but 
with regular heavily loaded road trains. Pavement deflections 
were mea ured using a Benkelman beam and typically were of 
the order of 0.3 mm . Tbe section. have been inspecred every 
year and are in excellent condition 13 years after construction, 
with the exception of one ection lald with a low-durability as
pbalt. This performance i typical of seal coats in Western Aus
tralia that are commonly used as surfacings on roads carrying in 
excess of 1,000 veh/day and not infrequently on roads carrying 
a much as 15,000 veh/day (total both directions) . The factor 
contributing to long cal life are the use of durable asphalt', the 
seal design procedure, and the construction practices used . 

The state of Western Australia has an area of 2,525,000 km2 

(nearly four times the size of Texas), a population of about 
1,700,000, and a sealed road network with a total length of 
about 40,000 km. The provision of a bituminuous all-weather 
surfacing on a road network that has to serve such a large 
and sparsely populated area has meant that low~"cost sprayed 
seals have had to be widely used. 

Considerable effort has been expended refining design, ma
terials selection, and construction techniques to ensure these 
seals are not only low cost, but also extremely durable. 

The case history of a section of seal laid as part of an asphalt 
cement durability experiment is presented. The seal is typical 
of hundreds of kilometers of road on either side of the section 
that were laid to the same standard using essentially the same 
materials and that are giving the same performance. The avail
ability of a detailed construction history and performance 
evaluation gives an insight into the factors that result in av
erage seal lives of 16 years in Western Australia. 

R. D. Leach, Materials Engineering Laboratory, Main Roads De
partment, 50 Pilbara Street, Welshpool, Western Australia 6106, 
Australia. J. W. H. Oli:ver, Australian Road Research Board, P.O. 
Box 156, Nunawading, Victoria 3131, Australia. 

Details of the pavement used, primer ealing and sealing 
techniques, mate.rial properties and in-service performance 
evaluations, including changes in binder viscosity and its re
lationship with laboratory-predicted hardening, are pres
ented. The importance of seal design, materials selection, and 
proper construction techniques in achieving long seal lives is 
demonstrated. 

BACKGROUND 

The Australian Road Research Board (ARRB) Durability 
Test was developed to measure the intrinsic resistance of an 
asphalt cement to thermal oxidation hardening. In the test, 
a 20-µ.m film of asphalt cement is deposited onto the walls of 
glass bottles, and these are exposed in. a special oven at l00°C. 
Bottles are withdrawn periodically, the asphalt is removed, 
and its viscosity measured at 45°C. The durability of the as
phalt is the time in days for it to reach an apparent viscosity 
of 5. 7 log Pa.s. Full details of the method are given in an 
Australian Standard (1). 

ARRB proposed a series of national sealing trials to com
pare the field performance of a number of asphalt cements 
with different laboratory-predicted durabilities (2). These trials 
were laid at various sites around Australia and covered a wide 
range of climatic conditions. 

The main trial in Western Australia was placed by the Main 
Roads Department in 1977 and involved the application of 
sprayed seals using eight asphalt cements, three different cover 
aggregates, and a number of cut and fluxed binders. The trial 
has been regularly monitored to assess performance and to 
follow binder hardening. 

Although the 23 trial sections constructed are each only 
from 300 to 450 min length, they are representative of hundreds 
of kilometers of similar surfacings either side of the trial lo
cation. In a more general sense they are similar to most of 
the rest of the Western Australian rural sealed road networks 
in terms of pavement type and construction, primer seal treat
ment, and seal design and construction techniques. 

A typical road in the network consists of a selected, nat
urally occurring granular base that is well compacted and 
finished to provide a structurally sound properly drained pave
ment. The pavement is usually primer sealed by spraying with 
a cutback asphalt cement and covering with a local clean sand. 
This temporary surfacing is trafficked for a period of from 6 
to 12 months before the final sprayed seal surfacing is applied. 
The latter involves spraying asphalt cement at a designed 
application rate, then spreading one sized aggregate in a one
stone-thick layer, and rolling to give a stable, skid-resistant, 
waterproof mat. 

This type of construction is used on rural roads carrying 
from 100 to 5,000 vehicles per day (total both directions) and 



38 

on some urban highways carrying in excess of 15,000 vehicles 
per day. 

SITE DETAILS 

The trial sections were laid on a relatively flat, straight section 
of a sound, newly constructed pavement on the Great North
ern Highway near the rural location of Kumarina, about 1,000 
km from the capital, Perth. 

The Great Northern Highway runs from Perth, in the south, 
some 3,000 km through the outback of Western Australia to 
Wyndham, in the north. 

The trial site lies in a semiarid area with an annual rainfall 
of about 200 mm. Temperatures range from about 45°C in 
summer to about 2°C in winter. The yearly mean of the daily 
maximum air temperature is 28.6°C, and the mean of the daily 
minimum temperature for the coldest month (July) is 7.3°C. 

Traffic counts indicated an average of between 100 and 200 
vehicles per day (total both directions) with about 10 percent 
heavy vehicles including road trains. 

The pavement on which the trials were laid consisted of a 
160-mm-thick base of selected unbound naturally occurring 
gravel laid over a compacted natural clay sand subgrade. The 
formation was generally slightly raised and well drained. Ben
kelman beam test results of the order of 0.3 mm maximum 
deflection were measured throughout. 

The pavement was primer sealed over the period May to 
June 1977. The binder used was an 80/17/3 blend of asphalt 
cement (85/100 penetration), kerosene, and distillate, and this 
was applied at 1.4 L/m2 (hot) and covered with a coarse river
washed sand. 

This treatment fulfilled a dual role in that it acted both as 
a prime coat, by penetrating the surface voids and bonding 
to the base, and also as a seal by providing an effective, 
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although temporary, waterproof bituminous running surface. 
Provided the binder composition and application rate are de
signed to suit the traffic condition and cover material avail
able, good performance can be readily achieved using this 
technique. 

TRIAL DETAILS 

Binder Supplies 

A total of eight asphalts were used in the sealing trials. Details 
are given in Tables 1 and 2. The asphalts were supplied hot 
(l60°C-180°C) and in bulk to the trial site using previously 
cleaned delivery vessels to avoid contamination and problems 
of nozzle blockage during spraying. The asphalt included nor
mal local supplies plus a number of imported products to give 
a wide range of predicted durabilities. A range of cutters and 
fluxes was also supplied for on-site blending as required for 
some trial sections. In addition, a proprietary brand of anti
stripping additive was provided for inclusion in the binder in 
all trial sections at a dosage rate of 0.3 percent by mass of 
the binder. 

Aggregate Supplies 

Three cover aggregates were used in the trial sections to in
vestigate the effect of light reflection on the durability of 
asphalt cement. The main trials used a gray metabasalt, whereas 
a light granite and a dark brown crushed river shingle were 
used on other sections to provide contrasting reflectance. De
tails of the aggregates are given in Table 3. All aggregates 
were lightly precoated with distillate before use to prevent 
adhesion problems due to dust. 

TABLE 1 DETAILS OF ASPHALTIC CEMENTS USED 

Asphaltlc Road Sec:Uon Class Crude Oil Rennery Processing 
Cement Numbelll (AS2008) Soun:e 

I I to 8 160 Kuwait Kwlnana Vacuum reduced and 
blown to grade 

2 9 80 Kuwait Kwlnana Vacuum reduced and 
blown to grade 

3 10 80 Kuwait Fremantle Diluted vacuum 
residue topped and 
blown 10 grade 

4 II 160 Light Singapore son blend or vacuum 
Arabian residue with PPA• 

blown lo grade 

~ 12. 2~ 160 Kuwftil Sin~apore Vacuum reduced and 
(via Port blown 10 grade 
Hedland) 

6 13 160 Light Singapore Blend or vacuum 
Arabian residue with PPA• 

1 14 160 Basrah Kwinana Vacuum reduced and 
blown to grade 

8 13 to 22 160 Kuwait Fremanlle Diluted vacuum 
residue topped and 
blown to grade 

• PPA =Propane precipitated asphalt from son residue 



Leach and Oliver 

TABLE 2 STANDARD TEST RESULTS ON BASE 
ASPHALTIC CEMENTS 

Alpha!Uc Cement 1 2 3 4 5 6 

v1ococ11y .i 60·c (Pu) 166 43.7 29.9 147 185 94 

VJICOll1y .i 135·c (Pu) 0.41 0.22 0.19 0.36 0.41 0.29 

Ptn 11 15·c (200 1 60 •>. 11.9 33.l >40 I0.9 I0.6 16.1 

(mm) 

7 8 

135 157 

0.34 0.43 

13.0 13.4 

Dm111y 1125·c (kll/L) 1.023 1.017 1.009 1.02! 1.025 1.029 1.017 1.019 

Plahpolnt ("C) 312 286 207 344 335 352 324 271 

Solubllliy In Trlchlon>- 100 100 JOO 100 100 100 99.9 99.9 

ethylaie(t. mus) 

Effect or hell llld llr (RFOT) 

(•) Ducdllly or ~11due II 700 >1000 >1000 670 190 >1000 510 330 
15"C(mm) 

(b) VlllCOllty or ~ldue st 200 199 313 230 273 235 207 266 
60°C u t. or or1sJnll 

ARRB Duroblllty Test 9.0 19.0 10.0 11.0 6.5 18.0 12.0 7.0 

Raul! (days) 

Binder Application Rate Design 

The National Association of Australian State Road Author
ities design method (3) was used as a basis for the design of 
binder application rates with appropriate adjustments for site 
conditions. This design method assumes that the aggregate 
particles, after rolling and compaction by traffic, will lie close 
packed as a single layer with their least dimensions vertical , 
and that the average thickness of this layer will be the average 
least dimension ( 4) of the aggregate. The void content of the 
layer is assumed to be 20 percent. The quantity of binder 
required to fill the desired proportion of these voids is calculated 
taking into account predicted traffic. Adjustments may be made 
to allow for embedment of the seal aggregate into the substrate, 
binder absorption, and other factors. The design 'binder appli
cation rates for the trial are given in Table 4. 

TABLE 3 SOURCE, ROCK TYPE, AND PROPERTIES 
OF THE AGGREGATES 

Roclt Type Metapmorphoted Onnlte Panly Crushed 
Built Oravcl 

Source Noonyerlns Tuck a nan-a Locll River Shingle 
Qumy Qusny 

Colour LlshtO~y O~y/whlte Reddish Brown 
MoUled 

ORADINO 
t.m•pouln1 
ASllleve(mm) 

19.0 100, 
16.0 100 JOO 99 
13.2 87 83 95 
9.5 14 15 7 
6.1 1 1 0.5 
4.75 0.3 0.2 0.1 

Pllklnea 
Index 22 18 26 

ALD(mm) 8.5 9.1 8.2 
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TABLE 4 DESIGN AND ACTUAL BINDER APPLICATION 
RATES 

Alll"'Ple Deslsn AppllcaUon Role Mesn Achieved Applicstlon 
of Resldull Binder Rsle or Residual Binder 

(1Jm2) (l.Jm2) 

Mela·bulll 1.40 1.42 

Onnlle 1.53 1.56 

River ShlnsJe 1.35 1.40 

Construction Details 

A total of 23 trial sections were sprayed , as given in Table 5. 
Maximum shade air temperatures were up to 41°C, and except 
for a period of 1 day, no rain fell. Conditions were thus ideal 
for sealing. The road was sealed to a total width of 7.4 m in 
two half-width spray runs using a certified calibrated distrib
utor (3) . Distributor volume was measured after each spray 
run and binder application rates checked for each area sprayed. 
Average rates of application for each aggregate type are given 
in Table 4. Each spray run was started and finished on spray 
paper to obtain accurate cutoffs. A constant distributor speed 
was maintained to ensure uniformity of application. Spray 
runs were aligned against marked pavement guides and cor
rect overlap of the longitudinal part of the two spray runs 
ensured by this alignment and nozzle overlap. 

Aggregate was spread from trucks fitted with simple control 
gates, and gate-opening and truck speed was regulated to give 
correct aggregate spread rates and a one-stone-thick aggre
gate layer. Rolling to embed and align the aggregate was 
carried out with a combination of steel and rubber tire rollers. 
Back brooming to redistribute and realign any misspread 
aggregate was also carried out. 

The complete sequence of operations was executed by an 
experienced crew with careful attention to detail to ensure a 

TABLE 5 SECTION DETAILS 

Scclion. Asphalt Durability Binder Blend Aggregate 

No No. (days) 

I I 9.0 No cutter or flux Metabasalt 

2 1 9.0 No cutter or flu1t Granite 

3 1 9.0 No cutter or flux River Shingle 

4 I 9.0 3% DisliUale Metabasall 

5 1 9.0 3t. Diesel Fuel 011 Metabasalt 

6 I 9.0 4% Furnace Oil (f60) Metebasall 

7 I 9.0 5% Mineral Turpentine Metabasall 

8 l 9 .0 .5% AvlatJonTurbine Kero Metabasah 
9 2 19.0 No cutter or nux Metabasall 

IO 3 IO.O No cutter or flux Melabasall 

II 4 11.0 No cutter or flux Melabasalt 

12 5 6.5 No cutter or Hux Melabasalt 

13 6 18.0 No cutter or flux Metabasa1t 
14 7 12.0 No cutter or flux Metabasalt 

15 8 7.0 No cutter or nux MetabasaJL 

16 8 7.0 No cutter or flux Granite 

17 8 7.0 No cutter or flux River Shingle 

18 8 7.0 3% Diesel Fuel Oil Metabasall 

19 8 7.0 3% DistiUale Metabasalt 

20 8 7.0 4% Furnace Oil (F60) Metabasall 

21 8 7.0 5% Mineral Turpentine Melabasall 

22 8 7.0 5% AviaUon Turbine Kero Metabasall 

23 5 6.5 No cutter or flux Mela basalt 
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TABLE 6 VISCOSITY OF RECOVERED BINDER 

COllSllUCdon Information 

Section A.lphalt AUMgar.e Durability After 
No No (day) 2Yrs 

1979 

I I Basalt 9.0 4.53 
2 I Oranir.e 9.0 
3 I Shloale 9.0 
4 I Basalt 9.0 
5 I Baaalt 9.0 
6 I Baaalt 9.0 
7 I Basalt 9.0 4.71 
8 I Basalt 9.0 4.83 
9 2 Basalt 19.0 4.26 
10 3 Basalt 10.0 4.45 
11 4 Basalt 11.0 4.57 
12 s Basalt 6.S 4.83 
13 6 Basalt 18.0 4.43 
14 7 Basalt 12.0 4.77 
IS 8 Basalt 7.0 4.95 
16 8 Oranir.e 7.0 
17 8 Shingle 7.0 
18 8 Basalt 7.0 
19 8 Basalt 7.0 
20 8 Basalt 7.0 
21 8 Basalt 7.0 4.88 
22 8 Basalt 7.0 4.92 
23 s Basalt 6.5 

sound job and a stable seal mat at the completion of each 
day's work. 

MONITORING 

The trial sections have been regularly monitored since spray
ing. The monitoring has included sampling areas of seal for 
recovery of binder and measurement of its viscosity, as well 
as inspection and recording of seal condition. The results of 
binder viscosity measurements are given in Table 6. The re
sults of the most recent field inspection, which rates perfor
mance on the basis of stone retention, surface texture, and 
cracking is given in Figure 1. These parameters were selected 
as providing the most effective indicators of incipient distress 
due to binder embrittlement. 

DISCUSSION OF RES UL TS 

The performance of all trial sections in providing an effective 
abrasion and skid-resistant waterproof surfacing over the 13-

SECTION I l 3 • 5 6 7 

Good Even Carpet x x x x x x 
STONE Odd Stones Lost (1% min) x 
RETEITTION Minor Stripping 

Major Loss, Bare Areas 

Stone$ Wdl Proud of Binder x x x x x 
SURFACE Stones Just Proud of Binder x x x x 
TEXTURE Binder Flush Wilh Stone x 

Fatty Patches 
Lar2e Falty Areas 

No Cracks x x x x x x 
CRACKING Few fine Cracks - Edge x 

Block Cracking 
Lan~e Cracks - EdR.e 

After 
4 Yrs 
1981 

5.07 
S.25 
S.13 
5.19 
5.11 
5.21 
5.08 
5.2.5 
4.81 
4.92 
S.02 
S.30 
4.72 
5.13 
5.58 
S.61 
6.09 
5.18 
5.44 
5.22 
5.39 
5.52 
5.27 

g ' x x 

x x 
x 

x x 

· Viscoalty of Recoven:d Binder 
4S'C & 5 x !()-3 s·I (lo1 Pa.s) 

After After After After After 
6 Yrs 8 Yrs 9Yrs 11 Yrs 13 Yrs 
1983 1985 1986 1988 1990 

5.34 S.18 6.00 6.36 6.40 
S.47 6.06 6.82 6.77 
S.97 6.46 7.13 7.22 
5.47 5.88 5.83 6.23 6.S9 
5.42 5.92 5.90 6.32 6.80 
5.51 6.16 6.09 6.56 7.03 
S.57 5.8S 6.20 6.44 6.51 
S.70 6.12 6.06 6.38 7.06 
5.10 S.99 6.32 6.64 
S.21 6.16 6.46 6.12 
S.S4 S.88 6.33 6.31 
S.66 6.32 6.73 7.10 
S.25 5.62 S.89 6.39 
5.56 6.14 6.52 6.50 
6.03 6.38 6.63 6.74 6.97 
S.16 6.80 6.92 7.22 
6.22 6.96 7.16 7.62 
S.68 6.20 6.15 6.44 7.07 
5.67 6.18 6.27 6.86 6.96 
5.66 6.40 6.45 6.68 6.91 
S.89 6.28 6.46 6.79 7.02 
5.84 6.25 6.51 6.54 6.98 
5.45 6.20 6.54 7.04 

year service period to date has been excellent. Although a 
large number of factors can influence seal performance, where 
a durable aggregate has been used and the pavement remains 
sound, the life of a properly designed and constructed seal 
depends largely on the life of the binder. The binder will 
oxidize and harden with time until it can no longer withstand 
the movements caused by diurnal temperature changes or 
flexure under vehicle loads. Cracking then occurs, or the bond 
between the aggregate and binder fractures (5). · 

As can be seen in Figure 1, all sections still show excellent 
stone retention and , with few exceptions, limited or no crack
ing and good surface texture. The first two parameters are 
good indicators of binder distress and demonstrate the gen
erally satisfactory performance of the seals from this viewpoint. 

A closer examination of Figure 1 in conjunction with Table 
6 indicates the relationship between binder hardening and seal 
performance. The only section showing significant signs of 
cracking is Section 17, which has the hardest binder. Signif
icant cracking first appeared in 1990 when a binder viscosity 
of 7.62 Jog Pas was measured. 

Using this viscosity as an indicator of terminal condition 
and extrapolating the test results enables seal lives to be pre-

10 II 12 ll 14 IS 16 l7 18 19 20 21 22 23 

x x x x x x x x x x x x x 
x 

x x x x x x x x x x x x x 
x x x x x x x x 

x x x x x x x x x x 
x x x x x 

x 

FIGURE 1 Kumarina trial inspection report, June 1991. 
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dieted for other sections. Thus, sections with more durable 
binders can be estimated to have potential lives of more than 
20 years. 

Table 6 can also be used to relate laboratory-predicted 
durability to in-service hardening. There is a general trend 
when variables such as aggregate type and the use of cutters 
or fluxes are taken into consideration, for the most durable 
bitumens to show the least hardening. A number of sections 
from this trial were regularly sampled and te ted by ARRB 
and form part of the data base of road trials around AustTalia 
used to develop an asphalt hardening model described by 
Oliver (5), which relates rate of binder hardening iJ1 a seal to 
the average temperature at the site and the durability of the 
asphalt cement used. The result of all trial taken together 
have indicated that the ARRB durability test appears to pro
vide a reasonable indication of field durability (6). 

Examination of the viscosity results of those trial sections 
incorporating cutters or fluxes shows no obvious trends, due 
to these products, that could not be explained by statistical 
scatter. 

Bitumen durability is the critical determinant of seal life 
only where the initial design and construction has been sound 
and prematw·e distress does not occur. As indicated earlier, 
the importance of proper design of binder application rates 
to provide enough asphalt cement to hold the cover aggregate 
in place, yet provide ufficient surface texture to provide skid 
resistance and avoid bleeding, is well recognized in Western 
Australia. Refinement of the design procedure continues to 
receive considerable priority in Australia, and a national 
working party is currently addressing the subject. 

Examination of the design and applied binder application 
rates in Table 4 indicates that the design rates were substan
tially achieved in practice and resulted in good performance 
as indicated in Figure 1. The only exception to this observation 
relates to sections where the surfacing received excessive steel 
wheel rolling at construction and the softer granite aggregate 
was crushed. 

This emphasizes the importance of constru lion techniques 
in achieving optimum seal performance. These techniques 
start with proper base course materials selection and prepa
ration and provision of adequate drainage to ensure a struc
turally sound pavement. The application of a primer seal pro
vides an additional waterproof layer to augment the final seal 
and minimize the effect of absorption of the seal binder by 
the base. It also provides a uniform, dense surface on which 
to apply the seal coat. The uniformity simplifies seal design 
and application. 

Application of the design binder rate uniformly, in both a 
transverse and a longitudinal direction, must then be ad
dressed. For this reason distributors must be calibrated and 
certified in accordance with national guideline (7) and op
erated by experienced crew. It is also important that the a -
phalt cement not be degraded by overheating, temperature 
gauges fitted to the distributors and storage ves els regularly 
monitored. 

Finally aggregate must be uniformly spread in a one-. tone
thick layer and rolled and broomed to embed and align the 
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stone to form a dense stable mat. Distribution of the aggregate 
can be achieved with simple spreading equipment provided 
experienced operators are employed, as was the case on this 
project. Rolling may commence with steel wheeled rollers to 
give initial embedment. However, overrolling must be avoided 
and the bulk of compaction achieved with rubber tire rollers 
that prevent bridging and crushing. 

CONCLUSIONS 

Sprayed seals can provide an excellent, economic, and durable 
bituminous surfacing for use on both rural and urban roads. 
Although the project described in this paper related to a low 
traffic volume road and was only 13 years old, it was still 
performing well, and such surfacings give an average life span 
of 16 years in Western Au ·tralia and are used on road car
rying up to 15,000 vehicles per day (total both directions).· 

For this type of performance to be reliably achieved the 
seal must be properly designed and constructed on a sound 
pavement. Key factors contributing to a long seal life include 
use of a sound design procedure, durable asphalt cement, and 
high-quality construction techniques with careful attention to 
detail to ensure uniform application. 
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Case Study of a Full-Depth Asphalt 
Concrete Inlay 

AMY M. ScHUTZBACH 

In 1986 and 1.987 the Illinoi Department of Transportat ion con
structed an experimental recycling project n Interstate 57 in 
southern Illinois. A badly D-cracked, 7-in .-thick continuously 
reinforced concrete pavement was recycled into a 16-in .-thick 
full -depth asphalt concrete inlay. The soutbbound lanes desig
nated Section A, were completely constructed with virgin aggre
gate. The northbound lanes were coJJstructed in two sections: 
Section B, with a recycled concrete aggregate/virgin aggregate 
blend binder and a virgin aggregate su.rface and Section C, with 
a recycled concrete aggregate binder and a virgin aggregate sur
face. The recycling process and the performance of a full-depth 
asphalt concrete pavement containing recycled concrete aggre
gate are described . Certain materials problems were noted. T ile 
recycled concrete aggregate failed the sodium ulfa te soundness 
test. A consistent bulk specific gravity wa difficult to obtain due 
to variable concrete mortar percentages. Nucle-ar gauge asphalt 
contents of mixtures containing recycled concrete aggregate were 
unreliable, thereby requiring the u e of extractions. Ride quality 
and friction tests , visual distress surveys, rut depth measurements, 
and deflection testing with a falling weight deflectometer have 
been conducted since con truction. Cores were taken and igns 
of moderate to severe moisture damage were found in Section 
A, but little or no moisture damage was found in Sections B and 
C. Core ten ile stTengths and backcalculated a phalt concrete 
moduli were considerably Lower in ection A than in ections B 
and C. The data uggested that these differences were attributable 
to the presence of moisture damage in Section A . 

In 1986 and 1987, the Illinois Department of Transportation 
(IDOT) constructed two experimental feature projects to de
termine the feasibility of recycling deteriorated portland ce
ment concrete (PCC) pavement into new pavement. One 
project recycled a badly cracked and faulted 100-ft jointed 
reinforced concrete (JRC) pavement into a continuously rein
forced concrete (CRC) inlay. The second project recycled a 
badly D-cracked CRC pavement into a full-depth asphalt con
crete inlay. The design, construction, and performance of the 
full-depth asphalt concrete inlay is described. 

PROJECT DESCRIPTION 

The 4.14-mi-long experimental recycling project was located 
on Interstate 57 south of Ullin, Illinois , in the southernmost 
part of the state. The 1985 average daily traffic for this rural 
section was 6,700 with 1,500 multiple-unit trucks . 

The existing 24-ft-wide pavement was constructed in 1969. 
The 7-in. CRC pavement was constructed on a 4-in. bitu
minous agJregate mixture (BAM) subbase on top of a pre-

Bureau of Materials and Physical Research , Illinois Department of 
Transportation, 126 E. Ash Street, Springfield, Ill. 62704-4766. 

dominantly silty clay loam subgrade. The shoulders were con
structed of 11 in. of BAM. No underdrains were present . The 
original pavement cross section is shown in Figure 1. The 
original PCC had met the 14-day, center-point loading, 650 
psi minimum modulus of rupture specification; however, the 
CRC pavement was badly D-cracked at the time of recon
struction. The pavement had deteriorated to the point that 
the cost of patching, where patching was even feasible, was 
prohibitive . Because IDOT was committed to trying recy
cling, an economic analysis of rehabilitation options was not 
conducted. However, the condition of the pavement made 
recycling an ideal rehabilitation strategy. Since the shoulders 
were still structurally sound, the concept of an inlay was 
considered. 

DESIGN CONSIDERATIONS 

Pavement Design 

To prevent the exi ting D -cracked limestone aggregate from 
pos ibly deteriorating further if incorporated into a new PCC 
pavement, IDOT chose to recycle the existing CRC pavement 
into asphalt concrete. The 20-year design for the full-depth 
asphalt concrete .inlay was developed using IDOT' AASHO
based empirical pavement design procedure (J) . The inlay 
cross ection consisted of 1.5 in. of asphalt concrete surface 
over 14.5 in . of asphalt concrete binder, on top of a minimum 
of 12 in. of lime-modified subgrade. The surface, binder, and 
lime-modified subgrade were designed and constructed 27 ft 
wide , with the pavement striped at 24 ft. Underdrains were 
also included in the design . The cross section of the full-depth 
asphalt concrete inlay js shown in Figure 1. 

Widening the roadway from 24 to 27 ft required the removal 
of a J .5-ft-wide trip from both the existing 4-ft-wide median 
shoulder and the existing 10-ft-wide outside shoulder. It was 
anticipated that the remaining 2.5-ft-wide portion of the me
dian shoulder might experience significant damage during 
construction. For this reason, construction equipment was 
allowed on the median shoulder, and funds were allotted for 
its reconstruction. Construction traffic was prohibited from 
using the outside shoulder, however, and all damage to the 
outside shoulder was repaired or replaced at the contractor's 
expense. The recycling project was thus only a partial inlay. 

Materials 

Provisions were made regarding the use of the recycled con
crete aggregate. It was crushed into both coarse and fine 
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FIGURE 1 Cross sections of existing CRC pavement (top) and full-depth asphalt 
concrete inlay (bottom). 

aggregate, but its use was limited to binder courses only. 
Recycled concrete aggregate was not allowed in the asphalt 
concrete surface course because of questions about its dura
bility under u·affic. Recycled concrete aggregate was used as 
the sole source of coarse aggregate in the binder lifts until 
the supply was exhausted; recycled concr te fine aggregate 
could have been blended with up to 50 percent natural sand. 
Before the crushing operation was functional, and when the 
supply of recycled concrete aggregate was exhausted newly 
quarried material (virgin aggregate) meeting all standard 
specifications was used instead. 

Table 1 gives aggregate gradation and quality specifications 
aad the recycled concrete aggregate test results. The ·recycled 

concrete aggregate wa required to meet IDOT's standard 
gradations: CA-11 , CA-16, and FA-20, similar to AASHTO 
M 43, size 67 and 89, and AASHTO M 29 Grading #1, 
respectively (2). However, tbe standard asphalt concrete pav
ing aggregate quality requirement were waived for the re
cycled concrete aggregate. Preliminary test indicated that the 
recycled concrete aggregat met IDOT's standard Los An
geles Ab.rasion and deleterious material requirements. How
ever, the ·recyc.led concrete coarse aggregate averaged greater 
lhan a 30 percent loss on the sodium sulfate soundne s test, 
well in excess of IDOT's maximum 20 percent allowable loss; 
the recycled concrete fine aggregate's average soundness loss 
was marginally more than fDOT s maximum 15 percenl al-

TABLE 1 RECYCLED CONCRETE AGGREGATE GRADATION 
AND QUALITY DATA 

CA-11 CA-16 FA-20 

SPECIF!- AVG. TEST SPECIF!- AVG. TEST SPECIF!- AVG. TEST 
TEST CATION RESULT CATION RESULT CATION RESULT 

Gradat1on, 
i Passing 
l" 100 ' 100 
3/4" 84-100 86.0 
l /2" 30-60 41.1 100 100 
3/8" ___ a 94-100 95.6 100 100 
#4 0-12 3.4 15- 45 28.0 94-100 98. 9 
#8 60-100 83. 5 
#16 0-8 1.9 0- 8 4.8 35-65 58 . 8 
#50 10-30 19.3 
#100 5-15 11. 2 
#200 0-8 6. 5 

Sodium Sulfate 20 Max. 33.0 20 Max. 30. 7 15 Max. 15. 2 
Soundness, t Loss 

Los Angeles 45 Max . 33.0 45 Max. 30.0 
Abrasion, i Loss 

Deleterious 10 Max. 0.0 10 Max . 0.1 5 Max. 0.0 
Material, 't 

Absorption, i 4.1 5.0 J 7 .25 

Specific Gravity, 2.45 2.42 2.37 
Saturated Surface 
Ory 

a --- Denotes No Specification 
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lowable loss. The sodium sulfate oundness test used by IDOT 
followed AASHTO T104, with few modifications (3,4) . The 
sodium sulfate soundness test was used as an indicator of an 
aggregate's resistance to weathering. The sulfate reacted ad
versely with the concrete mortar, resulting in the failing tests. 
For this reason, the quality requirements were waived for the 
recycled concrete aggregate. 

Mix Design 

Following standard IDOT practice mix design were devel
oped for the virgin aggregate asphalt concrete mix (virgin 
asphalt concrete mix), the recycled concrete aggregate asphalt 
concrete mix (recycled asphalt con rete mix), and later, the 
recycled concrete aggregate/virgin aggregate blend a phalt 
concrete mix (recycled/virgin blend asphalt concrete mix). 
The source of the virgin aggregate was the sam.e quavry that 
produced the D-cracking susceptible limestone used in the 
orjginal CRC pavement. An AC-20 grade of asphalt cement 
was specified. 

Although IDOT now specifies 75-blow compaction efforts 
for Interstate overlay and full-depth asphalt concrete mix de
signs, a 50-blow compaction effort was used for these mix 
designs. At the time , it was thought that the 50-blow com
paction effort would more closely simulate the final density 
in the field under traffic. 

The results of the preliminary binder and surface mix de
signs are given in Tables 2 and 3. The recycled asphalt con-

TABLE 2 ASPHALT CONCRETE BINDER MIXTURE 
DESIGN DATA 

RECYCLED RECYCLED/VIRGIN BLEND VTRGIN 
SPECIF!- ASPHALT ASPHALT CONCRETE ASPHALT 

TEST CATION CONCRETE HIX 16 HIX 2c CONCRETE 

Gradat1on, 
i Pass1 ng 
1" 100 100 JOU 100 100 
3/4" 82-100 92 92 95 93 
1/2" 50-82 69 65 72 71 
3/8" 

___ a 
58 53 60 56 

#4 24-50 39 39 40 41 
#8 16-36 30 30 28 28 
#16 10-25 23 24 20 20 
#30 16 17 14 13 
#50 4-12 7 7 8 6 
#100 3-9 5 5 5 5 
#200 2-6 4.0 4.2 4.1 4.0 

Asphalt, i 3-9 5.2 5.0 5. 1 5.0 
Total M1x 

A1r Vo1ds, 'f. 3-5 4.0 4.0 4.0 4.0 

Vo1ds 1n the 14 Hin. 12.0 12.5 ll .9 14.0 
H1 neral 
Aggregate, i 

Ha rs hall 2,000 M1n. 2,850 2,240 3,224 2, 185 
Stab111 ty, 
1 bs. 

Marshall 8-16 10.0 8.0 12.8 6.0 
Flow, 1/100 
In. 

Tens1le 0.82 Not 0 . 84 0.60 
Strength Run 
Ratf o 

a --- Denotes No Spec1ffcatfon 

b M1x 1 Conta1ned CA-11 V1rg1n Aggregate and CA-16. and FA-20 Recycled 
Concrete Aggregate 

c M1x 2 Conta1ned CA-ll and CA-16 V1rgfn Aggregate and FA-20 Recycled 
Concrete Aggregate 
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TABLE 3 ASPHALT CONCRETE SURFACE MIXTURE 
DESIGN DATA 

TEST SPECIFICATION 

Gradat1 on, 
i Pass1ng 
3/4" 100 
1/2" 90-100 
3/8" 66-100 
14 24-65 
#8 16-48 
#16 10-32 
#30 

___ a 

#50 4-15 
#100 3-10 
#200 3-9 

Asphalt, i of 3-9 
Total H1x 

A1r Vo1ds, i 3-5 

Vo1ds in the 15 Mfn1mum 
M1 neral 
Aggregate, i 

Marshall 2,000 Hin1mum 
stabi11ty, lbs. 

Marshall 6-16 
Flow, 1/100 in. 

Tens1le Strength 
Ratio 

• --- Denotes No Soec1f1cation 

VIRGIN 
ASPHALT 
CONCRETE 

100 
100 
93 
59 
35 
25 
17 
6 
6 
4. 9 

6.0 

4.1 

15. 9 

2,000 

8.0 

0.77 

crete recycled/virgin blend a phalt concrete, and virgin as
phalt concrete mixtures met the specifications with one 
exception. The recycled asphalt concrete and recycled/virgin 
blend asphalt concrete binder mixes did not meet IDOT's 
14.0 percent minimum voids in the mineral aggregate (VMA) 
criterion for binder mixes. Because of the variable mortar 
content of the recycled concrete aggregate samples, it was 
difficult to obtain a consistent bulk specific gravity. Thi in 
turn made the results of the VMA calculation questionable. 
However the 5.2 percent design asphalt cont~nl of the re
cycled asphalt concrete binder mjx appeared reasonable com
pared with the 5.0 percent design asphalt content of the virgin 
asphalt concrete binder mix. Fir t, absorption values for the 
recycled concrete coarse aggregate ranged from 4.0 to 5.3 
percent as compared with typical 1.J to 1.9 percent absorp
tions for the virgin coarse aggregate· absorption values for 
the recycled concrete fine aggregate ranged from 6. 7 to 7 .6 
percent, wherea · absorption values for the virgin fine aggre
gate were typically around J .8 percent. Additional asphalt 
cement was required to compen ate for the higher absorption 
values. Secondly, testing with a gyratory compactor indicated 
that the recycled asphalt concrete mix was stable. The gyra
tory shear index (GSI) was evaluated u ing a gyratory com
pactor manufactured by Engineering Developments Com
pany, Inc. At the time the experimental inlay was constructed , 
lnterstate mixes were evaluated using a 100-psi ram pressure 
at 90 revolutions; currently Interstate mixes are evaluated 
using a 120-psi ram pressure at 90 revolutions. The gyratory 
shear indices for the recycled asphaJt concrete mix and the 
recycled/virgin blend asphalt concrete mixes were 1.000, in
dicating table mixes. Such OSI values were typical ofIDOT's 
Interstate mixes, although no gyratory compaction testing was 
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done on the virgin asphalt concrete binder and surface mixes. 
For these reasons, the VMA criterion was waived for mixtures 
containing recycled concrete aggregate. 

The moisture susceptibility of asphalt concrete mixtures was 
routinely checked by an IDOT procedure similar to the 
AASHTO T283 test method without freeze-thaw conditioning 
(4,5). The tensile strength ratio (TSR) was calculated by di
viding the tensile strength of a conditioned sample by the 
tensile strength of an unconditioned sample. Mixtures with 
TSRs less than 0. 7 to 0.8 were generally considered to be 
highly susceptible to moisture damage. At the time this proj
ect was constructed, however, IDOT had no definite TSR 
criterion requiring the use of antistripping additives. Conse
quently, no antistripping additives were added to any of the 
mixes, although the virgin asphalt concrete binder mix design 
had a TSR of 0.60. Currently, IDOT requires the use of 
antistripping additives in mixtures with design TSRs less than 
0.75. 

CONSTRUCTION DETAILS 

Construction began in April 1986 and was completed before 
the November 1, 1987, specification date. Two-lane, two-way 
traffic was allowed during construction, but all four lanes had 
to be open to traffic between November 1, 1986, and April 
1, 1987. The construction sequence is summarized as follows. 

All traffic was switched to the northbound lanes. The inner 
9 in. of both the southbound median and outside shoulders 
was removed to provide expansion room during the pavement 
breaking operation. A high-frequency, low-amplitude, reso
nant breaker was used to rubblize the existing D-cracked 
concrete. Longitudinal steel was removed in 40-ft lengths with 
a long pipe drag attached to a crawler front end loader. Trans
verse steel was picked out of the rubble with an excavator's 
bucket. An electromagnet at the crushing plant removed any 
remaining steel. 

The contractor elected to crush the recycled concrete ag
gregate in the fall of 1986 and the spring of 1987 with a 
hammer mill impact crusher. Three recycled concrete aggre
gate gradations were produced: CA-11, CA-16, and FA-20. 
Production gradations met specification and are summarized 
in Table 1. 

The BAM sub base was then milled and some of the material 
used to construct a haul road adjacent to the median shoulder. 
The predominantly silty clay loam subgrade was excavated 
and lime-modified with approximately 4 percent Code "L," 
to a minimum depth of 12 in. Code "L" was a lime kiln dust 
from a plant producing high quality lime. Tests with a Corps 
of Engineers hand-held cone penetrometer were taken before 
lime modification, and areas with California bearing ratios 
less than 6 were double processed. 

Since the crushing operation was not started until the fall 
of 1986, virgin aggregate was used in the southbound lanes, 
and the recycled concrete aggregate reserved for the north
bound lanes. Because of an insufficient quantity of recycled 
concrete aggregate, only approximately 13 percent of the 
northbound lanes contained the full 14.5 in. of recycled as
phalt concrete binder. As the recycled concrete aggregate 
supplies ran out, virgin aggregates were substituted. Mix de
signs for two recycled concrete aggregate/virgin aggregate blend 
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asphalt concrete binder mixes (recycled/virgin blend asphalt 
concrete mixes). were developed: Mix 1 contained CA-11 vir
gin aggregate and CA-16 and FA-20 recycled concrete ag
gregate, and Mix 2 contained CA-11 and CA-16 virgin ag
gregate and FA-20 recycled concrete aggregate. The results 
of these mix designs are given in Table 2. For research pur
poses, the southbound lanes constructed with virgin asphalt 
concrete binder were designated Section A, the portion of 
the northbound lanes constructed with recycled/virgin blend 
asphalt concrete binder was designated Section B and the 
portion of the northbound lanes containing all recycled as
phalt concrete binder wa designated Sectfon C. All three 
sections received virgin asphalt concrete surface. 

After the full 14.5 in. of binder was placed, longitudinal 
drainage trenches were cut and pipe underdrains installed. At 
this point, the southbound lanes were opened to traffic. 
Southbound traffic ran on the top lift of binder course 
throughout the winter of 1986 until the spring of 1987, at 
which time all two-way traffic was switched to the southbound 
lanes while the northbound lanes were reconstructed. The 
same construction procedure was used on the northbound 
lanes. A 1.5-in. virgin asphalt concrete surface course and a 
1.5-in. virgin asphalt concrete surface shoulder capping were 
constructed on all lanes and shoulders during 1987. 

No real difficulties were noted in the construction of the 
full-depth asphalt concrete inlay. The lime-modified subgrade 
provided a stable construction platform. Asphalt concrete haul 
trucks were only allowed on the subgrade to unload, so no 
subgrade rutting was noted. No loaded trucks were allowed 
on the binder until two lifts-a total of 7 in.-had been 
placed. Overall, construction of the full-depth asphalt con
crete inlay proceeded in a conventional manner. 

Certain materials problems were encountered, however. 
The asphalt contents of mixes containing recycled concrete 
aggregate were difficult to determine. Nuclear gauges pro
duced highly variable and questionable asphalt contents. The 
nuclear gauge determined asphalt content by monitoring the 
amount of chemically bound hydrogen in the mixture. Typical 
virgin aggregates in Illinois are composed of calcium carbon
ate or calcium-magnesium carbonate, so in a typical asphalt 
concrete mixture, a nuclear gauge senses only the hydrogen 
found in the asphalt cement. Fully hydrated portland cement, 
however, can contain approximately 26 percent chemically 
bound water (6). The nuclear gauge could have read the hy
drogen in the recycled concrete aggregate mortar's chemically 
bound water; variable mortar contents could thus have re
sulted in variable asphalt content gauge readings. Extractions 
were run instead to determine asphalt content, but they took 
longer than normal because of the pore structure and high 
absorptivity of the recycled concrete aggregate. Aside from 
asphalt content determination, the recycled concrete aggre
gate presented no other materials problems during construction. 

POSTCONSTRUCTION EVALUATION 

Performance monitoring began after construction was com
pleted. The ride quality of the pavement was measured with 
IDOT's Bureau of Public Roads-type roadometer as well as 
IDOT's road profiler, which was modeled after South Da
kota's prototype. Friction testing was conducted with a skid 
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trailer in a locked-wheel mode, ru1d visual distress surveys 
were made. Rut depths were initialJy measured manually by 
placing a calibrated "shoe" under a 6-ft aluminum straight
edge set over the wheelpatbs and later, automatically with 
the road profiler. Deflection testing was conducted using 
IDOT's Dynatest 8002 falling weight deflectometer (FWD). 

Ride quality and friction tests have been conducted an
nually since 1988. Ride quality readings for both the north
bound and southbound lanes have consistently averaged less 
than 60 in./mi, a "smooth" rating using the International 
Roughness Index. A recent statewide road profiler survey 
showed the inlay to be the overall smoothest section in the 
state. Friction testing has shown consistent treaded tire fric
tion numbers between 56 and 63 both northbound and south
bound; smooth tire friction numbers have ranged from 34 to 
37 northbound and 42 to 46 southbound. These numbers in
dicated the pavement had good surface microtexture and me
dium to fine macrotexture. The numbers compared favorably 
witJ1 other bituminous surfaces constructed during the same 
period (7) . The e resuJts were not surprising, since the inlay's 
surface was constructed with virgin aggregate to the same 
specifications as any other conventionally constructed asphalt 
concrete pavement. 

A visual distress survey of the entire 4.14-mi-long section 
was made in March 1990. The only distresses noted were some 
isolated "fat" spots, pockets of asphalt cement in the asphalt 
concrete surface, and a limited amount of tight transverse 
cracking. No thermal cracking or fatigue cracking was noted. 
The visual appearance of the pavement indicated that it was 
performing well. A windshield survey, conducted by driving 
at slow speeds on the outside shoulder, was completed in 
September 1991. Little change was evident between surveys. 
Approximately 10 fat spots, 1 ft wide by 10 to 15 ft long, were 
found throughout the project, with the majority occurring in 
Section B. These fat spots were not limited to the wheelpaths. 
Other smaller, isolated fat spots were noticed throughout the 
project. They were apparently the result of isolated pocket 
of aggregate containing excess moisture. No thermal cracking 
or fatigue cracking was noted; the only transverse cracks found 
were the transverse paving joints. 

Rut depths have been measured annually since the pave
ment was constructed. The data are summarized in Table 4. 
Initial differences between the northbound and southbound 
lanes can be attributed to the construction sequence. Traffic 
ran on the top binder lift of the southbound lanes for ap
proximately 1 year before the surface was placed. The initial 
mat densification under traffic thus occurred in the binder 
before the surface was placed. Traffic was not allowed on the 
northbound lanes, however, until after the surface had been 
placed. The July 1988 northbound driving lane's average 0.12-

TABLE 4 RUT DEPTH DATA 
AVERAGE 
RUT GAUGE RUT DEPTH, INCHES 

DATE ~am~8ut~NE ~am~2ut~NE 
7/88 0.12 0.04 

8/89 0.09 0.10 

5/90 

4/91 

AVERAGE 
ROAD PROFILER RUT DEPTH, INCHES 
NORTHBOUND SOUTHBOUND 
DRIVING LANE DRIVING LANE 

0,08 

0.19 

0.12 

0,26 
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in. rut depth thus reflected the effect of initial mat densifi
cation due to traffic. Four years after construction of the 
surface course-and 5 years after construction of the south
bound binder courses-the rut depths in both directions were 
comparable: the April 1991 reading indicated an average 0.19-
in. rut depth in the northbound driving lane and an average 
0.26-in. rut depth in the southbound driving lane. Some of 
the variability in rut depths over time can be attributed to the 
different measurement methods used. The manual rut gauge 
and the automated road profiler "read" rut depths differently 
but can be expected to illustrate the same general trends, if 
not the same measurements (8). 

Deflection testing with the FWD has been conducted since 
construction. Tests were taken every 200 ft in the outer wheel
path of the driving lane in each direction. The data were 
normalized to a 9,000-lb load. Deflection basin areas and 
subgrade resilient modulus (ER;) values were backcalculated 
using concepts and algorithms developed by Thompson of the 
University of Illinois (9). Asphalt concrete modulus (EAc) 
values were also backcalculated using an algorithm developed 
at the University of Illinois (M. R. Thompson, unpublished 
data) . 

The ER1 and EAc algorithms were developed from a matrix 
of computer runs using ILLI-PA VE, a stress-dependent, fi
nite element pavement model. The ER; algorithm is valid for 
full-depth asphalt concrete thicknesses ranging from 4 to 16 
in., ER.1 values ranging from 1 to 12.3 ksi, and EAc values 
ranging from 200 to 2,000 ksi (9). The EAc algorithm is valid 
for full-depth asphalt concrete thicknesses ranging from 9.5 
to 18 in., ER; values ranging from 1 to 12.3 ksi, and EAc values 
ranging from 100 to 1,100 ksi (M. R. Thompson, unpublished 
data). 

Since asphalt concrete's material properties are a function 
of the testing temperature, temperatures were recorded dur
ing FWD testing. Initially, pavement temperatures were mea
sured at a nominal 6-in. depth by drilling a hole at the edge 
of the pavement, filling it with oil, and inserting a thermom
eter. In April 1990, copper constantan thermocouples were 
installed, allowing for continuous temperature monitoring 
throughout the depth of the pavement structure. The tem
perature at the middepth of the pavement was used for back
calculation purposes; at the thermocouple installation point, 
however, the pavement thickness was 18 in. rather than the 
design thickness of 16 in. 

The FWD data and pavement test temperatures are sum
marized in Tables 5 and 6. Average deflections under the load 
ranged from 3.30 to 8.21 mils for Section A and from 3.02 to 
6.39 mils for Sections Hand C. Average deflection basin areas 
ranged from 20.74 to 27.00 in. in Section A and from 22.04 
to 27.95 in. in Sections B and C. These relatively low deflec
tions and high deflection basin areas are representative of 
sound, full-depth asphalt concrete pavements; however, the 
data indicated Section A to have a marginally less stiff pave
ment than Sections B and C. The average ER; values, which 
ranged from 11.90 to 15.86 ksi in Section A and from 12.98 
to 15.92 ksi in Sections Band C, reflected the beneficial effect 
of the lime modification process. The ER; values were con
sidered effective ER; values, since they were a composite value 
of the 12-in. lime-modified subgrade and the untreated subgrade 
below. The lime-modified subgrade provided excellent sup
port and a solid construction platform to compact against. 
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TABLES FWD DATA SUMMARY-SECTION A 

PAVEMENT NO. OF Do,6 Dl ,ti D2 ,6 D3,6 AREA, c ERi, d EAC,e 
DATE TEMP., OF a TESTS MILS MILS MILS MILS IN. KS! KS I 

12/08/87 46 94 3.30 2.58 2.25 1.90 27 .00 15.58 801.09 

06/07 /88 90 14 6 . 96 4.33 3. 36 2.57 21.43 12. 93 241. 59 
97 34 7 .10 4.49 3. 52 2. 71 21.83 12.37 239. 36 
106 63 6 .84 4.14 3.24 2.48 21.03 13.30 232.18 

10/18/88 51 34 3,52 2.64 2. 22 1.84 25.66 15.86 735.29 
62 72 4 . 37 3,23 2.67 2 . 19 25.31 14.38 646,24 

03/14/89 63 80 3. 97 2. 92 2.49 2.09 25,62 14. 77 643. 23 
68 26 4.07 2. 92 2.48 2 .05 25.04 14.93 522. 76 

08/16/89 87 26 7 .20 4.62 3.57 2 . 75 21. 79 12.34 257. 25 
90 26 7 ,05 4.23 3.37 2 .64 21.15 12.61 215.48 
93 25 6,54 3.90 3.05 2.37 20. 74 13 . 75 247 . 12 
95 27 7.02 4.26 3. 27 2. 51 20.88 13.24 246 . 35 

10/04/89 72 57 4.59 3.32 2. 77 2.24 24.91 14.15 493.89 
76 52 4.85 3,30 2. 70 2.16 23.44 14.56 386.62 

07/18/90 94 107 8.21 5.17 3. 86 2. 86 21.19 11.90 231.44 

06/25/91 91 107 7 .32 4. 73 3. 54 2.64 21.66 12.69 282.43 

Pavement Temperatures at Nominal 6-in. Depth Before April 1990; Nominal 9-1n. Depth After 
DO, Dl, 02, and D3 are Surface Deflections at 0, 12 , 24, and 36-in. Offsets (Respectively) From 

the Center of the Loading Pl ate 
rl ERi • 24. 7-(5.41xD3)+(0.31x032) c AREA = 6 x[00+(2x01)+(2xD2)+03] (Ref . 8) (Ref. 8) 

rnr R2 • 0.98 SEE = 0.64 
e LOG E~c = l.846-[4.902xLDG (OO-Dll]+[5.189xLOG (DO-D2l]-[l.282xLOG (Dl-03)) 
R2 • 0.99 SEE • 0.018 ( M. R. Thompson, unpublished data) 

The average EAc values ranged between approximately 215 
and 800 ksi in Section A and between 270 and 1,350 ksi in 
Sections B and C. Given the range of FWD test temperatures, 
the backcalculated EAc values in Section A and Sections B 
and C appeared reasonable and representative of well
constructed asphalt concrete mixtures . However, the EAc val
ues in Sections B and C were considerably higher than the 
EAc values in Section A. 

of EAc with pavement temperature for the various sections is 
shown graphically in Figure 2. Equations 1 and 2 for the 
backcalculated EAc versus pavement temperature relation
ships were developed for Sections A and B, respectively: 

The modulus of an asphalt concrete mixture is a function 
of the test frequency, the test temperature, and the mix com
position (JO) . The FWD pulse loading time was relatively 
constant during the testing sequences. Moduli values typically 
decrease as test temperatures increase (JO). The variability 

log Y = - O.OlX + 6.47 

R2 = 0.93 

log Y = -0.0lX + 6.74 

R2 = 0.74 

TABLE 6 FWD DATA SUMMARY- SECTIONS BAND C 
PAVEMENT NO. Of' DO.b 01,b 02,b o3,b AREA, t ERl ,il 

DATE TEMP. ,OF• TESTS MILS MILS MILS MILS IN. KS! 

12/08/87 46 109 3.02 2.47 2.16 1.83 27. 92 15.89 

06/07 /88 118 68 5.94 3. 78 3.05 2,36 22.04 13 . 75 
127 39 6.39 4.18 3,35 2.56 22,50 12 . 98 

10/19/88 73 27 3. 08 2.53 2.17 1.82 27. 78 15.91 
79 26 3.17 2.54 2.14 1.82 27.10 15. 92 
82 28 3,69 2. 95 2.51 2.07 27 .01 14.88 
86 27 3. 78 3,09 2.61 2.16 27 .47 14.47 

03/14/89 68 108 3.09 2.52 2. 18 1.87 27 . 82 15. 71 

08/16/89 101 102 5.45 3.57 2. 90 2.30 22.64 13.98 

10/04/89 83 26 3.87 2. 79 2. 31 1.87 24.52 15. 72 
79 28 3.61 2. 72 2. 31 1. 91 25. 77 15.55 

10/05/89 66 27 3.45 2. 71 2.31 1. 95 26.82 15.37 
60 28 3 .45 2,85 2.44 2,05 27. 95 14.91 

07 /18/90 98 106 5.91 4.09 3.24 2.50 23,34 13.21 

06/25/91 102 107 4,92 3.63 2.90 2,27 24,61 14.07 

a Pavement Temperatures at Nominal 6-in. Deoth Before Aor11 1990; Nomi nal 9- 1n. Deoth After 

EAe,e 
KS! 

1167. 14 

269.98 
271.69 

1349,01 
1260.70 
953.07 
1137.95 

1326.26 

326. 76 

573.60 
672.00 

912 . 21 
1282.89 

353. 75 

542 . 68 

b DO, Dl, D2, and D3 ,are Surface Deflections at 0, 12, 24, and 36-Inch Offsets (Respectively) From 
the Center of the Loading Pl ate 

d ERi • 24 . 7-(5.4lxD3)+(0,3lxD32) c Area= ~x[D0+(2xD1)+(2xD2l+D3] (Ref. 8) (Ref. 8) 
R2 = 0.98 SEE • 0.64 

e LOGE~~ • 1.846-[4 . 902xLOG (D0-01)]+[5 , 189xLDG (DD-D2l]-[1.282xLDG CD1-D3)] 
R2 = 0.9 SEE• 0.018 (M. R. Th ompson, un.oub11shed data) 

(1) 

(2) 
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FIGURE 2 Backcalculated EAc versus pavement 
temperature. 

The data indicated that for a given temperature, Sections B 
and C consistently had higher EAc values. Since test frequency 
and test temperature were not the cause, the difference in 
EAc values must have been a result of differences in mix 
composition. 

Since the same surface mixture was used throughout the 
project, it was hypothesized that any potential differences in 
mix composition must have been a result of differences in the 
binder mixtures. The Asphalt Institute's method of deter
mining EAc is influenced by several mix factors: the viscosity 
of the asphalt cement, the asphalt content, the percent of 
aggregate passing the #200 sieve, and the percent air voids 
(11). Design and production tests were analyzed to determine 
whether any of these factors contributed to the differences in 
EAc values. 

The same grade of asphalt cement from the same producer 
was used in the production of all of the binder mixtures. 
Asphalt cement viscosity and penetration tests taken during 
1986 and 1987 were relatively consistent and within specifi
cation. The viscosity of the asphalt cement thus did not seem 
to be the cause of the differences in EAc values. 
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A comparison of design and average production values for 
percent asphalt, percent aggregate passing the #200 sieve, 
and percent air voids is presented in Table 7. For a given 
mixture, lowering the design asphalt content can increase the 
stiffness of the mixture, although possibly at the expense of 
increased brittleness and inadequate coating (11). Production 
asphalt contents were lower than design levels for the virgin 
asphalt concrete binder, the same as design levels for the 
recycled/virgin blend asphalt concrete binder, and higher than 
design levels for the recycled asphalt concrete binder. The
oretically, this should have resulted in a higher EAc in Section 
A and a lower EAc in Sections B and C. Since IDOT does 
not determine the EAc of its design mixes, it is difficult to tell 
whether the varying production asphalt contents actually af
fected the design EAc values. The change in asphalt contents 
from design to production, however, probably could not ac
count for the wide difference in EAc values backcalculated 
from FWD testing. 

An increase from design to production in the percentage 
of aggregate passing the #200 sieve can increase the stiffness 
of a mixture. Conversely, an increase from design to pro
duction in the percentage of voids in a compacted mixture 
can decrease the stiffness of the mixture (11). Production 
levels for percent aggregate passing the #200 sieve averaged 
0.16 percent lower than design levels for the virgin asphalt 
concrete binder, 0. 61 to 0. 71 percent lower than design levels 
for the recycled/virgin blend asphalt concrete binder, and 0. 71 
percent lower than design levels for the recycled asphalt con
crete binder. The drop in percent aggregate passing the #200 
sieve for the recycled/virgin blend and recycled asphalt con
crete binders can be partially explained by a change in the 
job mix formulas during production. The amount of mineral 
filler was decreased by approximately 0.5 percent in these 
mixes to account for fines produced as a result of aggregate 
degradation during production. Production levels for percent 
air voids averaged 0.69 percent higher than design levels for 
the virgin asphalt concrete binder, 0.68 percent higher than 
design levels for the recycled/virgin blend asphalt concrete 
binder, and 1.30 percent higher than design levels for the 
recycled asphalt concrete binder. The rise in air voids can be 
attributed to the decrease in percent aggregate passing the 
#200 sieve. Theoretically, both of these changes in design 

TABLE 7 DESIGN VERSUS AVERAGE PRODUCTION VALUES FOR ASPHALT 
CONCRETE 

DESIGN PRODUCTION 

ASPHALT, ASPHALT, 
% OF t PASSING AIR i OF % PASSING AIR 

MIXTURE TOTAL MIX #200 SIEVE VOIDS, % TOTAL HIX #200 SIEVE VOIDS, 1: 

Recycled Asphalt 5.2 4.0 4.D 5.32 3.29 5.30 
Concrete Binder 

Recycled/Virgin 5. oa15.1b 4.2a14.1b 4.oa,b 5.00 3.49 4.68 
Blend Asphalt 
Concrete Binder 

Virgin Asphalt 5.0 4.0 4.0 4.67 3.84 4.69 
Concrete Binder 

Virgin Asphalt 6.0 4.9 4.1 5.49 4.70 6. 29 
Concrete Surface 

a Mix l, Which Contained CA-11 Virgin Aggregate and CA-16 and FA-20 Recycled Concrete Aggregate 

b M1 x 2, Which Conta1 ned CA-11 and CA-16 V1 rg1 n Aggregate and FA-20 Recycled Concrete Aggregate 
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values should have resulted in decreased EAc values, with the 
recycled asphalt concrete mix experiencing a greater drop 
because of higher variability between design and production 
values. Again, it is not possible to verify this without a baseline 
EAc value. However, all of the variability between design and 
production values should have raised the EAc of the virgin 
asphalt concrete mix relative to the EAc of the recycled/virgin 
blend asphalt concrete and recycled asphalt concrete mixes. 
Mix composition thus cannot explain the differences in the 
backcalculated EAc values. 

In 1989, the full-depth asphalt concrete inlay was cored to 
determine whether moisture damage had occurred. The cores 
were split into binder lifts. Moisture contents of the lifts were 
determined, and indirect split-tensile tests at 77°F were run 
on unconditioned cores. The split cores were then surveyed 
for signs of stripping. 

Despite no signs of distress on the pavement surface, cores 
from Section A consistently showed signs of moderate to se
vere moisture damage in both the coarse and fine virgin ag
gregate . The cores from Sections B and C, which contained 
at least some recycled concrete aggregate, showed few signs 
of moisture damage. None of the binder mixtures contained 
an antistrip additive, although the design TSR for the virgin 
asphalt concrete binder used in Section A was 0.60. The lack 
of moisture damage in Sections B and C may be attributed 
to the recycled concrete aggregate. The high alkalinity of the 
newly crushed faces of the recycled concrete aggregate may 
have provided some resistance to moisture damage. The highly 
absorptive nature of the recycled concrete aggregate may have 
decreased the moisture susceptibility of the mix as well, since 
additional asphalt cement may have been absorbed into the 
pores of the concrete mortar. The design TSR values of the 
binder mixes (0.60 for the virgin asphalt concrete binder, 0.84 
for the recycled/virgin blend asphalt concrete binder, and 0.82 
for the recycled asphalt concrete binder) thus presented an 
accurate picture of moisture susceptibility . 

Moisture contents averaged 0.98 percent for Section A , 2.23 
percent for Section B, and 2.90 percent for Section C. The 
higher moisture contents of Sections B and C seemed to reflect 
the higher absorptive properties of the recycled concrete ag
gregate rather than the presence of moisture damage. Tensile 
strengths of cores taken from Section A averaged 82.0 psi, 
from Section B averaged 163.6 psi, and from Section C av
eraged 154.0 psi. The lower average tensile strength of the 
cores taken from Section A appeared to be a direct result of 
moisture damage. The presence of moisture damage in Sec
tion A, coupled with the lower tensile strengths, seemed to 
indicate that the differences in EAc on this project were at
tributable to moisture damage. After 4 to 5 years of service, 
the pavement appeared to be performing well, however, with 
no signs of moisture damage-related distress apparent on the 
pavement surface. In spite of the apparent effect of moisture 
damage on the EAc values in Section A, the EAc values were 
still representative of a sound full-depth asphalt concrete 
pavement. 

SUMMARY 

In 1986 and 1987, IDOT constructed an experimental recy
cling project on Interstate 57 in southern Illinois. A badly 
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D-cracked, 7-in.-thick CRC pavement was recycled into a 16-
in.-thick, full-depth asphalt concrete inlay to determine the 
feasibility of the recycling process. The southbound lanes, 
denoted as Section A, were completely constructed with virgin 
aggregate. The northbound lanes were constructed in two 
sections: Section B, with a recycled/virgin blend asphalt con
crete binder and a virgin asphalt concrete surface, and Section 
C, with a recycled asphalt concrete binder and a virgin asphalt 
concrete surface. 

Use of the recycled concrete aggregate presented certain 
materials problems. First, the recycled concrete aggregate 
failed the sodium sulfate soundness test because of an adverse 
reaction between the concrete mortar and the sodium sulfate 
solution. Second, the recycled/virgin blend asphalt concrete 
and the recycled asphalt concrete mixes failed to meet IDOT's 
14.0 percent minimum VMA requirement, in part because of 
the difficulty in obtaining a consistent bulk specific gravity of 
the recycled concrete aggregate. Finally, results of nuclear 
gauge asphalt content tests on mixtures containing recycled 
concrete aggregate were unreliable, possibly due to the pres
ence of hydrogen in the concrete mortar. Other than these 
material problems, no construction problems were noted. 

The performance of the experimental project has been 
monitored since its construction. Ride quality and friction 
tests, visual distress surveys, and rut depth measurements 
have indicated that the full-depth asphalt concrete inlay is 
performing well. Deflections, deflection basin areas, ERi> and 
EAc values backcalculated from FWD testing were represen
tative of sound, full-depth asphalt concrete pavements. Dif
ferences were noted, however, between the recycled asphalt 
concrete and virgin asphalt concrete mixtures. The average 
backcalculated EAc of Section A was much lower than the 
average backcalculated EAc of Sections B and C. No differ
ences in FWD test frequency, FWD test temperature, or as
phalt concrete mixture composition were found to explain this 
phenomenon. Cores taken from Section A had a higher in
cidence of moisture damage and lower tensile strengths than 
cores taken from Sections B and C. Two factors may have 
reduced the moisture susceptibility of the recycled asphalt 
concrete mixture: the highly alkaline nature of the newly crushed 
recycled concrete aggregate and the high absorptivity of the 
recycled concrete aggregate . These findings indicated that the 
differences in EAc were attributable to moisture damage. 

This project demonstrated that recycling a deteriorated PCC 
pavement into a new full-depth asphalt concrete inlay was 
feasible. Although the actual cost-effectiveness of the process 
was not determined, to date the performance of the recycled 
asphalt concrete mix has been as good as, if not better than, 
the performance of the virgin asphalt concrete mix. Perfor
mance monitoring will continue throughout the pavement's 
lifetime, with special emphasis on visual distress surveys, rut 
depth measurements, and FWD testing. Since the recycling 
project is located in the southernmost part of Illinois, it ex
periences the highest temperatures and fewest freeze-thaw 
cycles in the state. Visual distress surveys and rut depth mea
surements will help provide information on the occurrence 
and progression of thermal cracking, fatigue cracking, and 
rutting. Further testing with the FWD will be helpful in de
termining the effect of stripping on the EAc of the virgin 
asphalt concrete mixture and the effect of aging on the EAc 

of the recycled asphalt concrete mixture . Determining the 
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effect of EAc variability on performance in the field will lead 
to a better understanding of the design and maintenance of 
full-depth asphalt concrete pavements in Illinois. 

RECOMMENDATIONS 

On the basis of the experience gained from the experimental 
full-depth asphalt concrete inlay, the following recommen
dations are offered: 

• Recycling should be considered as a rehabilitation strat
egy, but the cost-effectiveness of all the alternatives should 
be weighed. The cost-effectiveness calculation should con
sider project location, proximity of quality aggregates, project 
life, and potential user costs connected with the construction 
staging sequence. 

• The condition of the existing shoulders should be consid
ered to determine if an inlay is feasible and cost-effective. 

• Additional research is needed to determine whether 
standard tests and specifications for aggregates and asphalt 
concrete need to be modified or adapted to account for the 
pore structure and chemical composition of recycled concrete 
aggregate. Specific items that need to be addressed include 
an aggregate soundness test that can be used with recycled 
concrete aggregate, an accurate method to determine the bulk 
specific gravity of recycled concrete aggregate, and a fast and 
reliable method to determine the asphalt content of a recycled 
asphalt concrete mix. 

• The moisture susceptibility of future mixes containing 
recycled concrete aggregate should be carefully investigated. 
The moisture susceptibility of stockpiled recycled concrete 
aggregate and the combined effectiveness of recycled concrete 
aggregate and antistrip additives require further study. 

• The experimental full-depth inlay should be monitored 
through its lifetime to determine the occurrence and pro
gression of thermal cracking, fatigue cracking, and rutting; 
the effect of stripping on the EAc of the virgin asphalt concrete 
mixture; the effect of aging on the EAc of the recycled asphalt 
concrete mixture; and the effect of EAc variability on pave
ment performance. 
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Investigation of Airfield Runways at 
Jacksonville Naval Air Station 

RANDY C. AHLRICH 

In October 1990, the U.S. Army Engineer Waterways Experi
ment Station (WES) was requested by the Naval Facilities En
gineering Command, Southern Division harleston, South Car
oli.na to provide technical assistance in analyzing the airfield 
pavement distresses at Jacksonville Naval Air Station in Florida. 
Runways 9/27 and 14/32 had been rehabilitated and re urfaced 
with asphalt concrete in 1988. Within 1 year, significant amounts 
of loose fine aggregate appeared on the pavement surface. The 
asphalt concrete had begun to deteriorate prematurely and exhibit 
pavement surface distresses. The primary surface distresses were 
an open-textured surface, raveling, and evidence of roots in the 
asphalt concrete. The Materials Research and Construction Tech
nology Branch of the Geotechnical Laboratory at WES was re
quested to inspect the airfield pavement~ and perform laboratory 
tests on asphalr concrete samples to determine properties of the 
asphalt cement, aggregates, and asphalt concrete mixture. The 
purpose of the analysis was to evaluate the in-place materials for 
compliance with specifications, detennine possible causes for these 
pavement distresses, and recommend options for the repair of 
the airfield pavements. The laboratory evaluation of the asphalt 
concrete material indicated that pavement raveling was due to 
an improperly produced and constructed asphalt concrete mix
ture. Factors that contributed to the improper asphalt mixture 
were as follows: field density and compaction results were low 
and below minimum compaction requirements, aggregate gra
dations were consistently out of specification, natural sand con
tents were extremely high, in-place asphalt contents were ex
tremely low, and void properties did not meet standard criteria 
for airfield pavements. 

The U.S. Army Engineer Waterways Experiment Station 
(WES) was requested by the Southern Division, Naval Fa
cilities Engineering Command, Charleston, South Carolina, 
in October 1990, to provide technical assistance in analyzing 
the airfield pavement distresses at the Jacksonville Naval Air 
Station (NAS), Florida. Runways 9/27 and 14/32 were reha
bilitated and resurfaced during 1988. Runway 14/32 was re
surfaced with an asphalt slurry seal followed by a 1 Yz-in. as
phalt concrete overlay. The rehabilitation of Runway 9/27 
included cold milling 3 in . of the existing asphalt pavement 
and resurfacing with 2Y2 to 6 in. of new asphalt concrete. Two 
different asphalt concrete mix designs were used during the 
rehabilitation of Runways 9/27 and 14/32. The asphalt con
crete mixture placed on Runway 9/27 had a %-in. maximum 
size aggregate gradation, whereas the material on Runway 
14/32 had a Y2-in. maximum size aggregate gradation. The 
rehabilitation project was completed in December 1988. 

Within 1 year, the airfield manager noticed significant 
amounts of fine aggregate on the pavement surface. The as-

U.S. Army Engineer Waterways Experiment Station, CEWES
GP-Q, Vicksburg, Miss. 39180-6199. 

phalt concrete surface had begun to deteriorate and showed 
surface distresses. The primary surface distresses were rav
eling and evidence of roots in the asphalt concrete. On No
vember 6, 1990, Navy and WES personnel inspected the air
field pavement. The asphalt concrete on Runway 9/27 was 
raveling and losing fine aggregate. Traffic areas, especially 
the touchdown zone, were extremely open textured and ex
hibited severe raveling. Runway 14/32 had similar defects, but 
the degree of deterioration was not as severe. 

On the basis of visual inspection, it was concluded that the 
pavement deterioration was caused by several factors that 
dealt with material and mixture properties. The Materials 
Research and Construction Technology Branch of the Geo
technical Laboratory was requested by Jacksonville NAS to 
perform laboratory tests on asphalt concrete samples to de
termine properties of the asphalt cement, aggregate, and as
phalt concrete mixture. The purpose of the analysis was to 
evaluate the in-place materials for compliance with specifi
cations, determine possible causes for these pavement dis
tresses, and recommend options for the repair of the airfield 
pavement. 

On December 15, 1990, eight slab samples approximately 2 
ft by 2 ft in size were extracted from Runways 9/27 and 14/32. 
Six samples were obtained from Runway 9/27, and two sam
ples were obtained from Runway 14/32. These slab samples 
were selected to evaluate typical asphalt concrete materials 
throughout the airfield pavement. The individual slab sample 
location and pavement surface characteristics are given in 
Table 1. 

The slab samples were removed by full-depth saw cutting. 
This process produced asphalt concrete slabs with approxi
mate dimensions of 2 ft by 2 ft with a depth equivalent to the 
full depth of the asphalt concrete surfacing. These samples 
were easily separated from the compacted granular limerock 
base course and shipped to the WES laboratories. During 
removal of the slab samples, voids throughout the surface 
course layer were evident, especially at the bottom of the 
wearing surface. 

ANALYSIS OF PAVEMENT MATERIALS 

Because of the nature of the pavement distresses, primarily 
surface raveling, only the surface course material was tested 
and analyzed. The laboratory test plan used to evaluate these 
slab samples follows. 

1. Conduct the following tests on slab samples: thickness, 
field density (MIL STD 620B, Method 101), asphalt extrac-
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TABLE 1 SLAB LOCATIONS AND PAVEMENT SURFACE CHARACTERISTICS 

Centerline 
:111112 B~mlU :il<11t12D QffH!O m.l 
l 9/27 109+05 15L 

2 9/27 109+S5 SOR 
3 9/27 132+72 2SL 
4 9/27 145+13 4L 
5 9/27 165+97 65L 
6 9/27 146+26 34R 
7 14/32 SOL 
s 14/32 2L 

tion (ASTM D2172), recompaction analysis (ASTM D1559, 
D3387, MIL STD 620B, Method 100), Abson recovery (ASTM 
D1856), and aggregate tests . 

2. Conduct the following tests on recovered asphalt cement: 
penetration (ASTM DS), absolute viscosity (ASTM D2171), 
kinematic viscosity (ASTM D2170), ductility (ASTM D113), 
and specific gravity (ASTM D70). 

3. Conduct the following tests on the recovered aggregate 
material: specific gravity (ASTM C127, Cl28), absorption 
(ASTM C127, C128), percent fractured faces, natural sand 
content, LA abrasion (ASTM C131), and gradation (ASTM 
Cl17, C136). 

4. Determine the following properties on the recompacted 
a~phalt concrete mixture: Marshall stability and flow (ASTM 
D1559, MIL STD 620B, Method 100), voids total mix (MIL 

Amount of Visual Pavement 
I1:11ff1s: :iM[fll~~ ~2D~1t12D 

Heavy Raveled, open-textured 
Touchdown Zone excessive rubber 

buildup 
Low Good 
Medium Raveled 
Heavy Raveled, open-textured 
Low Raveled 
Medium Raveled, open-textured 
Low Slightly raveled 
Heavy Good 

STD 620B, Method 101), voids filled with asphalt (MIL STD 
620B, Method 101), voids in mineral aggregate (MIL STD 
620B, Method 101), recompacted density (ASTM D1559, 
D3387, MIL STD 620B, Method 100), retained stability (MIL 
STD 620B, Method 104), theoretical density (ASTM D2041, 
MIL STD 6208, Method 101), gyratory analysis (ASTM D3387), 
and effect of moisture (ASTM D4867). 

The first step in evaluating the in-place material was to 
determine the thickness of the entire slab and then the surface 
course layer. Three 4-in. cores were taken from each slab 
sample so that the in-place field density could be determined 
(MIL STD 620B, Method 101). Pavement thickness and in
place field density values are given in Table 2. 

TABLE 2 PAVEMENT THICKNESS AND FIELD DENSITY RESULTS 

Total Pavement Surface Course Field 
Slab C2re NQ Ihickness <1n l Thickness ctn, l Density (pc fl 

1 1 4 7/8 1 3/4 137.3 
2 4 3/4 1 3/4 135.S 
3 !t....lL!i l...U!t llLI 
AVG 4 3/4 1 3/4 136.5 

2 1 5 1/4 l 1/2 131.6 
2 5 3/4 1 1/2 131.1 
3 2....lL2. l.....lli 12..2.....l 
AVG 5 1/2 1 1/2 130. 8 

1 6 1/4 l 5/S 129.l 
2 6 1/4 1 1/2 130.6 
3 .2.....lL!± l....lfl. 131 s 
AVG 6 1/4 1 1/2 130.5 

4 1 8 1 1/2 136. 8 
2 7 7/8 1 3/8 136 . 5 
3 _8_ l.....lli !1L.2. 
AVG 8 l 1/2 136.8 

1 6 1./4 1 9/16 135 .o 
2 6 3/8 1 11/16 134 . 9 
3 §.....lfl. l.....l..lLli ~ 
AVG 6 3/8 1 5/8 134.6 

6 l 6 3/8 1 1/8 129.7 
2 6 1/4 1 3/16 130. s 
3 LI.LB. 1...1LL 12.Ll 
AVG 6 3/8 l 1/8 130.0 

1 6 3/8 1 3/8 131.9 
2 6 3/4 1 5/S 133.4 
3 .§....1fl. l....18. ill....l 
AVG 6 1/2 1 3/S 132.3 

s 1 5 3/4 1 15/16 131.5 
2 5 3/4 1 7/S 131 . S 
3 Ll..8. l...lLL_ 131 4 
AVG 5 3/4 l 7/8 131.6 
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Before any material testing , the surface course layer for 
each individual slab was separated from the remaining pave
ment layers. All loose material that had broken off the slab 
samples was discarded and not tested. The next step in pre
paring the asphalt concrete material was to trim and remove 
all cut edges from the samples. This was accomplished by 
heating the cut edges and removing at least % in. of material 
with a hot spatula. This procedure is performed to ensure 
that the aggregate gradation is not affected by the sampling 
technique and that a true representative sample is evaluated . 
After the sample preparation was completed, the material 
representing individual slabs was broken down and thor
oughly mixed before testing. 

A complete laboratory analysis was conducted on each of 
the eight slab samples. Because of the condition of Slab 1, 
two separate sets of tests were conducted for the raveled and 
nonraveled portions of the slab. A total of nine individual 
samples were evaluated. The laboratory evaluation for each 
sample included extractions , asphalt recoveries , recompaction 
analyses , and material tests . 

Four asphalt extractions (ASTM D2172) , two aggregate 
washed gradations (ASTM C136 and C117) , and one Abson 
recovery (ASTM Dl586) were conducted on each individual 
slab sample. Extractions and recoveries were conducted on 
split-out representative samples. Technical grade trichloro
ethylene and a two-stage extraction procedure using a high
speed continuous flow centrifuge were used to optimize the 
results of this procedure. The aggregates from this procedure 
were used to conduct aggregate gradation, specific gravity , 
fractured face, natural sand content, and LA abrasion tests . 
The results are summarized in Tables 3 and 4. The asphalt 
cements recovered from the Abson recovery procedure were 
used to conduct penetration, viscosity, specific gravity , and 
ductility tests. The results of these tests are given in Table 5. 

The remaining material from each slab sample was then 
used for a recompaction analysis. Three procedures were used 
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to recompact the asphalt concrete material. The first used was 
in accordance with ASTM D1559, which required a compac
tion temperature of 290°F and a compactive effort of 75 blows 
on each side with a hand hammer. The second followed the 
guidelines in MIL STD 620B, Method 100, which required a 
compaction temperature of 250°F and a compactive effort of 
75 blows on each side with the hand hammer. The third was 
conducted according to ASTM D3387, which uses the Corps 
of Engineers gyratory testing machine (GTM). The GTM was 
used to compact asphalt specimens at 250°F using 200 psi, 30 
revolutions, and 1-degree gyration angle, which is equivalent 
to a 75-blow hand hammer compactive effort. 

The specimens produced by the three compaction proce
dures were used to determine standard Marshall mix design 
properties, which include density, stability, flow, and void 
requirements. The results of these recompaction analyses are 
given in Tables 6 through 11. Recompacted specimens were 
also evaluated using ASTM D4867 and MIL STD 620B, Method 
104. 

DISCUSSION OF LABORATORY RESULTS 

Asphalt Concrete Thickness and Field Density 

The asphalt concrete thickness and field density results are 
listed in Tables 3, 12, and 13. The total asphalt concrete 
pavement thicknesses for Runway 9/27 varied between 4% 
and 8 in. with the average thickness being approximately 6% 
in. The total asphalt concrete thicknesses of the two slab 
samples from Runway 14/32 were 6V2 in. and 5% in. The 
surface course layer thickness for Runway 9/27 varied between 
1 Vs in. and 1 % in. The surface course thicknesses for Runway 
14/32 were 1 % in. and l7/s in. On the basis of the absence of 
pavement structural failures, the thicknesses of the asphalt 



TABLE 4 _S.!:!:~ACE COURSE AGG~EGATE ANALYSIS, RUNWAY 14/32 

Si eye Size JHF JKf Tolerances Slab 7 Slab 8 

3/4 in. 100 100 
1/2 in. 100 100 li....Q li....Q 
3/8 in. 87 82-94 ll.....i 90 . 1 
No. 4 65 59-72 .a...i 65.7 
No . 8 54 48-60 !&....l 49.0 
No. 16 41 35-47 ll.....2. 38.3 
No . 30 30 25-35 25 . 9 31.2 
No . 50 20 15-25 20.2 .2.Ll 
No . 100 10 8-14 10.9 13.3 
No . 200 4.0 3-6 5.2 5 . 3 

Specific Gravity (+No. 4) 2.52 2 . 54 
( -No. 4) 2 . 63 2 . 64 
(Total) 2 . 57 2.61 

Absorption (+No. 4) 2.9 2.7 
(-No. 4) 2.8 2.8 

Fractured (+No . 4) 100 99 . 7 
(-No. 4) 99.7 100 

Natural Sand Content 15 . 0 20 .4 

NOTE: !ln~~Il~n~g data are outside of JHF tolerances . 

TABLE 5 RECOVERED ASPHALT CEMENT ANALYSIS 

Absolute Kinematic 
Penetration Viscosity Viscosity Specific Ductility 

Sl ab (0 .1 mm) (noises ) (cStl G( ayity (cm) 

lA 24 45 ,085 1540 1 .064 10 
18 22 36 ,698 1355 1.057 8 
2 30 17 ,063 1101 1.050 42 
3 25 27 , 526 1194 1.060 9 
4 26 27 , 744 1134 1.059 10 
5 26 28 ,657 1451 1.056 22 
6 19 57,796 1614 1 . 060 7 
7 24 21 , 109 1530 1.048 40 
8 27 26,164 1531 1.054 32 

TABLE 6 SURFACE COURSE MIXTURE RECOMPACTION ANALYSIS, 
RUNWAY 9/27-COMPACTION TEMPERATURE OF 290°F AND COMP ACTIVE 
EFFORT OF 75 BLOWS ON EACH SIDE WITH HAND HAMMER 

Specs 
Prppertv (JHFl Slab 2 Slob 3 Slob 4 Slab 5 Slab 6 

t..phalt Content (•) 6.5 5.5 4 . 3 5 . 3 4 . 6 5 . 2 
llecompected DeDllity (pcf) 135.9 138 . 6 140 . 6 140.6 140 . 1 141.1 

Theoretica l DeDllity (pcf) 141.3 
KIL STD 6208 148.8 149.9 148.7 148.8 148 . 9 
ASl'K D2041 148.4 150.l 149 . 8 149 . 9 148 . 5 

Stability (lbs) 1800 min 3846 5246 5119 5392 6119 

Flow (0.01 in.) 8-16 8 9 9 7 7 

Voids Total Hix <•> 3-5 
Mil STD 6208 (3 . 8) 6 . 9 6 . 2 5 . 5 5 .9 5.3 
ASl'K D2041 6.6 6 . 4 6 . 2 6 . 5 5.0 

Voids Filled <•> 
Kil STD 6208 62.7 59 . 5 67 . 3 62 .4 67 . 7 
ASl'K D2041 63.7 58.7 64 . 6 60 . l 68 . 9 

Voids in Mineral 
Aggregate 0) 15 11in 
Mil STD 6208 (16.2) 18 . 5 15 . 3 16.8 15 . 7 16 .4 
ASl'K D2041 18 . 2 15 . 5 17 . 5 16 . 3 16 . l 



TABLE 7 SURFACE COURSE MIXTURE RECOMPACTION ANALYSIS, 
RUNWAY 14/32-COMPACTION TEMPERATURE OF 290°F AND COMPACTIVE 
EFFORT OF 75 BLOWS ON EACH SIDE WITH HAND HAMMER 

Property 

Asphalt Content (•) 

Recompacted Density (pcf) 

Theoretical Density (pcf) 
KIL STD 6208 
ASTK D2041 

Stability (lbs) 

Flow (0.01 in.) 

Voids Total Mix (•) 
KIL STD 6208 
ASTM D2041 

Voids Filled <•> 
KIL STD 6208 
ASTK D2041 

Voids in Mineral 
Aggregate ('l) 
KIL STD 6208 
ASTK D2041 

Speca CJMfl 

6.5 

135.0 

140.7 

1800 min 

8-16 

3-5 
(4.0) 

16 min 
(15.6) 

Slab 7 Slab I 

5.4 6.9 

141.0 141.3 

149.0 147.6 
146.3 144.6 

600o+ 5275 

8 8 

5.3 4.2 
5.0 2.3 

68.6 77 . 9 
76.3 86 .6 

16.9 19.0 
15.2 17.l 

TABLE 8 SURFACE COURSE MIXTURE RECOMPACTION ANALYSIS, RUNWAY 
9127-COMPACTION TEMPERATURE OF 250°F AND COMP ACTIVE EFFORT OF 75 
BLOWS ON EACH SIDE WITH HAND HAMMER 

Spec a 
Property CJMFl Slab lA Slab 18 Slab 2 Slab 3 Slab 4 Slab 5 Slab 6 

Asphalt Content 0) 6.5 4.3 5.6 5.5 4.3 5.3 4.6 5.2 

Recompacted Density 35.9 140.0 139.6 137.4 139.2 139.5 138.5 138.6 
(pcf) 

Theoretical Density 41.3 
(pcf) 
MIL STD 6208 149 . 5 147.5 148.8 149.9 148 . 7 148.8 148 . 9 
ASTK D2041 152 .2 149.4 148.4 150.1 149.8 149.9 148.5 

Stability (lbs) 1800 5731 5029 3578 4992 4520 4725 5046 
min 

Flow (0. 01 in.) 8-16 9 9 9 7 8 14 8 

Voids Total Mix <•> 3-5 
MIL STD 6208 (3.8) 6.3 5.3 7.7 7.2 6.2 7.0 7.0 
ASTK D2041 8.0 6.6 7 .4 7.3 6.9 7.6 6.7 

Voids Filled ('l) 
MIL STD 6208 59.l 69.2 59 . 9 55.6 64 .4 58.l 60.9 
ASTK D2041 53.2 64 . 3 60.9 55.2 61.9 56.1 61.9 

Voids in Mineral 
Aggregate ('l) 15 min 

MIL STD 6208 (16.2) 5.4 17 .2 19 . 2 16 .2 17 . 4 16.7 17.9 
ASTK D2041 7.1 18 . 5 18.9 16 . 3 18.1 17.3 17 .6 

Retained Stability 75 min 100 .0 97.0 100.0 97.1 97.1 
<•> 



TABLE 9 SURFACE COURSE MIXTURE RECOMPACTION ANALYSIS, 
RUNWAY 14/32-COMPACTION TEMPERATURE OF 250°F AND COMPACTIVE 
EFFORT OF 75 BLOWS ON EACH SIDE WITH HAND HAMMER 

Property 

Asphalt Content (%) 

Recompacted Density (pcf) 

Theoretical Density (pcf) 
MIL STD 620B 
ASTM D2041 

Stability (lbs) 

Flow (0.01 in.) 

Voids Total Mix (%) 
MIL STD 620B 
ASTM D2041 

Voids Filled (%) 
MIL STD 620B 
ASTM D2041 . 

Voids in Mineral 
Aggregate (%) 
MIL STD 620B 
ASTM D2041 

Retained Stability (%) 

Specs (JMFl 

6.5 

135.0 

140.7 

1800 min 

8-16 

3-5 
(4.0) 

16 min 
(15.6) 

75 min 

Slab 7 Slab 8 

5.4 6.9 

139.4 140.9 

149.0 147.6 
146.3 144.6 

5354 4875 

9 9 

6 .4 4 . 5 
4 . 7 2.6 

64 . 3 76 . 7 
71 .0 85.l 

17 . 9 19.3 
16. 2 17.4 

91.4 100.0 

TABLE 10 GYRATORY ANALYSIS OF SURFACE COURSE MIXTURE, 
RUNWAY9/27 

fJ;Q(!!![!;y Sl!!!i! l ll Sb!i! ll} Sll!!! Z :il!!ll ~ li lilb 4 :ll!!ll 5 Sl ab 6 

Asphalt Content (%) 4.3 5.6 5.5 4.3 5.3 4.6 5.2 

Recompacted Density 139.1 139.2 138. 6 139.4 140.2 138. 9 139. 3 
(pcf) 

Theoretical Density 
(pcf) 
MIL STD 620B 149.5 147.5 148 . 8 149.9 148 . 7 148 . 8 148.9 
ASTM D2041 152.2 149.4 148 . 4 150.1 149 . 8 149 . 9 148.5 

Stability (lbs) 5252 4753 4059 4888 4706 5047 5228 

Flow (0.01 in.) 10 11 11 10 9 12 

Voids Total Mix (%) 
MIL STD 620B 7 . 0 5 . 6 6 . 9 7 . 0 5 . 7 6.7 6.5 
ASTM D2041 8 . 6 6 . 8 6 . 6 7 . 1 6 .4 7.3 6 . 2 

Voids Filled (%) 
MIL STD 620B 56 . 3 67.8 62.7 56 . 5 66 . 3 59 . 2 62 . 9 
ASTM D2041 51.1 63.4 63.7 56 . 2 63 . 6 57 . 1 64.0 

Voids in Mineral 
Aggregate (%) 
KIL STD 620B 16.0 17.4 18.5 16 . 1 16.9 16.4 17.5 
ASTM D2041 17.6 18.6 18.2 16 . 2 17. 6 17 .0 17 . 2 

Gyratory Stability 
Index (GSI) 0.92 0.94 0.93 0.96 0.99 0.93 0. 95 
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TABLE 11 GYRATORY ANALYSIS OF SURFACE COURSE MIXTURE, 
RUNWAY 14/32 

Pr opercy 

Asphalt Content (%) 

Recompacted Density (pcf) 

Theoretical Density (pcf) 
MIL STD 6208 
ASTM D2041 

Stability (lbs) 

Flow (0 . 01 in.) 

Voids Total Mix (%) 
MIL STD 6208 
ASTM D2041 

Voids Filled (%) 
MIL STD 6208 
ASTM D2041 

Vqids in Mineral Aggregate (%) 
MIL STD 6208 
ASTM D2041 

Gyratory Stability Index (GSI) 

TABLE 12 FIELD COMPACTION RESULTS 

Recompacted 
Field Laboratory 
Density Dens ity Percent 

Slab (pcf) <2S0°F>* Compaction 

1 136.5 139 . 8 97.6 
2 130.8 137 . 4 95.2 
3 130.5 139 , 2 93.8 
4 136.8 139 . 5 98.1 
5 134.6 138 . 5 97.2 
6 130.0 138 . 6 93.8 
7 132.3 139 ,4 94.9 
8 131.6 140.9 93.4 

* 75 blow hand hammer , MIL STD 6208 , Method 100 
** 75 blow hand hammer, ASTM Dl559 

TABLE 13 IN-PLACE VOID RESULTS 

MIL STD 6208 
Field Theoretical In place 
Density Density Voids 

Slab Cpcf) Cpcf> (t) 

lA 136 . 5 149 . 5 8.7 
18 136 . 5 147 . 5 7.5 
2 130 .8 148.8 12 . 1 
3 130 . 5 149 . 9 12 . 9 
4 136 . 8 148 . 7 8 . 0 
5 134 . 6 148 . 8 9 . 5 
6 130 .0 148 . 9 12 . 7 
7 132 . 3 149 . 0 11 . 2 
8 131.6 147 . 6 10 . 8 

Slab 7 

5 .4 

140 . l 

149 . 0 
146 . 3 

5334 

12 

5 . 9 
4.2 

66.3 
73.4 

17 . 5 
15.8 

0.96 

Recompacted 
Laboratory 
Densi ty 
c220°F>** 

138 . 6 
140.6 
140 . 6 
140 . l 
141 . l 
141.0 
141.3 

ASTM D2041 
Theoretical 
Density 
Cpcf> 

152.2 
149.4 
148 .4 
150.1 
149.8 
149.9 
148.5 
146.3 
144.6 

Sl@b 8 

9 

141.3 

147.6 
144.6 

4992 

9 

4.2 
2 . 3 

77 . 9 
86 . 6 

19 . 0 
17.1 

1.1 

Percent 
Compac tion 

94.4 
92.8 
97.3 
96 . l 
92.1 
93.8 
93.l 

In place 
Voids 
Ct) 

10 . 3 
8 . 6 

11 . 6 
13 . 1 

8 . 7 
10.2 
12.5 

9 . 6 
9.0 

57 
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concrete represented by these samples are adequate for the 
amount and type of air traffic for these runways . 

The field density results were determined from 4-in. cored 
specimens taken from each slab sample. The field density 
values were determined only for the surface course layer. The 
field density values for Runways 9/27 and 14/32 varied from 
130.0 to 136.8 pcf. The average field compaction results given 
in Table 12 for these slab samples indicated that a majority 
of the in-place asphalt concrete did not meet the minimum 
compaction requirement of 97 percent. The field compaction 
results for the laboratory densities recompacted at 250°F var
ied from 93.4 to 98.1 percent. The field compaction results 
for the laboratory densities recompacted at 290°F were lower 
and varied from 92.8 to 97.3 percent. 

The field compaction results and the visual voids on the cut 
faces of the slabs indicated that the in-place voids in the as
phalt concrete mixtures were high. The in-place voids were 
calculated using field density values and two theoretical den
sity values determined by MIL STD 620B and ASTM D2041. 
The in-place void results are given in Table 13. The in-place 
void results calculated using MIL STD 620B varied between 
7.5 and 12.9 percent for Runway 9/27 and between 10.8 and 
11.2 percent for Runway 14/32. The in-place void results cal
culated using ASTM D2041 varied between 8.6 and 13.1 per
cent for Runway 9/27 and between 9.0 and 9.6 for Runway 
14/32. Asphalt concrete mixtures with in-place voids above 8 
percent are considered permeable. Asphalt concrete mixtures 
that are permeable and allow water and air intrusion are 
subjected to oxidation, which leads to weathering of the pave
ment surface. Excessive weathering of an asphalt concrete 
mixture decreases the durability and service life of a pavement. 

Aggregate Analysis 

The results of the analyses performed on the aggregates re
covered from the extraction process are given in Tables 3 and 
4. The aggregate gradations determined for the slab samples 
from Runway 9/27 indicated that all samples have aggregate 
gradations that do not meet the contract specifications. The 
predominant problem with the aggregate gradations for the 
surface course mixtures is that the gradations were too coarse 
and not well graded. Slab Samples lA, 3, 4, and 5 are much 
coarser than the specified limits. These slab samples also had 
an extremely open-textured surface. Slab Samples lB , 2, and 
6 have aggregate gradations that exceed the upper limit on 
the No. 50 sieve and vary from the lower to upper limits of 
the specified limits. As a whole, the aggregate gradations 
determined from the slab samples taken from Runway 9/27 
do not meet the required limits for heavy-duty airfield 
P!!.Vements. 

The aggregate gradations determined from slab samples 
taken from Runway 14/32 are inconsistent. Slab Sample 7 had 
a gradation that did not meet the specifications and was similar 
to the coarse aggregate gradations found on Runway 9/27. 
Slab Sample 8 had the only aggregate gradation that was close 
to meeting the required contract specifications. 

The natural sand content of the slab samples was deter
mined by observing the aggregate particles smaller than the 
No. 4 sieve under a microscope. The percentage of natural 
sand is calculated by determining the number of sand particles 
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in the aggregate gradation. The natural sand contents in the 
aggregate gradations from Runway 9/27 were all above the 
maximum limit of 15 percent. The natural sand content varied 
from 18.5 to 35.4 percent for Slab Samples 1 through 6. Slab 
Samples lB, 2, and 6 had high natural sand contents of 23.2, 
35.4, and 24.4 percent , respectively. The natural sand content 
for Slab Samples 7 and 8 from Runway 14/32 were 15.0 and 
20.4 percent, respectively . 

The LA abrasion test (ASTM Cl31) was conducted on 
combined samples of extracted aggregate. A combined sam
ple from Slab Samples 1 through 3 was evaluated using Grad
ing B. The percent wear of these aggregates was 37 .0. A 
combined sample of Slab Samples 1 through 6 was used to 
evaluate Grading C. The:: pc::rcc::nl wc::ar uf Lhc::st: aggrt:gatt:s 
was 34.9. The Florida limerock aggregate meets the require
ments of the specification. 

Asphalt Cement Analysis 

The test results for the asphalt cement recovered from the 
Abson recovery process are listed in Table 5. They indicated 
that this material had aged and hardened during plant pro
duction and a 2-year service life . The initial penetration for 
the Chevron AC-20 asphalt cement was 87. Typical values for 
the recovered penetration ranged between 19 and 30. These 
values indicated a reduction in penetration of 66 to 78 percent. 
Asphalt cements recovered from mixtures after plant pro
duction typically have reduced penetration values of 40 to 50 
percent. The ductility and viscosity values also indicated that 
the asphalt cement had hardened significantly. 

In the previous visual inspection on November 6, it was 
observed that an obvious color difference existed between the 
outside paving lanes and the inside ·lanes. Slab Samples 2 and 
5 were taken from the outside lanes. The ductility values 
indicated that there was a difference in the asphalt cements. 
The ductility values for Slab Samples 2 and 5 were two to 
four times greater than for the other slab samples, indicating 
that this binder was not as brittle or hard as the asphalt ce
ments of the inside lanes. 

Recompaction Analysis 

The test results from the three recompaction studies are given 
in Tables 6 through 11. All three recompaction procedures , 
ASTM D1559, MIL STD 620B (Method 100), and ASTM 
D3387, indicated that the asphalt concrete . mixtures do not 
meet the contract specifications. 

The asphalt contents determined from the extraction pro
cess were very low. The asphalt contents determined for slab 
samples from Runway 9/27 ranged from 4.3 to 5.6 percent. 
The asphalt content for slab samples from Runway 14/32 were 
5.4 and 6.9 percent. The asphalt content recommended by 
the contractor as optimum was 6.5 percent. The asphalt con
tents of the in-place material were between 0.9 and 2.2 percent 
below the optimum asphalt content. Low asphalt contents 
cause improper film coating of aggregate particles, which leads 
to insufficient bonding and raveling. 

The voids total mix (VTM) requirement of 3 to 5 percent 
was not met by these asphalt concrete mixtures from Runway 
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9/27. The VTM values were extremely high for all three re
compaction procedures and each theoretical density deter
mination, ASTM D2041 and MIL STD 620B (Method 101). 
The VTM values computed from the recompaction analysis 
using ASTM D1559 procedure ranged from 5.0 to 6.6 percent 
(ASTM D2041) and from 5.3 to 6.9 percent (MIL STD 620B). 

The VTM values computed from the recompaction analysis 
using MIL STD 620B (Method 100) procedure ranged from 
6.7 to 8.0 percent (ASTM D2041) and from 5.3 to 7.7 percent 
(MIL STD 620B). The VTM values computed from the gy
ratory analysis ranged from 6.2 to 8.6 percent (ASTM D2041) 
and from 5.6 to 7.0 percent (MIL STD 620B). 

The other Marshall void property, voids filled with asphalt 
(VF), was also determined for these asphalt concrete mixtures 
from Runway 9/27. The VF values were extremely low for an 
asphalt concrete mixture that is used on a heavy-duty airfield 
pavement. The typical voids filled with asphalt requirement 
is 70 to 80 percent for airfield pavements. The VF values 
computed from the ASTM D1559 procedure ranged from 58. 7 
to 68.9 percent (ASTM D2041) and from 59.5 to 67.7 percent 
(MIL STD 620B). The VF values computed for the MIL STD 
620B (Method 100) procedure ranged from 53 .2 to 64.3 per
cent (ASTM D2041) and from 55 .6 to 69.2 percent (MIL STD 
620B). The VF values computed from the gyratory analysis 
ranged from 51.1 to 64.0 percent (ASTM D2041) and from 
56.3 to 67.8 percent (MIL STD 620B). 

The recompaction analysis of slab samples from Runway 
14/32 indicated that these asphalt concrete mixtures did not 
fully meet the specification requirements but were much closer 
than the previously discussed slab samples. The asphalt con
tent for Slab Sample 7 was 5.4 percent, whereas the asphalt 
content for Slab 8 was 6.9 percent. The VTM values for Slab 
7 varied from 4.2 to 6.4 percent for the three recompaction 
procedures. The VTM values for Slab 8 were much lower and 
varied from 2.3 to 4.S percent for the recompaction proce
dures . The VF values for Slab Sample 7 were slightly lower 
than recommended values and varied from 64.3 to 76.3 per
cent. The VF values for Slab Sample 8 indicated that too 
much asphalt was in the mixture. The VF values ranged from 
76. 7 to 86.6 percent. The gyratory analysis also indicated that 
Slab Sample 8 had an excessive amount of asphalt cement in 
the mixture. A gyratory stability index (GSI) value of 1.1 
indicated that the asphalt concrete mixture had an excessive 
asphalt content. 

SUMMARY 

The performance of the asphalt concrete overlays, especially 
Runway 9/27, has been unacceptable due to the raveling of 
the pavement surface. On the basis of visual inspection of the 
runways and test results from the laboratory analysis, the poor 
performance of the asphalt concrete overlay was due to an 
improperly produced and constructed asphalt concrete mix
ture. Several factors contributed to this improper asphalt 
mixture: 

• The field density and compaction results are low and did 
not meet the minimum compaction requirements. The high 
in-place voids total mix indicated that the asphalt concrete 
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mixtures were susceptible to weathering and decreased service 
life. 

• The aggregate gradations were consistently out of spec
ification and were predominantly coarse. Coarse gradations 
promote an open-textured pavement surface, which allows 
increased raveling when combined with a low asphalt content. 

• The natural sand content was above the maximum 15 
percent limit. The use of high percentages of local natural 
sand increased the incidence of roots, sticks, and organics in 
the asphalt concrete mixtures. 

• The test results for the recovered asphalt cements indi
cated that these materials have aged and hardened signifi
cantly during the 2 years these pavements have been in serv
ice. Hardened asphalt cements produce brittle asphalt concrete 
mixtures that increase the potential for weathering and raveling. 

•The asphalt contents determined from the extraction 
process indicated that the asphalt concrete mixtures had less 
asphalt cement than recommended by the JMF. The asphalt 
contents were extremely low, 1 to 2 percent by weight lower 
than the optimum asphalt content. These low asphalt contents 
are a major contributor to the raveling problem. 

• The recompaction analyses for these slab samples indi
cated that the asphalt concrete mixtures did not meet the 
contract specifications. The Marshall mix design void prop
erties were not acceptable for heavy-duty airfield pavements. 
The voids total mix values were extremely high, and the voids 
filled with asphalt values were consistently low. These Mar
shall properties indicate that the in-place asphalt concrete 
does not have enough asphalt cement to properly coat the 
aggregate particles and to prevent further deterioration and 
raveling. 

The combination of these factors has contributed to pave
ment surface raveling that has occurred on Runways 9/27 and 
14/32. The test results for the laboratory evaluation indicate 
that the in-place material is not the quality pavement required 
by the specification. On the basis of the test results of this 
investigation, the pavement surface raveling will continue and 
eventually cause a foreign object damage problem. 

RECOMMENDATIONS 

On the basis of the visual inspection and laboratory analysis 
of the in-place materials at Jacksonville NAS, the following 
recommendations are given: 

1. The in-place asphalt concrete surface course material on 
Runway 9/27 is unacceptable for airfield pavements and should 
be removed to eliminate surface raveling and potential foreign 
object damage. 

2. The existing asphalt concrete surface course should be 
removed by cold milling to a minimum depth of 2 in. 

3. An asphalt concrete layer 2 in. thick should be placed 
and constructed for the new runway surface. Proper materials 
and construction procedures should be required to ensure an 
acceptable pavement surface. 

4. The existing asphalt concrete material on Runway 14/32 is 
not exhibiting severe pavement raveling as is Runway 9/27. 
However, the potential for future deterioration exists. Periodic 
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inspections should be conducted by Jacksonville NAS personnel 
to monitor the pavement surface on Runway 14/32. 

ACKNOWLEDGMENTS 

The author wishes to express his appreciation to the Naval 
Facilities Engineering Command , Southern Division, for 
sponsoring and funding this project and allowing him the 
opportunity to conduct this investigation. The author also 
wishes to thank Ray Pearre, Bill Woodard , and Wilbert Bev-

TRANSPORTATION RESEARCH RECORD 1337 

erly of NFEC, Southern Division, for their assistance and 
cooperation during this project. The author thanks his su
pervisors, the U.S. Army Engineer Waterways Experiment 
Station, and Headquarters, U.S. Army Corps of Engineers, 
for allowing publication of this material. 

The contents of this report reflect the views of the author and do not 
necessarily reflect the official position of the Department of the Army 
or the Department of Defense. This report does not constitute a stand
ard, specification, or regulation. 

Publication of this paper sponsored by Section on Bituminous. 



j 

I 

TRANSPORTATION RESEARCH RECORD 1337 61 

Case Histories of Cold In-Place Recycled 
Asphalt Pavements in Central Oregon 

D. F. ROGGE, R. G. HICKS, T. v. SCHOLZ, AND DALE ALLEN 

Region 4 of the Oregon Department of Transportation (ODOT) 
began the use of cold in-place recycling (CIR} for rehabilitation 
of asphalt pavements in 1984. The process has proven successful 
and today is an important part of ODOT's surface preservation 
strategies. ODOT, with assistance from Oregon State University, 
has actively monitored selected CIR projects constructed between 
1984 and 1988. Detailed data are presented for 10 projects with 
regard to visual inspection, deflection data before and after re
cycling, diametral resilient modulus and fatigue, and Marshall 
stability and flow. A tabulation of service life estimates for 47 
CIR projects and the life cycle cost implications thereof are also 
presented. Most of the CIR projects have only been chip sealed. 
In several cases cold, open-graded overlays have been applied. 
Significant findings include the following: (a) deflections before 
and after CIR are about the same, and no structural improvement 
should be expected; (b} generally, for CIR projects over time, 
diametral modulus and fatigue life and Marshall stability increase 
while Marshall flow decreases; and (c) with the exception of two 
significant failures, life cycle costs for CIR projects ranged from 
37 to 82 percent of the cost of a 2-in. hot mix overlay. 

Case history and performance data for cold in-place recycling 
(CIR) projects constructed and maintained by the Oregon 
Department of Transportation (ODOT) are presented. The 
first project was constructed in 1984. Performance data are 
presented through 1990. 

After a presentation of background information and a state
ment of purpose, a brief description of the two construction 
processes used is provided. Mix property data derived from 
field cores and deflection data are presented. Estimated serv
ice lives are presented, followed by a life cycle cost analysis. 
Finally, conclusions are drawn. 

BACKGROUND 

ODOT constructed its first CIR project in 1984 in an attempt 
to more effectively use the limited maintenance and preser
vation funds available. Innovative procedures were desired 
to halt the decline in pavement condition ratings. It was hoped 
that use of CIR would allow restoration of ride quality and 
drainage crown for more miles of highway than conventional 
procedures, thus preventing further deterioration and "buying 
time" before overlays could be accomplished. 

Region 4 of ODOT has led Oregon's CIR efforts. Region 
4 is characterized by a high-desert environment with large 
temperature extremes and frequent freeze-thaw cycles, low 
population density, and consequently considerable mileage of 

D. F. Rogge, R. G. Hicks, and T . .Y. Scholz, Department of Civil 
Engineering, Oregon State University, Corvallis, Oreg. 97331. D. 
Allen, Oregon Department of Transportation, Bend, Oreg. 97708. 

low-volume roads. It is an area where thermal cracking and 
oxidation of asphalt pavements are serious problems. CIR 
showed potential as a low-cost method for quickly restoring 
the distressed asphalt pavements. Results from the initial CIR 
project in 1984 were so successful that more projects were 
constructed in 1985. Since that time, use of CIR has grown 
steadily in Region 4, and CIR has been used in other regions 
of ODOT. More than 500 centerline miles of two-lane asphalt 
roads has been restored. 

To speed the development of CIR and to gather data to 
assess the performance and cost-effectiveness of CIR, ODOT 
contracted with Oregon State University (OSU) for two re
search projects running concurrently from 1986 through 1990. 
The projects provided data on deflections, mix properties, 
and pavement condition, as well as service life expectations 
and life cycle costs. Information from these research projects 
is presented elsewhere (1-4). 

This paper is presented as a means to share the perfor
mance, service life, and life cycle cost information gained 
through the research described. This information should be 
useful to those who must make decisions about maintenance 
and rehabilitation of asphalt pavements. 

DESCRIPTION OF PROJECTS 

Construction 

Oregon's CIR projects have been constructed using two dif
ferent methods. Contracted projects have used a complete 
recycling train, including milling machine, screening deck, 
crusher, pugmill, and paving machine. Other projects have 
been completed using state maintenance forces and a single
unit train approach. The single-unit train, operated by ODOT, 
is a milling machine capable of metering recycling agent and 
mix water into the milling chamber and depositing the ma
terial in a windrow. The windrow is picked up and placed 
using a conventional asphalt paving machine. 

Except for test sections, ODOT's CIR projects have used 
two types of emulsified asphalts: CMS-2S (now designated 
CMS-2RA) and high-float emulsions (HFE), primarily HFE-
150. High-floats have been both conventional and polymer 
modified. The CMS-2S is a cationic medium set emulsion with 
up to 12 percent naphtha. 

Performance 

Ten projects were chosen for intensive study and are given 
in Table 1, which also includes construction information (i.e., 
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TABLE 1 CIR PROJECTS (1984-1988) CHOSEN FOR IN-DEPTH 
EVALUATION 

Year Highway Project Name Length 
(ml.) 

1984 OR 372 Sand Shed-Mt. Bachelor 5.0 

1985 OR 20 Drews Gap-Lakeview 11.0 

OR 49 Harney Co. Line- 30.7 
Hogback Summit 

1986 OR 53 MP 79.2-Wasco Co. Line 17.3 

OR 41 MP 89.6.Jct. OR 19 8.7 

OR 270 Lakeshore Dr.- 6.4 
Greensprlngs Jct. 

OR 372 Lava Springs-Sand Shed 5.7 

1988 OR 426 Jct. Klamath Falls- 2.8 
Malin Hwy-CA Line 

OR 42 MP 13.27-Moro 4.8 

OR 22 Fort Klamath- 5.7 
Crooked Creek 

project length, class of recycle, type of emulsion used, etc.). 
Table 2 presents a summary of performance data obtained 
for the 10 projects. Summary discussions of these projects 
follow. 

OR-372, Sand Shed-Mt. Bachelor (1984) 

Visual inspection indicated that this project had a fair overall 
condition rating in both 1989 and 1990. The project has had 
signs of some fatigue (alligator) cracking and potholes, minor 
rutting and flushing, and has had some patching. It is expected 
to have a service life of 9 years without significant patching. 
This project has little truck traffic but heavy recreational traffic 
during the winter ski season. Figure 1 gives an indication of 
the surface condition of this project in 1990. 

This section was fairly typical of CIR treatments in that 
deflections increase 7 percent after CIR. Five years after con
struction, cores indicated air voids of 7. 7 percent and some 
of the highest modulus, fatigue, and Marshall stability values 
of the projects tested. Since experience indicates strength
ening of CIR treatments with age and the curing of the emul
sion, and since this is ODOT's oldest project, this is not 
surprising. This has been a very successful project. 

OR-20, Drews Gap-Lakeview (1985) 

In 1989, this project had a fair to good condition rating with 
minor distress, mainly thermal cracking, and some flushing 
in tlie wlieel trackS.The 1990 rating was still fair. The project 
is expected to have a service life of 8 years, although chip 
sealing was required on the project after only 2 years. Initial 
CIR depth was l1/2 in. Although ride quality after CIR was 
good, about 3/s in. of the recycled pavement was milled as 

Recycle Emulelon SUlface Treatment 
Depth Type 
(In.) (Content) 

1.5 CMS-2S Surface left open winter of 
(1-2%) 1984, chip sealed In 1985 

1.5-2 CMS-2S Polymer chip seal 
(1-2%) 

1.5-2 CMS-2S Chip seal 
(1-2%) 

2-4 CMS-2S Polymer chip seal 
(1%) 

1.5·2 CMS-2S Chip seal 
(1.4-1.5%) 

2.5-4 CMS-2S Chip seal 
(1.4%) 

2 CMS-28 Chip seal 
(1%) 

2 CMS-28 None 
(0.5%) 

2 HFE-150 Polymer chip seal 
(1.0%) 

2 HFE-150 Sand seal 
(1.1%) 

part of the CIR project to improve ride. The milling did not 
prove worthwhile. 

Figure 2 shows both the 1990 surface condition at the lo
cation of cores and an example of a full-width transverse crack 
on this project. Similar transverse cracks 1 year after a hot 
mix overlay would not be uncommon in this climatic region. 
ODOT engineering and maintenance personnel believe that 
recycling to a depth one-half to two-thirds of the pavement 
section is required to prevent reflective cracking. This project 
only recycled 11/z in. of an existing 4- to 5-in. AC pavement. 

Changes in deflection with the CIR treatment were highly 
variable, increasing in some cases and decreasing in others. 
Air voids were the lowest of any of the projects studied. All 
mechanical test results were considered favorable 4 and 5 
years after construction. This has been a successful project. 

OR-49, Harney Co. Line-Hogback Summit (1985) 

This project is divided into three sections for discussion pur
poses as follows: Harney Co. Line-Bacon Camp Rd. (14 mi), 
Bacon Camp Rd.-MP 57 (8 mi), and MP 57-Hogback Sum-
mit (9 mi). . 

The first section had a fair condition rating in 1989 with 
minor distress (minor rutting, flushing, and fatigue cracking). 
However, between Mileposts 39 and 41, sections of the pave
ment had raveled badly, with some areas showing bare gravel 
whereas others were fat with asphalt. Between Mileposts 44 
and 47 the pavement looked fine with no potholes but had 
slight bleeding problems. 

The second section had a fair condition rating in 1989 but 
looked dry in asphalt, with some of the pavement falling apart 
in large potholes. Consequently, maintenance work had been 
required on this section. 



TABLE 2 SUMMARY DATA FOR 10 SELECTED PROJECTS 

Project Year Change Air Voids All8rage Fatigue Life Marshall Marshall Flow Lile as Total 
. 

Condftion Rating Research 
Constr. in (%) Modulus (1000 cycles) Stability ~n./100) Wearing Course Expec1ed Team's 

Deft. ~b) Life Evaluation 
Bet/Aft as of 

CIR 1988 1989 1988 1989 1988 1989 1988 1988 1988 1989 Before After Wearing 1988 1990 Project 
Sig. Sig. Course 

Patching Patching 

Sand Shed- 1984 7% 7.7 713 138 2410 17 9 fair fair very 
Mt. Bachelor successful 

Drews Gap- 1985 -16%10 5.8 5.2 499 531 62 98 1196 2049 22 20 2 6 8 fair- fair successful 
Lakelliew 34% good 

Hamey Co. Line- 1985 -1%10 8.8 10.1 508 485 109 176+ 788 1607 33 19 2 5 7 fair-poor good satisfactory 
Hogback Summi1 5% 

!vt.P. 79.2- 1986 -2%10 10.6 7.4 377 526 54 150+ 1106 1161 21 16 1 2 3 fair-poor fair unsuccessful 
Wasco Co. Line 18% 

M.P. 89.6- 1986 -26%10 9.6 6.6 607 479 47 56 928 1372 22 17 8 good fair successful 
Jct. OR 19 -17% 

Lakeshore Dr. - 1986 -5%10 12.9 13.0 530 727 79 250• 1171 1597 24 17 3 6 9 good fair successfUI 

Greensprings Jct . 6% 

Lava Springs- 1986 11.3 13.3 451 487 59 119 1392 1625 29 18 6 good fair successful 

Sand Shed 

Jcl. Klamath Falls- 1988 10.1 9.1 603 780 28 41 1028 1816 21 19 7 good fair successful 
Malin Hwy-CA Line 

M.P. 13.27-Moro 1988 23%to 12 4 11 ,7 253 445 18 26 683 1566 26 17 good successful 
51% 

Fort Klamath- 1988 14.5 12.9 490 501 11 24 595 1023 24 17 8 good fair successful 
Crooked Creek 

·Based on most pessimistic of estimates by Region Engineer and District Maintenance Supervisor. 
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FIGURE 1 Sand Shed-Mt. Bachelor typical surface condition, 
May 1990. 

The third section had a poor condition rating in 1989 with 
more pronounced rutting and thermal cracking relative to the 
other two sections. Although the pavement looked accept
able, the surface had a rough texture. The rough texture was 
the result of milling the surface after CIR. It was thought at 
the time that milling would improve the ride. It did not, and 
this extra procedure is no longer used. 

The condition ratings made in 1988 and 1990 gave overall 
ratings to this total project of good, compared with a poor 
rating in 1989. The differences in surface ratings are under
standable. This is a difficult project to rate. The research team 
inspected this project in May 1990. Clearly there were areas 
where localized failures had required maintenance. Many of 
these were related to base failures. Still, the condition of most 
of the project was good. 

In 6 years (1985 to 1991) this long section (> 30 mi) has 
required minimal maintenance on a highway that was, before 
CIR, severely broken and, in the opinion of ODOT personnel, 
1 to 2 years away from total failure. Had this low-volume road 
(ADT 220) failed, protests from taxpayers and users would have 
been so great that ODOT would have had to design and con
struct a structural overlay at costs up to $300,000/mi. The only 
source for funding would have been a diversion of funds from 
a high-volume road such as US-97 (3,000 to 10,0000 ADT 
and 800 to 1400 trucks per day). In this case, CIR did more 
than buy time-it kept agency costs on the low-volume high
way low and allowed the preservation of funds needed for 
high-volume roads. Thus, in spite of some ongoing mainte
nance and local base failures, for this low-volume highway 
CIR presented the best outcome considering known alter-
natives and budget restraints. __ 

This project, in excess of 30 centerline mi, is expected to 
have a total service life of 7 years. Significant patching began 
in localized areas after only 2 years. Deflections for this proj
ect changed very little with the CIR treatment. Mechanical 
properties of cores tested are good. Fatigue lives are high. 
This project has had satisfactory performance, considering 
base conditions and possible alternative maintenance strategies. 
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FIGURE 2 Drew's Gap-Lakeview surface condition, May 
1990: top, at location of cores; bottom, typical transverse crack. 

OR-53, MP 79.2-Wasco Co. Line (1986) 

This project was divided into two sections for inspection pur
poses with both sections showing distress. In 1989, one section 
had a fair condition rating, whereas the other had a poor 
rating. Both projects received fair ratings in 1990. Significant 
maintenance work has been required to maintain these rat
ings. Because of the failure of this project, it has been inten-
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sively studied. It was determined that the pavement was re~ 
cycled with too high an emulsion content and that a polymer 
chip seal was placed too soon, trapping moisture and solvent 
in the pavement. 

This project was visited in August 1990 when a section was 
being re-recycled, this time with a target addition of 3 percent 
lime. Stripping had been a problem. It was hoped that re
cycling with lime could stabilize this problem. Initial indica
tions are that re-recycling with lime is working. Inspection in 
December 1991 showed no signs of distress. 

Also during the August 1990 visit, the entire length of the 
1986 recycle project was examined. The conclusion was that 
only about 30 percent of the original project was still serving 
as a wearing course, and most of that was heavily patched. 
Large sections had been inlaid. 

The deflections and mechanical properties measured for 
this project give no indication that the majority of the project 
was a failure, except perhaps the 1989 Marshall stabilities, 
which are relatively low for 3-year-old CIR pavements. Most 
of the project had a service life of only 3 years, with main
tenance beginning the first year. This project was considered 
to be unsuccessful. 

OR-41, MP 89.6-Jct. OR-19 (1986) 

In 1989 this project had a good condition rating. Only minor 
distress (some rutting and flushing) was apparent, and the 
pavement had experienced only minor maintenance work. 
The surface condition had fallen to fair in the 1990 rating. 

Deflection readings for this project were unusual in that 
both readings decreased after CIR treatment. This was also 
only one of two projects showing a decrease in modulus be
tween 1988 and 1989 cores. 

Service life is predicted to be 8 years, with no significant 
patching experienced to date. This has been a successful project. 

OR-270, Lakeshore Dr. -Greensprings Jct. (1986) 

In 1989, this project had a good condition rating with only 
minor distress. Some fat spots were apparent, and cracks in 
the shoulders were beginning to spread into the recycled pave
ment. Also, some signs of raveling had appeared in the east
bound lane. In 1990, the surface condition rating had dropped 
to fair, but there were still no signs of serious distress. 

The air voids for this project are the highest of the 1986 
projects cored, but mechanical properties still look good. Service 
life is predicted to be 9 years with only minor patching ex
perienced after 3 years. This has been a successful project. 

OR-372, Lava Springs-Sand Shed (1986) 

This project was rated good in 1989 and fair in 1990. It has 
experienced no significant patching to date and is expected 
to have a service life of 6 years. Figure 3 shows the contrast 
between the recycled travel land and the nonrecycled shoulder 
area. 
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FIGURE 3 Lava Springs-Sand Shed, May 1990. Nonrecycled 
shoulder on left and recycled travel lane on right. 

No unusual results are apparent from mechanical testing. 
This has been a successful project. 

OR-426, Jct. Klamath Falls-Malin Hwy-CA Line 
(1988) 

In 1989 this project had a good condition rating after having 
been in service through one winter. No maintenance work 
had been performed, and only minor distress was apparent. 
The original pavement was stripped. The surface condition 
rating had fallen to fair in 1990, but service life is still expected 
to be 7 years, and no significant patching has been experienced 
to date. Air voids were relatively low, and modulus and 1989 
Marshall stability were relatively high, given the age of the 
pavement. This is a successful project. 

OR-42, MP 13.27-Moro (1988) 

The pavement had a consistent gradation and asphalt content 
throughout the project in 1989. However, areas in the wheel
paths had started to show signs of flushing of chip seal and 
had a somewhat smooth appearance. ODOT's 1990 rating for 
this section was good. No forecast of service life was available. 
This project was unusual in that deflection increases after CIR 
were substantial. In spite of the apparent increase in deflec
tion, this project has withstood 500 heavy trucks per day quite 
well. This is a successful project. 

OR-22, Fort Klamath-Crooked Creek (1988) 

In 1989 this project had a good condition rating. However, 
the pavement had some segregation problems as well as some 
raveling, bleeding, and cracking. The 1990 rating was fair. 
Expected service life is 8 years. This project had the highest 
air voids (the RAP was an open-graded mix) and lowest fa
tigue life and stability of the 1988 projects that were cored. 
This is a successful project. 
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Deflection 

Deflection data have been obtained over time on 9 of the 10 
projects selected for more intensive study. In all cases the 
deflections are the average of 11 readings obtained using the 
ODOT Dynaflect. The deflections are those recorded for geo
phone Number 1 adjusted to a standard pavement tempera
ture of 70°F. 

The changes in deflection from the last available deflection 
before CIR treatment and the first measurement after CIR 
were summarized in the third column of Table 2. In the best 
case, deflections measured after CIR were 26 percent less 
than before. In the worst case, deflection measured after CIR 
increased 51 percent. When all of the deflection data are 
examined, in most cases, the change in deflection resulting 
from CIR treatment is less than 10 percent. When all of the 
change values are averaged , the mean change in deflection 
for CIR treatments is an increase in deflection of 9 percent. 

Examination of the deflection data leads to the conclusion 
that CIR cannot be expected to increase the stiffness of the 
pavement section. Although on the average CIR resulted in 
slightly increased deflections, the increase was small, essen
tially maintaining the stiffness of the existing pavement. 

Figure 4 shows results of deflection measurements over time 
for the oldest CIR project, Sand Shed-Mt. Bachelor. De
flections have increased only slightly in the 5 years since con
struction. Deflection over time plots for other projects show 
similar curves. 

Mix Properties 

To aid in the evaluation of cold recycled pavement perfor
mance, mix properties have been investigated over time. Mix 
property tests have been conducted on cores taken in fall 1988 
and fall 1989 from the 10 projects being intensively evaluated 
for life expectancy of recycled pavements. Tables 3 and 4 
summarize the test results . The tests performed on these cores 
included 

1. Bulk and theoretical maximum specific gravities (ASTM 
D2726 and ASTM D2041) , 

2. Asphalt coating, 
3. Diametral modulus and fatigue (ASTM D4123), and 
4. Marshall stability and flow (ASTM D1559) . 
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FIGURE 4 Deflection over time, Sand Shed-Mt. 
Bachelor MP 17.5. 
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The air voids and asphalt coating results (see Table 3) gen
erally indicate the following: 

1. Voids are between about 5 and 15 percent with several 
of the older (pre-1987) projects showing void contents of 10 
percent or less. 

2. Asphalt coating (on broken surfaces) ranges between 30 
and 100 percent (from dry or uncoated to sufficiently coated). 
Five of the 10 projects were reported with asphalt coating of 
50 percent or less when 1989 cores were examined. This is a 
dramatic change from examination of 1988 cores, which showed 
the minimum coating observed to be 80 percent. Nothing in 
the field performance of these projects indicates that such a 
change has taken place. The most likely explanation is that 
it is difficult to interpret asphalt coating for recycled asphalt 
pavements. 

The diametral modulus and fatigue test results for the field 
cores are summarized in Table 4. All modulus tests were 
conducted in accordance with ASTM D4123 (5). The tests 
were conducted at 23°C, at a pulse load frequency of 1 Hz, 
with a pulse load duration of 0.1 sec, and at a pulse load 
magnitude to induce a tensile strain of 100 microstrain (µE). 
The fatigue tests were conducted in the diametral mode under 
the same loading conditions and temperatures as that of the 
modulus tests. The results of these tests generally indicate 
that 

1. Moduli of 1988 cores range between about 250 and 600 
ksi · 

2. Moduli of 1989 cores range between about 450 and 800 
ksi· 

3. Little change in modulus for four projects, dramatic in
crease in modulus for four projects, and about a 20 percent 
decrease in modulus for one project; 

4. Fatigue lives of 1988 cores range between about 10,000 
and 110,000 cycles to failure; 

5. Fatigue lives of 1989 cores range between about 24,000 
and lives in excess of 150,000 cycles to failure; and 

6. Fatigue lives for 1989 cores increased compared with 
1988 cores in all cases, and dramatically in most cases. 

Table 5 summarizes the Marshall stability and flow values 
from tests of the field cores. These tests were conducted in 
accordance with ASTM D1559 (5) at 60°C. The results gen
erally indicate the following: 

1. Stabilities for the 1988 cores rang~ between about 600 
and 1,400 lb. 

2. Stabilities for the 1989 cores range between about 1,000 
and 2,400 lb. 

3. All projects but one show significant increases in stabil
ities from 1988 to 1989 cores. The other project shows only 
a slight increase. 

4. Flow values for the 1988 cores range between 21 and 33 
in./100. 

5. Flow values for the 1989 cores range between 17 and 20 
in./100. 

6. All projects show decreases in flow from 1988 to 1989 
cores , and in most cases the decrease is substantial. 



TABLE 3 CORE LOCATIONS AND PROPERTIES 

ProjlCI Highway Year THI M.P. & Loca~on Bulk Rloe 
"" 

AaplWt Coating 
Conlltructed Period Grevtty Grevtty Volda 

"" No• 

Sand Shed- OR372 1984 Fall 88 not cored 
Mt. Bachelor 

Fall 89 22.00, 7'L 2.273 2.462 7.7 100 Sufficient 

Drew• Gap- OR20 1985 Fall 88 87.40, 9'L 2.116 2.247 S.8 95 
Lakeview 

Fall 89 87.40, 9'L 2.152 2.270 5.2 90 Sufficient 

Harney Co. Une- OR49 1985 Fell 88 64.50, 8'R 2.030 2.226 8.8 6!>-90 
Hogback Summit 

Fall 89 64.20, 9.5'R 2.005 2.230 10.1 30-45 Dry 

M.P, 79.2· OR53 1986 Fall 88 89.90, 7'L 2273 2549 10.8 85-90 
Wasco Co. Line 

Fall 89 89.90, 8'L 2.381 2.571 7.4 50 Dry 

M.P. 89.6- OR41 1986 Fall 88 96.40, 8.5'L 2.241 2.484 9.8 85-90 
Jct OR 19 

Fall 89 96.40, 7'L 2.338 2.502 6.6 30-45 Dry 

Lakeshore Dr- OR 270 1986 Fall 88 63.36, 9'R 2.132 2.448 12.9 85 
Greensprings Jct 

Fall 89 63.36, 9'R 2.141 2.461 130 7!>-60 Dry-sufficient 

Lava Springs- OR 372 1986 Fall 88 t4.60, 8 5'L 2. t34 2.405 11.3 90-95 
Sand Shed 

Fall 89 14.60, 7'L 2.088 2.409 13 3 6!>-70 Dry-sufficient 

Jct Klamath Falls- OR 426 1988 Fall 88 1.00. 10'R 2.159 2.402 10.1 60 
Malin Hwy-CA Line 

Fall 89 1.00, tO'R 2.190 2.410 9.t 40 1.4-<n.+ uncoated 

MP 13.27-Moro OR 42 1988 Fall 88 16.00, 9.5'R 2.235 2.551 12.4 85-90 

Fall 89 16.00, 9'R 2.283 2.585 11.7 9!>-100 Sufficient 

Fort Klamath- OR22 1988 Fall 88 94.00, 9'R 2.002 2.342 14.5 85-90 
Crooked Creek 

Fall 89 94.00, 8'R 2.034 2.335 12.9 40 Dull 

·visual Inspection of broken cores 

TABLE 4 MODULUS AND FATIGUE RESULTS 

1988 1989 1988 1989 
Project 

Reslllent Average ResHlent Average Fatlge Average Fatigue Average 
Modulus Modulus Modulus Modulus Life Fatigue Life Fatigue 

lksn lksll (ksll lksll (reosl lre0sl lr"""I lreosl 

Sand Shed- Not cored In fall 1988 757 713 Nol cored In fall 1988 **** 138184 
Ml. Bachelor 501 138184 

882 85983* 

Drews Gap- 467 499 550 531 51046 61605 .. 96076 
Lakeview 535 562 72798 73860 

494 481 61571 122291 

Harney Co. Line- 453 508 395 485 111276 108865 192473* 176147+ 
Hogback Summit 558 530 108712 159821 

514 529 106608 ... 
M.P. 79.2- 371 377 518 526 45929 53965 150100* 150000+ 
Wasco Co. Line 351 527 68725 .. 

410 535 47240 .. 
M.P. 89.6- 588 607 399 479 31536 47081 73030 57909 
Jct OR 19 586 492 69347 6t343 

646 546 40360 39355 

Lakeshore Dr- 545 530 749 727 69519 78731 46034 250000+ 
Greensprlngs Jct 513 771 94655 542379* 

533 661 720t8 160561 

Lava Sprlr19s 433 451 520 487 72099 59249 151231 118969 
Sand Shed 467 506 67633 94114 

452 436 380t5 111563 

Jct Klamath Falls- 628 603 815 780 30885 28187 38444 40485 
Malin Hwy-CA Line 563 821 24767 24209 

617 704 28909 58803 

M.P. 13.27-Moro 187 253 462 445 23416 18146 41553 26166 
246 466 22523 14600 
326 409 8499 22344 

Fort Klamath- 495 490 475 501 14110 10824 28026 23682 
Crooked Creek 520 522 8096 22800 

456 506 10267 20219 

•Test Intentionally terminated due lo excessive fatigue IHe, .. te:st equipment failure, .. •purposely did not test due to excessive 
fatigue lffo of other cores, •• .. localized failure near the loading strip. 
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TABLE 5 MARSHALL STABILITIES AND FLOWS-FIELD CORES 

1988 1989 1988 1989 
Project 

Marshall Average Marshall Average Flow Average Flow Average 
Stability StabHlty Stability Stability (ln/100) Flow (ln/100) Flow 

Sand Shed- Not cored In la~ 1988 2454 
Mt. Bachelor 2365 

2412 

Drews Gap- 1251 1196 2274 
Lakeview 1142 1693 . 2180 

Harney Co. Line- 774 788 1542 
HogllJck Summit 859 1771 

731 1508 

M.P. 79.2- 1127 1106 1240 
Wasco Co. Line 1107 1102 

1084 1202 

M.P. 89.6- 1007 928 1214 
Jct OR 19 934 1429 

844 1473 

Lakeshore Dr- 1167 1171 1722 
Greensprlngs Jct 1131 1456 

1216 1614 

Lava Springs 1762 1392 1396 
Sand Shed 1219 1714 

1194 1764 

Jct Klamath Falls- 897 1028 1553 
Malin Hwy-CA Line 1104 2079 

1084 

M.P. 13.27-Moro 663 683 1467 
760 1641 
625 1589 

Fort Klamath· 563 595 1085 
Crooked Creek 602 1062 

620 921 

The increases in modulus, fatigue life, and Marshall stability 
over time are probably due to the continued curing of the 
emulsion and the hardening of the original asphalt in the RAP 
material, as well as in some cases decrease in air voids due 
to compaction under traffic. The two oldest of the nine proj
ects for which both 1988 and 1989 cores were available, Drew's 
Gap-Lakeview and Harney Co. Line-Hogback Summit, still 
showed significant increases in fatigue life and stability be
tween the third and fourth years after construction. 

(ln/100) Un/100) 

2410 Not cored In fall 1988 17 17 
17 
16 

2049 22 22 18 20 
23 21 
* 19 

1607 30 33 20 19 
37 20 
31 16 

1181 22 21 19 18 
19 18 
21 15 

1372 20 22 16 17 
23 18 
22 17 

1597 21 24 16 17 
28 18 
22 16 

1625 34 29 18 18 
23 20 
31 17 

1816 22 21 21 19 
23 17 
18 

1566 25 26 17 17 
35 18 
18 16 

1023 24 24 18 17 
25 17 
24 17 

Estimated Service Lives 

At the end of summer 1990, the district maintenance super
visors (DMSs) and Region 4 engineer were asked to make 
their best estimate of the service lives for 47 CIR projects 
constructed from 1984 to 1988. Thus, in most cases, two es
timates of service lives were obtained. When the estimates 
did not agree, the more pessimistic of the estimates was used. 
Table 6 summarizes the estimates. 

TABLE 6 ESTIMATED SERVICE LIVES OF CIR PROJECTS 

Category Total Number Ula Ute Total Ufa Yeara uteu 
Number of as as as Without Base Couree 

Of HFE Wearing Wearing Wearing Main!. After C>.lerlay 
Projects Projects Course Course Course So Far and 

Before Alter (yrs) (yrs) BefOfe 
Sig. Patching Sig, Patching Next ()/erlay 

(yrs) (yrs) (yrs) 

Projects Currently Serving as Wearing Course 

Without Significant Maintenance 14 3 7.9 4.5 

With Significant Maintenance 18 2 1.9 4.7 6.6 

Projects Which Have Been C>.lerlaid 

Immediate Overlay 5 3 6.6 

Served as Wearing Course Prior to Overlay 

Without Significant Mainte- 4 2 1.8 8.5 
nance 

With Significant Maintenance 4 1.5 2.0 3.5 7.0 

Projects Which Have Been In· 2 2.0 1.0 3.0 
laid 

I I 47 I 10 I I I I I I 

r 
J 
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The projects for which service life estimates were obtained 
were divided into six categories, depending on whether the 
CIR treatment has been overlaid or inlaid or is serving as a 
wearing course, and whether the CIR treatment has experi
enced "significant" patching. Of the 47 projects, 13 have been 
overlaid, 2 have been inlaid, and 32 are serving as wearing 
courses. Only the two projects requiring inlays are considered 
failures. Of the 32 project serving as wearing cour e , 14 (44 
percent) have not had significant patching so far (average age 
of 4.5 years) and are projected to have total average ervice 
lives of 7.9 years. The projects currently serving as wearing 
courses and having experienced significant patching first re
quired maintenance after an average of 1. 9 years and expect 
total service lives of 6.6 years. Weak areas or areas of poor 
CIR become apparent in the first 2 years. 

The data are inconclusive regarding the relative merits of 
CMS-2S and HFE-150. The early projects were all done with 
CMS-2S. Of the CIR treatments currently serving as wearing 
courses, the average service life expectancy is 7.2 years, which 
is exactly the average life expectancy of the five HFE projects 
included among these 32 ecti ns. Again for the sections serv
ing as wearing courses, the HFE projects are slightly over
represented in the "without patching" group (3 of 14) and 
slightly underrepresented in the "with" patching group (2 of 
18). The difference is inconclusive, however. 

LIFE CYCLE COST ANALYSIS 

Life cycle costs were analyzed for all of the cases covered in 
Table 6 and compared with the alternative of a hot mix ov-

TABLE 7 LIFE CYCLE COST ANALYSIS 

Category 

Projects Current- Without Significant Maintenance 
ly Serving as 
Wearing Course a) optimistic assumptions 

b) pessimistic assumptions 

With Significant Maintenance 

Projects Which Immediate Overlay 
Have Been Over-
laid 

Served as Wear- Without Significant Maintenance 
Ing Course Prior 
to Overlay 

Wlth Significant Maintenance 

Projects Which Have Been Inlaid 

2· Hot Mi• Overlay Alternate 

Notes: 

Interest rate = 8% 
Costs are for 1989-90 
OGEM = Open-Graded Emulsion Mix 

Expenditures 

$2.10/sy 

$2.10/sy 
$4000/mi/yr 

$2.10/sy 
$1200-$4000/mi/yr 

$3.06/sy 

$2.10/sy 
$2.88/sy 

$2.10/sy 
$1200-$4000/mi/yr 

$2,88/sy 

$2.10/sy 
$1100-$4000/mi/yr 

$5.25/sy 
$1250-$4000/mi/yr 
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er lay. Equivalent annual cost analysis was chosen to simplify 
the comparison between alternatives of differing economic 
lives. It is assumed that when an alternative's economic life 
is reached, the same cycle will be repeated, essentially in 
perpetuity. 

Table 7 summarizes the inputs and outputs from the life 
cycle cost analysis. The construction costs are based on anal
ysis of costs for "surface preservation" jobs by Region 4 of 
ODOT. Construction costs represent total project costs di
vided by area of surface "preserved" in 1989-1990 dollars. 
The maintenance costs shown are the best estimates based on 
information from the Surfacing Design Unit of ODOT and 
from conversations with district maintenance personnel. The 
timing of expenditures is based on the summaries presented 
in Table 6. The equivalent annual costs of the different types 
of CIR experience in Oregon are presented in the last column 
of Table 7. An interest rate of 8 percent was used. 

Table 7 indicates that all of the CIR experiences, except 
the two inlaid projects, have a clear cost advantage over the 
alternative of 2 in. of hot mix overlay. Costs of successful 
CIR projects vary from 37 to 82 percent of costs for the hot 
mix alternative. Only the two failed (inlaid) CIR projects 
resulted in higher costs than the hot mix alternative. These 
costs do not consider user costs-only costs to ODOT are 
considered. No credit is given to the increased structural sec
tion of the overlay options. 

The cost-effectiveness of CIR compared with the hot mix 
overlay was not sensitive to changes in interest rate. The 
successful CIR alternatives were always preferred when in
terest rates were varied between 0 and 20 percent. Increasing 

For Timing Ult Cycle Equivalent 
(yra) Annual Coat 

($/ml) 

CIR with chip seal Initial 8 $5100 

CIR with chip seal Initial 8 $6500 
Maintenance Annually after 5th year 

CIR with chip seal Initial 7 $6300-7900 
Maintenance Annually after 2nd year 

CIR with 2" OGEM Initial 7 $11 

CIR with chip seal Initial 10 $10,800 
2" OGEM with chip After 2nd year 
seal 

CIR with chip seal Initial 11 $9700-10,600 
Maintenance End ct years 2 through 3 
2" OGEM with chip End of 4th year 
seal 

CIR with chip seal Initial 3 $17 ,600-20,300 
Maintenance After 1st year 

2" hot mix overlay 12 $13,200-13,600 
Maintenance After 10th year 
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interest rates favor the CIR alternatives. Maintenance costs 
would have to rise to $17,500/mi/year (from the estimated 
$1,200 to $4,000/mi/year) before the CIR alternatives with 
maintenance early in their life cycles would lose their attrac
tiveness compared with the hot mix overlay alternative. 

CIR has energy conservation advantages. Consequently, as 
petroleum and energy costs increase, CIR becomes more cost
effective compared with hot mix because of savings in hauling 
costs, aggregate processing costs , and heating costs. CIR typ
ically uses about 1 percent emulsion addition (0.6 percent 
asphalt) , which is significantly less than the 5 to 7 percent of 
asphalt typically added to hot mix. Since asphalt is a petro
leum derivative, this also improves the cost-effectiveness of 
CIR in periods of rising petroleum costs . 

RISK 

There is risk associated with CIR treatments . Not all of ODOT's 
experiences with CIR have been favorable. For the 47 projects 
given in Table 6, the worst experience resulted in portions of 
the project being inlaid after 3 years because of stripping 
problems with the aggregate. In hindsight, it would have been 
better to inlay the pavement at the time of the CIR treatment 
instead of performing the CIR. However, even though this 
was a bad experience, knowledge was gained and progress 
was made at a relatively low cost. 

Experience in ODOT's Region 2 during the 1989 construc
tion season has indicated that the greatest risk associated with 
CIR is improper project selection. During 1989, projects were 
chosen for recycling that were not good candidates for CIR. 
Sections had inadequate or no base and were experiencing 
base failures. Sections had AC pavement thickness of less 
than 2 in. Attempts were made to widen paving surfaces either 
by thinning out the pavement or incorporating unbound shoul
der rock into the pavement. Existing pavement material had 
high moisture content. Areas of "eternal shade" were exten
sive on the projects chosen, causing curing problems. Failures 
resulted and the pavements required blade patching through 
the winter and were overlaid during the summer of 1990. Even 
with these "failures," the CIR eliminated any need for a 
leveling course. 

CONCLUSIONS 

Significant findings include the following: 

1. Generally, deflections before and after CIR are about 
the same. The average change was an increase in deflection 
of 9 percent. No structural improvement should be expected 
with CIR. 
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2. Generally, for CIR projects over time, diametral mod
ulus increases, diametral fatigue life increases , Marshall sta
bility increases, and Marshall flow decreases . 

3. ODOT engineering and maintenance managers believe 
the CIR to be "excellent" in stopping reflective thermal crack
ing when recycle depth is at least two-thirds the depth of the 
AC pavement. 

4. Only 2 of 47 Region 4 projects for which service life data 
were available were clear failures . These two failures were 
1986 projects , only 2 years after ODOT's first CIR attempts . 

5. Life cycle cost analysis indicated that with the exception 
of the 2 failures noted above, life cycle costs for CIR surface 
preservation projects ranged from 37 to 82 percent of the 2-
in . hot mix overlay alternative. The economics of increased 
structural section resulting from hot mix overlay were not 
considered. 

6. Not all pavements may be effectively recycled. Proper 
project selection is important. For example, recycling of very 
nonuniform pavements or pavements less than 2 in. thick is 
not recommended. Recycling in cool, damp, sunless condi
tions presents curing problems. A list of types of conditions 
where CIR is not recommended is given elsewhere (4). 
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Field Performance of Large-Stone Hot Mix 
Asphalt on a Kentucky Coal Haul Road 

l<A.MYAR MAHBOUB, AMY SIMPSON, PAUL 0DUROH, AND 

JOHN FLECKENSTEIN 

The re ults of a 3-year pavement performance monitoring pro
gram with a primary focus on rutting are summarized. Pavement 
coring was conducted to determine the magnitude and cause of 
rutting in individual pavement layers. A pavement trench was 
excavated for further examination of pavement layers. Field data 
indicate that rutting was concentrated in steep uphill grade lo
cations where heavy coaJ trucks travel at very slow peed . Data 
from pavement cores aad a pavement trench indicate that ruttfog 
in the large-stone mix may have been caused by insufficient direct 
stone-on-stone contact, which made the mixture usceptible to 
permanent deformation. Observations of the pavement trench at 
the location where the rutting was greatest (1.8 in.) revealed no 
definite shear pattern within the cross section of the large-stone 
base layer. However laboratory measurements indicated a sig
nificant reduction in the air voids content o( the top 4 in. of the 
pavement after 2 years of exposure to coal haul traffic loads. This 
significant reduction in air voids coupled with a lack of sufficient 
stone-on-stone contact contributed to the plastic behavior of the 
material. Pavement elevation data indicate that there has been 
an overaJI settlement of the roadway. The settlement may b 
attributed to consoUdation of the subgrade and densification of 
the drainage blankets caused by upward migration of fines from 
the dense-graded aggre·gate into the open-graded No. 57 layer 
and overall consolidation and penetration of particles along the 
interface between the two layers. 

Rutting of hot mix asphalt concrete (HMAC) has become 
such a costly problem for many highway agencies that many 
have considered excluding HMAC from heavy traffic design 
applications. Kentucky was faced with the same challenge 
during the 1987-1988 period. A cooperative effort between 
several government and private organizations led to a rec
ommendation that promoted the use of a large-stone mix 
designated Kentucky Class K. This recommendation was later 
implemented through the construction of a new heavy-duty 
pavement, 12 in. of large-stone bituminous base layer (see 
Figure 1). The project was located on a major coal haul cor
ridor for eastern Kentucky, US-23-Louisa Bypass, Lawrence 
County. This corridor carried approximately 4 million equiv
alent single-axle loads (ESALs) in 1990. Some special features 
were included in this project, such as drainage layers with the 
following design thicknesses: 4 in. of dense-graded aggregate 
(DGA) on top of the subgrade and 4 in. of an untreated open
graded No. 57 coarse aggregate, plus pavement edge drains. 
Subgrade CBR was 9 percent, and it was not stabilized. The 
pavement surface was a nominally 1-in. conventional HMAC, 

K. Mahboub, A. Simpson, and P. Oduroh, Department of Civil 
Engineering, and J. Fleckenstein, Kentucky Transportation Center, 
University of Kentucky, 533 South Limestone Street, Transportation 
Research Building, Lexington, Ky. 40506. 

modified with polymer over half of the project. The perfor
mance of the polymer-modified surface wearing course is out
side the scope of this paper. However, preliminary results 
indicate that both the control and polymer-modified surface 
course sections are performing well without any signs of major 
distress. The Kentucky DOH engineers would generally agree 
that overall rutting resistance of the large-stone Class K base 
has been better than that of conventional Class I base under 
similar conditions; nevertheless, some rutting did occur on 
this project, and a forensic analysis of possible causes is 
presented. 

This paper constitutes a progress report as part of an on
going effort devoted to long-term performance monitoring of 
large-stone mixtures. Kentucky is considered a leader in the 
field of experimentation with large-stone mixtures, which has 
been possible through a close cooperative effort between the 
Kentucky Transportation Cabinet, the University of Ken
tucky, and the asphaJt industry in Kentucky. The data pre
sented herein were gathered with limited financial support 
and are based on limited portions of the Louisa Bypass proj
ect, which focused only on conditions of incipient rutting fail
ure. However the data will be expanded in the near future 
to incorporate the entire project. 

PAVEMENT PERFORMANCE DATA 

Performance of the Louisa Bypass project has been monitored 
for the past 2 years, and monitoring will continue for the 
next 3 year through cooperative support by the Kentucky 
Transportation Cabinet and Federal Highway Administra
tion. Whereas general roadway condition surveys are essen
tial, the primary focus of this long-term performance
monitoring activity has been the field evaluation of the large
stone Kentucky Class K, base layer. 

Background on Mixture Properties 

Kentucky Class K was selected through a cooperative effort 
between state agencies and the asphalt industry in Kentucky 
to address the evere rutting problem in some coal haul re
gions of Kentucky. The gradation of this mixture is shown in 
Figure 2. On the basis of previous work (J), mixture prop
erties such as Marshall stability (Table 1), resilient modulus, 
and creep were shown to be superior to those of the conven
tional mixtures. This was true for both laboratory-
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LSAM PAVEMENT STRUCTURE 

r SURFACE WEARING COURSE 

4in 

12 in 4in LSM BASE 

4in 

4 in NO. 57 
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4in DGA 

SU BG RADE 

FIGURE I Pavement cross section, US-23-Louisa 
Bypass. 

manufactured specimens and actual pavement cores (1,2). 
However, shortly after construction, a concern was raised on 
the basis of observations of the pavement cores that the degree 
of stone-on-stone contact of the large-stone base layer was 
not as high as initial expectations. It was critical to determine 
whether the Kentucky Class K gradation had a sufficient con
centration of large particles to serve as a strong skeleton for 
distribution of extremely high magnitude and frequency of 
stresses, which are commonly encountered on Kentucky coal 
haul roads. The following sections describe the rutting and 

other performance characteristics that were observed on this 
road and an analysis of possible causes of rutting. 

Analysis of Pavement Rutting Data 

Measurable rutting was isolated in locations where trucks travel 
at relatively slow speeds (10 to 20 mph) along the northbound 
driving lane on teep uphill grades. The greatest amount of 
rutting after 2 years of service occurred at Milepost 17.46. It 
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FIGURE 2 Gradation distribution for Kentucky large-stone Class K. 
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TABLE 1 DESIGN PARAMETERS FOR CLASS K 
BASE, US-23-LOUISA BYPASS 

Parameter Louisa Bypass Criteria 

S1ability, lb. 5,300 3,000 (min) 

Flow, O.Ql in, 16 28 (max) 

Air Voids,% 3.6 3.5 - 5.5 

VMA, % 13.1 11.5 (min) 

Retained Tensile Pass 70 
Sttengt!J, % 

was 1.8 and 1.2 in. under the right and left wheelpaths, re
spectively. Figure 3 shows a reconstructed view of the pave
ment cross section at Milepost 17.46 on the basis of data from 
pavement cores. 

The following sections present an analysis of data based on 
a pavement trench (Figure 4) and pavement cores at Milepost 
17.46, where the greatest amount of rutting on this project 
was developed. All statistical comparisons were conducted 
using an analysis of variance technique and a least significant 
difference procedure when needed (3) at 95 percent level of 
significance (i.e., alpha error = 5 percent). In the analysis of 
pavement cores, the assumption was made that quality control 
measures during the construction of this project, as reported 
by Williams (4,5), produced a uniform quality mixture (in 
terms of mixture air voids and density) within each lane and 
within each lift at any given milepost . That is, it was reason
able to assume that before traffic was allowed on this roadway, 
there were no significant differences in large-stone HMAC 
air voids and densities at locations corresponding to future 
under- and between-the-traffic wheelpaths for any given mile
post within each lane and within each lift. Examination of the 
postconstruction data, and specifically the relative coefficient 
of variability for the air voids and the density of each lift, as 
a measure of data dispersion, revealed that this assumption 
was reasonable. The quantitative justification for this as-
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surnption is presented in Table 2. It was pos ible to show that 
the three 4-in . lifts of the large- tone asphaltic base bad sig
nificantly different air voids before traffic, with the top and 
middle lifts having the highest air void and the bottom layer 
having the lowest (Fvalue = 19.79 > Fo.os.i.33 = 3.29) (Table 
3). Lower air voids in the bottom Jjft could be attributed to 
the following: (a) higher asphalt content (4.1 percent in the 
bottom lift as opposed to 3.7 percent in the middle and top 
Jilts) , which was used as a mean for reducing the potential 
for stripping in the bottom lift , and (b) some partial com
paction during compaction of the middle and tap lifts. 

It is believed that the process that has led to rutting on this 
project is not very different from the one known for conven
tional hot mix asphalt (HMA). The evidence clearly indicates 
that there has been a significant reduction in the air voids 
content of large-stone HMA after 2 years of exposure to heavy 
truck traffic. It is believed that culling of HMA is typically a 
two-stage process. First traffic-induced den ification often 
reduces the air void content to a critically low level, which is 
different for different mixtures. Second, in the absence of a 
strong aggregate .interlock , the critically densified mix de
form plastically under load. In the case of the Class K base, 
this means that the concentration of stone-on-stone contact 
was not great enough and , therefore, some modification of 
the gradation may be warranted. 

The data from the pavement trench did not indicate any 
di tinguishable shear planes within the large-stone base layer. 
The fact that shear planes were not visually detectable in the 
trenched cross section does not diminish the possibility of 
shear deformations. If oblong- haped aggregate particles are 
present in the mix, they often align themselves along the 
direction of shear flow patterns. The large- tone aggregate in 
this project did not include a large percentage of oblong par
ticles; hence , the existence of shear flow patterns was not 
visually verifiable. 

The following sections describe significant changes that were 
observed within each asphaltic ublayer. 

BETWEEN WHEELS RIGHT WHEEL 

CORE SAMPLES 

- RUTTING 

E:3 MID 1/3 BASE 

~ SURFACE COURSE Elm TOP 113 BASE 

&88:! BOTTOM 1/3 BASE 

Northbound driving lane; M.P. 17.46 

FIGURE 3 Reconstructed view of the pavement cross section based on 
pavement core data, US-23-Louisa Bypass. 
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Surf ace Wearing Course 

A 1-in. -thick, dense-graded conventional surface wearing course 
having a construction variability of Ys to 114 in. throughout the 
project was used to provide a smooth riding surface. An ex
amination of the pavement trench where rutting was maxi
mum indicated that the surface wearing course was by and 
large stable, and no measurable amount of rutting was de
tected in that layer. The 1-in. surface layer conformed to the 
rutting contour of the large-stone base layer . Data will be 
expanded to include the long-term performance of the 
polymer-modified wearing course. 

Top Lift of Large-Stone Mixture 

FIGURE 4 Pavement trench at Milepost 17.46, US-23-Loulsa 
Bypass. 

The top 4 in. of the large-stone base showed significant changes 
in the air voids content after 2 years of service. Along the 
right wheelpath, where the rutting was highest, the air voids 

TABLE 2 CONSTRUCTION VARIABILITY IN THE NORTHBOUND LANE US-23- LOUISA BYPASS 

Top Lift Middle Lift Bottom Lift 

Air Voids (%) Dellsity (pct) Air Voids(%) Density (pct) Air Voids (%) Density (pct) 

Mean 6.0 147.8 5.2 149.1 4.1 151.2 
MP 15.07 

Standard Deviation 0.9 1.4 1.3 2.1 1.3 2.1 

Relative Coefficient 7.5% 0.4% 12.5% 0.7% 15.9% 0.7% 
of Variation 

Mean 6.1 147.7 4.6 150.0 2.2 154.1 
MP 17.46 

Standard Deviation 0.4 0.5 0.3 o.s 0.2 0.3 

Relative Coefficient 3.3% 0.2% 3.3% 0.2% 4.5% 0.1% 
ofVw tion 

Mean 5.2 149.2 4.5 150.2 2.8 153.2 
MP 17.73 

Standard Deviation 0.5 0.6 0.7 I.I 1.2 1.8 

Relative Coefficient 4.8% 0.2% 7.8% 0.4% 21.4% 0.6% 
of Variation 

TABLE 3 POSTCONSTRUCTION DATA ANALYSIS FOR THE NORTHBOUND DRIVING LANE, 
US-23-LOUISA BYPASS 

Top Lift Middle Lift Borum Lift 

Air Voids (%) Density (pct) Air Voids (%) Dellsity (pct) Air Voids (%) Density (pct) 

MP IS.07 7.4 145.7 4.6 ISO.I 5.1 149.6 
5.8 148.3 4.2 150.6 3.2 152.6 
S.6 148.4 4.8 149.6 2.7 153.4 
5.4 148.8 7.1 146.0 S.4 149.1 

Mean: 6.fr' Mean: 147.88 Mean: 5.2• Mean: 149.18 Mean: 4.lc Mean: 151.2° 

MP 17.46 6.0 147.9 4.2 150.8 2.5 153.7 · 
5.7 148.3 4.7 149.7 2.1 154.3 
6.5 147.1 4.8 149.8 2.2 154.2 
6.3 147.4 4.8 149.8 2.1 154.3 

Mean: 6.1• Mean: 147.78 Mean: 4.6• Mean: ISO.o' Mean: 2.2c Mean: 154.1° 

MP 17.73 5.9 148.4 4.0 150.9 2.4 IS3.8 
5.1 149.3 5.2 149.1 2.0 154.4 
4.9 149.6 3.7 151.4 2.2 154.1 
4.9 149.6 5.0 149.4 4.5 150.S 

Mean: S.2• Mean: 149 .28 Mean: 4.s• Mean: 150.2• Mean: 2.8c Mean: 153.2° 

Legend for comparisons by columns Biid rows (A,B,C,D) 

SJgnlllcantly Different at 95% I Superscripts are different 

Not Signilican~y Different at 95% I Superscripts are !he same 
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were significantly reduced; the mean changed from 6.1 to 3.0 
percent (Table 4). The reduction in air voids was statistically 
highly significant (F value = 188.26 >> Fo.os.t.s = 6.61) . The 
between-the-wheels cores indicated a significant reduction in 
the air voids content (F value = 70.69 >> Fo.os.1 ,5 = 6.61) 
but was not as highly significant as the previously indicated 
change in the right wheelpath. The significant reduction in 
the air voids content effectively indicates an in-service com
paction due to traffic. In fact, within the top lift after 2 years 
of service, air voids were much lower under the right wheel
path than between the wheels (F value = 24.02 >> Fo.os,t A 
= 7.71). This behavior may be attributed to the high mag
nitude of compressive tresses and especially shear stre ses 
within this zone. 

Middle Lift of Large-Stone Mixture 

After 2 years of service, the middle 4 in. of the large-stone 
base showed no significant change in the air voids under the 
right wheel path (F value = 0.05 < F005 ,1,5 = 6.61). The 
between-the-wheels data indicated a significant reduction in 
the air voids for this layer (F value = 30. 74 > Fo.os,t ,5 = 
6.61). This trend is inconclusive at this point, and more data 
are needed to verify this observation. 

Bottom Lift of Large-Stone Mixture 

The bottom lift showed a significant increase in the air voids 
content after 2 years of service. The trend was consistent for 
both under the right wheel (F value = 399.5 >> Fo.os.a,s = 
6.61) and between the wheels (F value = 15.2 > F o.os,t ,s = 
6.61). Thi observation is inoonclusive, but the movement of 
the subbase layers (DGA and No. 57) may have provided an 
opportunity for an effective decompaction of the bottom base 
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layer. At this point, further studies are needed before definite 
conclusions can be made. For example, an analysi. of asphal.t 
content of cores obtained from the bottom lift may shed some 
Light on the possible cause (stripping, etc.). 

Analysis of the Pavement Drainage Blanket 

A two-layer drainage blanket was included in this project as 
a means of facilitating subsurface pavement drainage. A DGA 
layer was placed directly on top of the subgrade (4-in. design 
thickness). The top surface of the DGA layer was treated 
with a light emulsion prime coating (SS-lh) before placement 
of the No. 57 subbase (4-in . design thickness) . Gradation 
distribution for the DGA and No. 57 are shown in Figure 5. 
After 2 years of service, the pavement was trenched at a 
location where rutting was more severe. The analysis of the 
trench revealed that the initial nominally 8-in., two-layer 
drainage blanket was approximately 6. 75 in. in thicknes . Fur
ther evidence was sought to characterize this phenomenon. 
It was noted that the postconstruction visual distinction be
tween the two layers has been diminished, and the emulsion 
prime coating wa ineffective in this regard. Roadway ele
vation data indicated an overall pavement s tllement (Figure 
6). A a follow-up to this observation, the filter criteria as 
reported by the U.S. Bureau of Reclamation (6) were checked 
for the theoretical gradations (defined as the midpoints within 
the specification limits) for both DGA and No. 57 drainage 
layer a a possible reason for the penetration of particles at 
the interface. It was di covered that the filter criteria were 
either marginally satisfied or not satisfied at all. This infor
mation is summarized in Table 5 (numbers shown in brackets 
refer to the filter characteristics of the pavement drainage 
blanket). As a follow-up, actual DGA and No. 57 samples 
were taken from the pavement trench location in accordance 
with the details shown in Figure 7. The data indicated that 

TABLE 4 STATISTICAL COMPARISONS FOR THE NORTHBOUND DRIVING LANE, 
US-23-LOUISA BYPASS 

Ttme: 0 yrs. Ttme: 2 yrs. rime: 2 yrs. 
BW,RW BW RW 

Air Voids (%) Deosily (pcl) Air Voids (%) Density (pcl) Air Voids(%) Deosily (pcl) 

Top Lift 6.0 147.9 3.7 ISJ.S 2.9 152.8 
5.7 148.3 4.0 151.1 2.8 152.9 
6.S 147.1 4.3 150.6 3.2 152.3 
6.3 147.4 

Mean: 6.1• Mean: 147.71 Mean: 4.0" Mean: 151.11 Mean: 3.0c Mean: 152.7' 

Middle Lift 4.2 150.8 3.7 151.4 4.1 150.8 
4.7 149.7 3.7 151.4 4.9 149.6 
4.8 149.8 3.5 151.8 4.7 149.8 
4.8 149.8 

Mean: 4.6• Mean: 150.o' Mean: 3.68 Mean: 151.51 Mean: 4.6• Mean: 151.11 

Bottan Lift 2.S 153.7 3.9 151.4 5.3 149.3 
2.1 IS4.3 5.4 149.1 S.4 149.1 
2.2 IS4.2 3.4 152.3 5.0 149.7 
2.1 1S4.3 

Mean: 2.2° Mean: IS4.IL Mean: 4.28 Mean: 150.9' Mean: S.28 Mean: 149.41 

Legaid for compcl!ons by co!IDDDS and rows (A,B,C,D,l,l,K,L) 

Slpilficaotly Diffcrall 81 95% I Superscripts are different 

Not Significantly Dilfmnt 81 95% I Supcrscripts are Ille same 
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FIGURE 6 Roadway elevation data, US-23-Louisa Bypass • 

. TAHLE 5 GRADATION REQUIREMENTS FOR l'ILTER MATERIALS (6) 

NOlE I. 

NOTE2. 

Filter Material Characteristics R,, R,, 

Uniform grain size filters, C. = 3 to 4 [3) . s to 10 

Gnided filters, subroWlded particles 121040 12 10 58 

Grnded filters, angular particles 6 to 18 [16] 9 to 30 [2] 

R,, = ~, of fil tor materiol 
D,, of m&1erial to be protectod 

R,, = D., of niter mntcriol 
D,. of materiol to be protectod 

Maximum size of the filter ma!erial should be less than 76 mm (3 in.). Use the minus No. 4 fractioo of the base m&1erial for setting filter limits 
when the gravel content (plus No. 4) is more than 10%, and Ibo fines (mlnu$ No. 200) arc more than 10%. FilterS must not have more I.ban 
S'!& minus No. 200 particles to prevent excessive movement of fines in the m1.,. Md in1.o dlalnage pipes. The grain._slic distribution curves 
of tbe filter and the base material should approximately parallel in the range of finer sizes. 

Numbers shown in brackets refer to the filter characteristics of the pavement drainage blanket. 
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FIGURE 7 Sampling locations for DGA and No. 57 
subbase material. 

there has been some intrusion of small particles into the No. 
57 layer, pushing parts of the gradation distribution of the 
No. 57 materials outside of the specification limits (Figure 8 
and 9). This phenomenon was more severe at the under-the
\'fheel location. Water-a sociated migration ofDGA fine. into 
the No. 57's is possible. Load-associated forcing of the No. 
57 's i.nto the DGA may also cause the thinning. This seems 
plausible because of the gradation difference of the between
the-wheel and under-the-wheel samples. Obviously, more work 
is needed before the actual cause is determined. 

CONCLUSIONS AND RECOMMENDATIONS 

The information presented herein has been intended as a 
progress report on an ongoing effort in Kentucky to better 
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understand design and construction of large-stone asphalt 
mixtures. The conclu ions and recommendations are based 
on limited data focused on a specific problem. Several features 
were included in this experimental project, but the primary 
focus of this paper ha been on tbe ruuing performance of 
the large-stone asphalt base. In general the Kentucky Class 
K large- tone a phalt base rate a mixed review. It has clearly 
improved the rutting performance compared with conven
tional asphalt pavement on coal haul roads. On the other 
hand, there are clear indications that the insufficient concen
tration of stone-on-stone contact has provided an opportunity 
for some traffic-induced densification followed by pJa tic de
formation . The fact that hear planes were not visually de
tectable in the trenched cros. , eclion does not diminish the 
pos ibility of shear deformations. The large- tone aggregate 
in this project did not include a large percentage of oblong 
particles· hence, the existence of shear flow patterns was not 
visually verifiable. The change in the air voids and den ity 
in the middle and bottom base layer were inconclusive and 
further data are needed before final conclu ion are drawn. 
The placement of the No. 57 ubbase layer directly over DGA 
warrants a review; adjustments are warranted to minimize the 
migration f fines. It is recommended that the long-term per
formance monitoring of this roadway continue. Adjustments 
in the Kentucky Cla s K gradations are recommended to en
sure more stone-on-stone contact. This can be done by re
ducing the fine and mid ize portions and increasing the rel
ative content of larger aggregate. 
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Reuse of Moisture-Damaged Asphaltic 
Concrete Pavements 

SHAWN p. DEKOLD AND SERJI N. AMIRKHANIAN 

Many of South Carolina s asphaltic concrete pavements have ex
perienced stripping. It is not known whether these materials will 
experience stripping again if recycled. A laboratory and field 
study was initiated to evaluare the effects of reusing moi ture
damaged a phallic concrete, the recycled mix design procedures 
that u e cored reclaimed a phalt pavement (RAP) in tead of 
milled RAP, the effect of anti trip additives on recycled mix
tures, and the ability of laboratory-prepared Marshall specimens 
(25 blows per side compaction effort) to predict certain charac
teristics of recycled asphaltic co11crete pavement. A total of 144 
Marshall specimens were made and tested. In addition, sixty-fouJ 
4-in.-diameter and thirty-two 8-in.-diameter field cores were ob
tained from a test pavement section before and after recycling. 
Both laboratory and field specimens (4 in. in diameter) were 
ubjected to two moisture conditions (l.e. dJy and wet) aud tested 

for indirect tensile strength (ITS), resilient modulus (MR), visual 
strip rating, and air voids. Tunnicliff and Root testing pr cedures 
:-vere used f~r !lloistu~e conditioning of specimens. Marshall spec
imens contammg m01sture-damaged asplrnltic concrete mi)(tures 
obtained ignificantly higher ITS and MR values than those pre
pared with virgin materials. In addition, the results indicated 1hat 
there were no statistical difference between ITS and MR of 
spe~i ~1en prepared with cored RAP and milled RAP. Antistrip 
add1t1Ves were found to be effective in improving tbe lTS and 
MR of pecimens in the saturated condition. 

Asphaltic c-0ncrete ha been used to pave nearly 2 million mi 
of pavements in the United States approximately 93 percent 
of the hard-surfaced road in rhi. country. Maintenance of 
these highway accounts for more than one-tltird of the total 
highway budget (1). 

A soon a the flexible pavement is plnced, weather (e.g., 
rain sun hine etc.) begins to affect it. Stripping has been a 
problem ever ince highways have been paved with asphaltic 
concrete mixtures. Stripping occurs when there is a loss of 
adhesion between the aggregate and the a phalt cement due 
to the action of moisture. 

Severe stripping was found in more than 8 percent of asphalt 
pavements sampled in South Carolina and in ome areas has 
caused serious pavement damage resulting in increa ed main
tenance (2). Stripping is a complex problem dependent on 
many variables, including the type of mix , a phalt cement 
characteristics aggregate characteristics, environment, traffic 
construction practice, and u e of antistJip additives. The 
mechanism of stripping are detachment, displacement, spon
taneous emulsification, and pore pres ure (3). 

Antistrip additives have been used to iucrease the pave
ment's resi ranee to stripping, and many state highway agen-

Civil Engineering Department, Clemson University, Clemson S.C. 
29634-0911. ' 

cies now requ.ire their use in asphaltic concrete pavement . 
Antistrip additives can be liquid chemicals hydrated lime, or 
portland cement. Hydrated lime is considered to be one of 
the most effective antistrip additive available ( 4). These ad
ditives improve the " wetting" of the aggregate which , in es
sence, promotes the bonding of a phalt cement and aggregate, 
resulting in pavement that is stronger and more resi tant to 
tripping. 

Although many resea rchers have investigated stripping of 
conventional a phaltic concrete pavements, not many inves· 
ligations were found in the use of stripped materials in re
cycled asphaltic concrete mixture . The South Carolina De
partment of Highways and Public Transportation (SCDHPT) 
and the Federal Highway Administration (FHW A) funded a 
research effort to study the reuse of moisture-damaged a -
phaltic concrete pavements. The research was conducted by 
the Department of Civil Engineering at Clemson Univer ity. 
This paper repre ents a portion of this research project. 

BACKGROUND 

Before the mid·l970s, highway agencies had little incentive 
to reduce the co t of maintaining asphalt pavements. Virgin 
aggregates were inexpen ive and plentiful, liquid asphalt cost 
a little as $20/ton and the cost of fuel a~d electricity to 
produce a ton of virgin mix amounted to only about 9 cents. 
The nation was then faced with an energy crisis. A a result, 
the cost of materials and services needed in the production 
of asphaltic concrete mixture increased dramatically . The 
average price of hot-mix asphaltic concrete has increased by 
more than 300 percell't 'ince 1970, with aggregate and asphalt 
cement increasing 300 percent and 700 percent re pectively 
(5). When highway departments realized that their budgets 
could no longer fund highway programs material upply, and 
energy they inve tigated alternatives such as the recycling of 
a phall pavement (6) . 

The process of recycling includes the removal of asphalt 
pavement from the highway u ing a milling machine that pro
duces an aggregate-like material referred to as reclaimed as
phalt pavement (RAP) . The RAP material is mixed with hot 
aggregate and asphalt cement. Researcher · were able to pro
duce a recycled pavement that bas proven to be the equal of 
and at times superior to conventional pavements (7). FHWA 

timated that various highway agencies saved approximately 
$105.5 million in 1985 by u ing recycled asphaltic concrete 
mixtures (8). 
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RESEARCH OBJECTIVES 

The primary objective of this research was to evaluate the 
reuse of moisture-damaged asphaltic concrete mixtures. The 
evaluation was performed by comparing laboratory-prepared 
Marshall specimens containing recycled materials with those 
containing only virgin materials. The secondary objectives 
were to evaluate (a) the use of the SCDHPT recycled mix 
design method that uses RAP taken from field cores (cored 
RAP) instead of using milled RAP that is used in the actual 
pavement construction, (b) the ability of laboratory-prepared 
Marshall specimens to predict some characteristics of field 
specimens [i.e., indirect tensile strength (ITS), resilient mod
ulus (MR), tensile strength retained (TSR), resilient modulus 
retained (MRR), and visual strip rating (VSR)], and (c) the 
effects of antistrip additives on the recycled asphaltic concrete 
mixtures. 

METHODOLOGY AND MATERIALS 

A 2-mi test pavement section was selected by SCDHPT per
sonnel for this research. The test section was divided into four 
Y2~mi-long subsections. One coring site was randomly elected 
from each of the four subsections using a random number 
table. 

Eight 8-in. core were obtained using a water-cooled truck
mounted drill from each of the four coring locations before 
the highway was paved with the recycled asphaltic concrete 
mixture. These cores (cored RAP) were obtained to duplicate 
the procedure that the SCDHPT uses in its recycled mix de
sign. Since the contractor milled the top 2.5 in. from the 
highway surface, 2.5 in. were cut from the top of four 8-in. 
core specimens using a masonry saw. These 2.5-in. layers were 
placed in an oven until the sides began to soften (15 to 20 
min). Aggregate that had been scored or cut by the saw blade 
and coring bit were removed from the surfaces of the 2.5-in. 
layers . 

The layers were then placed back into the oven until they 
were soft enough to be separated into their mallest fractions 
without fracturing the aggregate. The contractor used a cold 
milling machine to reclaim the asphaltic concrete pavement. 
As the milling machine milled each of the four coring sites, 
milled RAP was obtained from the conveyor belt. 

After.the test section was paved with the recycled asphaltic 
concrete mixture, core specimens were obtained Erom the four 
(;uring sites. Sixteen 4-in. cores and eight 8-in. cores were 
obtained from each coring site. Half of the 4-in. and 8-in. 
cores were obtained from the wheelpath (2 ft from pavement 
stripe) and the other half were obtained from the center path 
(between the wheelpaths) . These cores were to be used as a 
comparison with the laboratory-prepared mar hall pecirnens. 

The materials used in the preparation of Iaboratory
prepared Marshall specimens were identical to tho e that were 
used to recycle the test section. One aggregate and one asphalt 
cement (AC-20) source were used . Two antistrip additives 
(liquid and lime) and two types of RAP (cored and milled) 
were used in the preparation of specimens. 

The Marshall method of mix design (9) was performed to 
produce a mixture to be used for the preparation of virgin 
specimens (i.e. containing no recycled material ) . The mix 
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design that was prepared by the SCDHPT for the test pave
ment section was used in the preparation of the recycled 
laboratory-prepared Marshall specimens. The mixture was 
used to pave the binder course of the 2-mi test section, 

Tunnicliff and Root procedures (10) were used for moisture 
conditioning of specimens. This procedure requires the spec
imens to contain between 6 and 8 percent air voids with a 
saturation level between 55 and 80 percent. To achieve these 
requirements, the compaction level for the laboratory
prepared Marshall specimens was determined by trial and 
error. However, the percent air voids for the virgin specimens 
could not reach the 6 percent level without breaking apart in 
the hot water bath. Twenty-five was the smallest number of 
blows that could be used to maintain a 55 to 80 percent sat
uration level while preventing the specimens from breaking 
apart in the water baths. To maintain uniformity in prepa
ration of the specimens, this compaction level (i.e., 25 blows 
per side) was used for the specimens containing virgin, cored 
RAP, and milled RAP materials. 

PREPARATION OF MARSHALL SPECIMENS 

One-third of tl1e recycled and virgin specimens were treated 
with lime while another third were treated with the liquid 
additive . The .remaining third (control) contained no additive. 

- The aggregate pan of the specimens that were to contain the 
lime were treated with l percent hydrated Lime by weight of 
total aggregate (including RAP). For those specimens that 
were to be treated with the liquid antistrip additive, Yz percent 
of liquid antistrip additive by weight of a phalt cement (in
cluding RAP) was added by a ·yringe to the hot asphalt ce
ment. 

The virgin aggregate pa.us were placed in the oven (340°F 
± 20°F) 24 hour before mixing. The RAP pans were placed 
in the oven 30 min before mixing. The RAP was placed in 
the oven for this short time period to reduce oxidation. Each 
pecimen was prepared and mixed separately using a me

chanical mixer. The order of the preparation was randomized 
to prohibit any bias. 

TESTING PROCEDURES 

Field and laboratory-prepared Marshall specimens were both 
subjected to tbe same testing procedures. The specimens were 
ranclomly selected and placed into two te ting groups wet 
and dry . Dry specimen were then placed in a temperature 
control cabinet (77°F ± 2°F) for 24 hr. Wet specimens were 
subjected to Tunnicliff and Root's (10) moisture su ceptibility 
test. The test requires that each specimen be ubmerged under 
water with a vacuum of 20 psi for 5 mjn. Then, the specimens 
must be placed in a water bath (l40°F ± 2°F) for 24 hr and 
then placed in another water bath (77°f ± 2°F) for 1 hr. 

Wet and dry pecirnens were b th te ted for MR (ASTM 
D-4123). This test was performed at 77°F :!: 2°F using a Ret
sina Mark VI resilient modulus testing machine. Tbe specimen 
was placed on its circular side in the measuring yoke that 
measured horizontal deformation when the specimen was sub
jected to repeated vertical load · (10 repetitions in 30 sec) of 
approximately 70 lb. Each specimen was tested, turned 90 
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degrees on its circular side, and then tested again. The mean 
of the two tests was the value used for MR. 

Wet and dry specimens were then tested for ITS. This was 
performed on a Marshall testing machine (deformation rate 
of 2 in./min) using a testing head that was modified by the 
addition of 112-in. curved metal strips. 

The TSR and the MRR were calculated by dividing the wet 
value by the respective dry value. These values indicate the 
percentage of strength that is retained when the specimen is 
saturated. A VSR was then performed on each specimen (2). 
In addition, sieve analyses were performed on the recovered 
aggregates from field and laboratory specimens. 

STATISTICAL DESIGN 

A complete random design (CRD) was used for the statistical 
design because the laboratory specimens were essentially ho-
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mogeneous. The effects of laboratory treatments (materials 
and antistrip additives) on some of the physical characteri tics 
(lT MR, TSR, MRR, VSR, and air voids) of the asphaltic 
concrete specimens were measured using analysis of variance 
(ANOVA). 

There were 18 combination of variable as shown in Figure 
1 (i.e . 3 material source x 3 anti trip additive x 2 moisture 
condition ) . A total of 144 specimen (18 combination x 8 
replicates) were made and tested. Thirty-six specimen were 
prepared and tested each day. The preparation order within 
each replicate was randomly selected to ensure that the prep
aration was not biased. 

A complete random design, similar to that used in the lab
oratory phase , was also used for the field phase. The differ
ence was that subsamples, observations made within the ex
perimental unit , were used. The experimental unit was a 
2-mi highway test section. Each site, the random effect, was 
randomly selected from each of the four V2-mi subsections. 
The location (center and wheelpath) was the fixed effect. 

1 Aggregate 

Source 

Same as Cored RAP 

Control 

Same as Lime 

2 ASA & 

Control 

2 Moisture 

Conditions 

Virgin Material 

Same as Cored RAP 

Liquid 

Same as Lime 

Same as Dry 

Lagana 
3SG · Sulk Soecitic Gravity 
l TS - 1no 1racr Tensile Strengtt'I 
'1cR - MOOUIUS of Resilience 
'J S~ - Visua l s:r 10 Rating 
~AV - Percent Air Voias 

FIGURE I Statistical design for laboratory experiments. 
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STATISTICAL RES UL TS . 

Effectiveness of Recycled Materials 

Tables 1 and 2 give the statistical results obtained in laboratory 
testing of field and laboratory-prepared specimel)s. The least 
squares difference (LSD) test was used when the ANOVA 
indicated that there wa a significant effect at the 0.05 level, 
within groups (materials or additives). The LSD test was used 
to identify pairs of treatments that were different. This test 
for instance, indicated that for the specimens containing no 
aotistrip additive, there was a significant difference (a = 0.05) 
between the recycled materials and the virgin material for the 
dry and wet ITS. 

Figure 2A shows that for the specimens containing no anti
strip additives, the recycled materials (milled and cored RAP) 
had dry and wet ITS strengths that were higher than the virgin 
material. These differences in strengths were statistically dif
ferent at the 0.05 level. Figure 2B shows that the recycled 
materials containing no antistrip additive had higher dry and 
wet MR means than the virgin material that contained no 
additive. These differences in strengths were statistically dif
ferent at the 0.05 level. 
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For the specimens containing no antistrip additive, there 
were differences between the recycled materials and the virgin 
material for the TSR and MRR (Figure 3A). The virgin ma
terial produced TSR and MRR means that were nearly half 
those produced by the recycled materials. The differences 
between the recycled materials and the virgin material for 
both the TSR and MRR were significant at the 0.05 level. 

For the specimen containing no antistrip additive, the vir
gin material experienced a higher although not significantly 
uiffereut (u = 0.05) , wet VSR than the recycled materials 
(Figure 3B). There were some laboratory-prepared Marshal] 
specimens containing virgin material and no anti trip additive 
that experienced severe stripping and broke apart wbile being 
saturated in a hot water bath . None of the specimens con
taining recycled materials or antistrip additives experienced 
stripping this severe. 

Effectiveness of the SCDHPT Recycling Mix Design 
Procedures 

The current recycling mix design method used by SCDHPT 
uses RAP material taken from cylindrical (8-in. diameter) 

TABLE 1 MEAN, STANDARD DEVIATION, AND COEFFICIENT OF 
VARIANCE FOR (A) ITS, (B) MR, AND (C) TSR AND MRR OF 
LABORATORY-PREPARED SPECIMENS (N = 8) 

(A) 

MEAN STD COEF MEAN STD COEF 
MATL ASA DRY DEV VAR WET DEV VAR 

M Ctl 119. 6 17.6 14 . 7 85.5 20.0 23.4 
Lqd 115. 8 9 . 8 8. 5 122.4* 10.8 8.8 
Lme 112. 3 9.3 8. 3 120.5 9.8 8.2 

R Ctl 113. 2 14. 6 12.9 93.5 16.3 17.4 
Lqd 112. 8 9.5 8.4 114. 7 12.7 11. l 
Lme 112. 8 10.3 9.2 116.9 9.1 7.8 

v Ctl 85.5 4. 4 5. l 29.4# 7. 2 24.5 
Lqd 88.9 6.9 7. 7 99.0 12.8 13.0 
Lme 88.6 7. 8 8.8 90.4 9.9 10.9 

(B) 

M Ctl 277 53 19.l 160 49 30.8 
Lqd 286 49 17. 0 277 49 17.7 
Lme 319 61 19.0 343 62 18.0 

R Ctl 266 64 24.0 192 57 29.6 
Lqd 286 39 13. 7 224 63 27.9 
Lme 303 67 22.0 342 107 31. l 

v Ctl 182 33 18.3 38* 6 15.8 
Lqd 190 12 21. 9 173 41 23.4 
Lrne 224 52 2). l 189 27 14.2 

(C) 

MATL ASA MEAN TSR STD COEF MEAN MRR STD COEF 
DEV VAR DEV VAR 

M Ctl 71. 7 13 .7 19.1 60.4 23.7 19.1 
Lqd 106.6# 8 . 0 7. 5 98.0 19.4 19.7 
Lme 107.7 9.1 8.5 109 . 5 23.l 21.1 

R Ctl 83.0 13 .1 15.8 73.8 21. 8 29.5 
Lqd 101.8 9 .0 8.8 80.7 28.0 34.7 
Lrne 104.0 8.8 8.5 112. 5 23.8 21.2 

v Ctl 34.8* 8 .2 23.5 17 . 6• 1. 5 8.7 
Lqd 111. 5 14.3 12.8 91.8 17.0 18.5 
Lrne 103. l 16.4 15 .9 87.8 21. 6 24.6 

Leqend: 
M = Milled RAP Material, R = Cored RAP Material, V = Virqin 
Material, Ctl = Control (no additive), Lqd = Liquid Antistrip 
Additive, Lrne = Lime Antistrip Additive, * n = 9, # n 2 4 



TABLE2 MEAN, STANDARD DEVIATION, AND COEFFICIENT OF 
VAR1ANCE FOR (A) ITS AND (B) MR OF THE RECYCLED 
PAVEMENT (N = 4) 

(A) 

Mean Mean 
CORE DRY STD COEF WET STD, COEF 
SITE LOC ITS DEV VAR ITS DEV VAR 

(psi) (psi) (%) (psi) (psi) (%) 

1 CP 136.7 6.3 4.6 187.3 6.7 3 . 6 
WP 142.2 3.3 2.3 189.0 8.7 4.6 

2 CP 126.0 5.5 4.4 157.4 10.0 6.4 
WP 109.5 2.9 2.6 135. 3 11. 7 8.7 

3 CP 150.1 5.7 3.8 206.5 15.0 7.2 
WP 154.4 6 . 7 4. 4 193.5 6.0 3.1 

4 CP 134.0 4.5 3.4 173. 3 10.8 6.2 
WP 126.9 10 . l 7.9 177.8 6.7 3.8 

(B) 

Mean Mean 
CORE DRY STD COEF WET STD COEF 
SITE LOC MR DEV VAR MR DEV VAR 

(ksi) (ksi) (%) (ksi) (ksi) (%) 

1 CP 655 147 22.4 819 293 35.8 
WP 561 28 4. 9 713 147 20.6 

2 CP 608 30 5 . 0 566 117 20.6 
WP 473 48 10 . l 461 67 14.5 

3 CP 587 56 9.5 765 165 21.6 
WP 700 50 7.1 730 36 5.0 

4 CP 468 40 8. 5 553 82 14.8 
WP 478 31 6.4 657 57 8.6 

Legend: 
LOC: Location 
CP: Center Path 
WP: Wheel Path 

INDIRECT TENSILE STRENGTH (psi) 
210 ..-~~~~~~~~~~~~~-'--~~~~~~~---, MODULUS OF RESILIENCE (ksi) 
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FIGURE 2 Mean ITS (A) and mean MR (8) of laboratory- prepared Marshall specimens containing no antistrip additive (N = 8). 
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TSR & MRR 
us~-----------------------, 

1.211 

0.715 

0.15 

0.215 

0 
MILLED RAP 

VISUAL STRIP RATING 

MILLED RAP 

CORED RAP 

MATERIAL 
(A) 
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MATERIAL 
(B) 

~ 
l!!.::.J 
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FIGURE 3 Mean tensile strength and MRR (A) and mean 
VSR (B) for laboratory-prepared MarshaU specimens containing 
no antlstrip additive (N = 4 except for dry VSR, for which 
N = 8). 

cores obtained from the highway section to be paved. How
ever, during the construction of the recycled asphaltic con
crete pavement, the RAP material is obtained from a milling 
machine. 

Sieve analy es were performed on the recovered aggregate 
from the milled and cored R/\P materials. Both failed to mee1 
the specification requirements. The milled RAP contained 
finer materials as a result of the milling machine's breaking 
the RAP as the machine removed the RAP from the road. 

Generally there were no significant differences (at tbc 0.05 
level) between the laboratory-prepared Marshall specimeu 
containing the milled RAP material and those containing the 
cored RAP material in ITS MR, TSR, MRR, and VSR. 
Figure 2 shows that for the specimen containing no antistdp 
additive, the milled RAP had dry ITS aud dry MR means 
that were slightly higher than those of the cored RAP. Figure 
2 also show that for the wet ITS and the wet MR, the cored 
RAP had means that were slightly higher than the milled 
RAP. However, these differences were not significant at the 
0.05 level. 
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For the specimens containing no antistrip additives, the 
cored RAP produced TSR and MRR means that were higher 
than, but not significantly (a = 0.05) different from , the 
milled RAP material. Both reeycled materials obtained equal 
dry and wet VSR means (Figure 3B). 

The pecimens containing the milled RAP and no antistrip 
additive had a lightJy higher percentage of air voids lhan 
those containing cored RAP and no additive. The difference 
between the RAP materials was not significant for air voids. 

Effectiveness of Antistrip Additives 

Milled RAI' 

There were statistically ignificant differences, at the 0.05 
level, with respect to wet ITS, wet MR, TSR MRR, and wet 
VSR between the specimens containing no antistrip additive 
and tho e containing liquid and lime antistrip additives for 
the milled RAP material. Generally, the specimens containing 
the antistrip additives produced higher wet ITS, wet MR, 
TSR, and MRR means. 

For the specimens containing the milled RAP material, 
there were no major differences b tween specimens contain
ing antistrip additives and those containing no antistrip ad
ditive for the dry ITS and the dry MR means (Figure 4). 
These differences between the specimens containing antistrip 
additives and those containing no additive for both the dry 
ITS and MR were not significant at the 0.05 level. 

The specimen containing the antistrip additives had higher 
wet ITS means than those not containing an additive. For the 
wet ITS, the pecimens containing the liquid and the lime 
additives were significantly different (a = 0.05) from those 
containing no additive. The specimens containing the lime 
additive had the highest wet MR mean followed by those 
containing the liquid additive and those containing no addi
tives, respectively. Fo.r the wet MR, specimens prepared with 
the lime additives produced trengtbs ignificantly different 
(a = 0.05) from tho e prepared with the liquid additive. In 
addition, the specimen:; containing no additive were signifi
cantly different from (oc = 0.05) and produced lower strength 
than those containing the add itives for the wet MR. 

The specimens containing additive had L1igher TSR and 
MRR values than those containing no additive (Figure SA). 
For the TSR, the specimens made with additives had means 
that were nearly equal, wberea the Hme had a mean that was 
higher than the liquid additive for the MRR. For the TSR 
and MRR the specimens containing the antistrip additive 
were significantly different (a = 0.05) from those containing 
no additives. 

For the specimens containing the milled RAP material (Fig
ure SB), those containing the Liquid and the lime additives 
had mean wet VSRs of 1.0 (i.e., no visual st.ripping) , whereas 
tho e containing no additive had a mean wet VSR of2.8 (i.e., 
evere tripping) . The specimens containing the antistrip ad

ditives produced visuaJ stripping value that were significantly 
different (O! = 0.05) from those containing no additives. In 
addition there were no major statistical differences , at the 
0.05 level , between the specimen con.taining the antistrip 
additives and those containing no additive with respect to 
percentage of air voids. 
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FIGURE 4 Mean ITS (A) and mean MR (8) for laboratory
preparcd Marshall specimens containing milled RAP material 
(N = 8 except for lime for wet ITS, for which N = 9). 

Cored RAP 

There were statistically significant differences at the 0.05 
level , with respect to wet IT wet MR, TSR, MRR, and wet 
VSR between the specimens containing antistrip additives and 
those containing no additives. Generally , the specimens con
taining the antistrip additives produced higher mean wet ITS 
wet MR, TSR, and MRR value . 

There were no major differences between the specimens 
containing antistrip additives and those containing no additive 
for the dry ITS and the dry MR means (Figure 6). The LSD 
comparisons indicated that the differences between the spec
imens containing additives and those containing n additive 
for the dry ITS and the dry MR means were not ignificant 
at the 0.05 level. 

The specimens contairling an tistrip additive had higher wet 
ITS values (significant at the 0.05 level) than those containing 
no additive. T he specimens containing the lime additive had 
the highest mean wet MR, wherea those with the liquid 
additive were slightly higher than those with no addit ive. For 
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FIGURE S Mean tensile strength and MRR (A) and mean 
VSR (B) for laboratory-prepared Marshall specimens containing 
mUled RAP material (N = 8 except for lime for TSR, for which 
N = 9). 

the wet MR, there was a significant difference (a = 0.05) 
between specimens containing the lime additive and those 
containing the liquid additive. The specimens containing the 
lime additive were also significantly different (a = 0.05) from 
those that contained no additives. 

The specimens containing no additive had the lowest TSR 
mean, whereas the liquid and the lime TSRs were nearly equal 
(Figure 7 A) . The TSR values of the specimens containing the 
liquid and the lime additive were significantly different 
(a = 0.05) from those containing no additive. The specimens 
containing lime produced significantly higher MRR mean val
ues at the 0.05 level compared with specimens containing the 
liquid and no additives. 

Figure 7B shows that the specimens containing no additive 
had a mean wet VSR of 2.8 (i.e. , severe stripping) whereas 
those containing additives had means of 1.0 (i .e ., no strip
ping). The differences were significant at the 0.05 level. In 
addition , there were no major differences between the spec
imens containing the antistrrp additives and those containing 
no additive with respect to air voids. The differences that 
existed were not significant at tbe 0.05 level. 



FIGURE 6 Means ITS (A) and mean MR (B) for laboratory
prepared Marshall specimens containing cored RAP material 
(N = 8). 

Field Versus Laboratory Specimens 

The field pha e of the experiment ·consisted of 16 combina
tions of variables as hown in Figure 8 (i.e. , 4 coring ·ites x 
2 locations x 2 moisture conditions). There were a total of 
64 specimens (16 combination x 4 replicates) obtained 
and te ·ted for tbis pha e of the project. The pavement con
tained 15 percent RAP and l percent lime by total weight of 
aggregate. 

Laboratory-prepared Mar hall specimens containing milled 
RAP material and cored RAP material were compared with 
the recycled pavement. The comparison were conducted t 

determine whether laboratory pecimen coulcJ predict the 
field characteristics (e.g., ITS, MR TSR MRR , etc.). Milled 
RAP and field core specimens both contained the lime anti
strip additive. In addition, the cored RAP containing the lime 
additive was used in this comparison becau~e the ' HPT 
used this material when designing the specification for the 
recycled pavement. 
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FIGURE 7 Mean tensile su·englh and MRR (A) and mean 
V R (B) for laboratory-prepored Marshall specimens containing 
cored RAP material (N = 8). 

The ANOV A tables for the i-ecycled pavement section in
dic<1tcd that there was not a significant effect (a = 0.05) within 
either ·ite or location for the dry ITS dry r wet MR TSR, 
or MRR. Therefore compari ons were made u ing U1e overall 
mean (i.e. combined specimens from all sites and location ) 
for the dry IT ' , dry and wet MR, TSR, and MRR. The 
ANOV A tables for the recycled pavement indicated signifi
cant effects within site for the wet ITS and within ite and 
location for the air voids. Comparisons were made using means 
from site (i.e. , combined wheel and cenrer paths for each site) 
for the wet ITS and from ite and location for the air voids. 
The I-test was used to compare the means from the recycled 
pavement with the laborat ry specimens. 

Generally, the field specimen had much higher mean val
ue with respect to dry and wet ITS (Figure 9), dry and wet 
MR (Figure lOA), and TSR (Figure lOB), than the laboratory 
specimens containing cored and milled RAP mat·erial . The 
t- test results indjcate that all of the compari on with respect 
to IT and MR betwee~ th field (recycled pavement) and 
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FIGURE 8 Field treatment design for recycled pavement. 

the laboratory (milled and cored RAP) specimens were sig
nificantly different (o. = 0.05). The recycled pavement's mean 
MRR (Figure !OB) was slightly higher than although not 
significantly different (ex = 0.05) from those obtained by the 
laboratory specimens. 

FINDINGS AND CONCLUSIONS 

The following findings and conclusions are based on the sta
tistical analyses of the data obtained from the laboratory and 
field phases of this research project. 

1. Laboratory-prepared Marshall specimens contarnmg 
moisture-damaged asphaltic concrete mixtures produced dry 
and wet ITS and MR TSR, and MRR mean values that were 
significantly (ex = 0.05) higher than those obtained from spec
imens containing virgin materials. There was not a significant 
difference with respect to the VSR. The specimens containing 
recycled mixtures had a significantly lower percentage of air 
voids than those containing virgin materials. 

2. There was not a significant difference (a = 0.05) in 
certain physical characteristics (i.e. ITS, MR, TSR , MRR 
and VSR) between laboratory-prepared Marshall pecimens 
containing the milled RAP (used in the actual highway con
struction) material and those containing cored RAP (used by 
SCDHPT for the mix design) material. · 

3. The laboratory-prepared Marshall specimens containing 
RAP (milled and cored materials) were not able to predict 
some of the physical characteristics of the recycled asphaJtic 

' concrete pavement. For instance, the field specimens had 
significantly higher means for TSR and dry and wet ITS and 
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FIGURE 9 Mean dry ITS (N = 8 except for recycled 
pavement, for which N = 32) (A) and mean wet ITS (N = 8) 
for recycled pavement and lab1~ratory-prepared Marshall 
specimens containing milled and cored RAP (B). 

MR. The MRR for the recycled specimens was not signifi
cantly different from those of laboratory specimens. More 
than half of the mean air voids values from the recycled pave
ment were significantly higher than those obtained by the 
laboratory specimens. 

4. Antistrip add itives are effective when used with recycled 
asphaJtic concrete mixtures. Laboratory-prepared Marshall 
specimens containing the lime and the liquid antistrip addi
tives had significantly higher (a = 0.05) means (wet ITS, wet 
MR, TSR, and MRR) lhan those containing no antistrip ad
ditive (control) . The specimens containing the anti trip ad
ditives experienced ignificantly les stripping damage during 
moisture conditioning than did the specimens containing no 
antistrip additive. 

5. As a result of the reclaiming process, the milled RAP 
contained more fines than the cored RAP material. This dif
ference did not produce a significant difference between the 
two material in ITS, MR , TSR, MRR or VSR. 

6. The results in general, indicate that the procedures es
tablished in a previous tudy (2) for determining the·rnoisture 
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susceptibility of asphaltic concrete mixtures could be used 
to determine the extent of moisture damage in flexible 
pavements. 

7. The results of the laboratory and field testing indicate 
that recycled mixtures containing 15 to 20 percent RAP do 
not exhibit more moisture susceptibility than similar virgin 
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mixes containing no RAP. This was found to be true even 
when the RAP was from a pavement that had been shown to 
have already suffered moisture damage. 
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