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Evaluation of Experimental 
Cold-Stockpiled Patching Materials 
for Repairs in Cold and Wet Weather 

H. RANDOLPH THOMAS AND DAVID A. ANDERSON 

Results of the field evaluation of five experimental binders used 
to produce cold-stockpiled patching materials for repairs in cold 
and wet weather are described. The materials were compared 
against an MC-800 cutback control mix. The experimental mixes 
were made with a latex-modified MC-800 cutback and four high
float, medium-set (HFMS) emulsion binders. One of the HFMS 
binder mixes contained fibers. The procedures were specifically 
designed to minimize the likelihood that variables other than the 
binder were the proximate cause of repair failures. The failure 
criteria used are also described. Field evaluations were made from 
March 1986 to May 1987. Two HFMS mixes performed better 
than the companion control mix. Because the latex-modified cut
back mix did not perform satisfactorily, no further development 
was recommended. An economic analysis showed that premium 
mixes need only extend the average service life by a modest 
amount to provide a lower annualized cost than conventional 
mixes. For example, a $120/ton mix lasting 2 years provides 
substantial savings compared to a $30/ton mix lasting 1 year. Ex
tended field trials of stockpiled mixtures using HFMS binders are 
recommended. Field trials using fibers are also recommended. 

Pothole repairs conducted by most highway agencies during 
the cold, wet winter and spring months are typically short
lived. Potholes that must be filled repeatedly are expensive 
to repair. A study of 1,000 repairs in Pennsylvania in 1979-
1981 indicates that a patch repaired with a dump and run 
procedure has an annualized direct agency cost of $310/ton 
($340/Mg) (J). A properly compacted repair made by cutting 
.out the deteriorated pavement has an annualized cost of $100/ 
ton ($72/Mg). The uniform annual cost of repairing a pothole 
correctly includes manpower, material, and equipment. These 
figures have been normalized to represent the cost on the 
basis of the unit weight of material placed in the pothole at 
the initial time of repair. The cost can also be translated to 
a cost per repair. For example, assuming an average pothole 
volume of 3 ft3 (0.086 m3) and a compacted density of 133 lb/ 
ft3 (2.1 Mg/m3

), 1 ton (0.91 Mg) of mix will repair five average 
potholes. Therefore, the cost of repairing a pothole with the 
approved procedure would be approximately $20/repair; with 
the dump and run procedure the cost would be $62/repair. 

Repair longevity is the secret of a cost-effective procedure 
because repeated repairs cost almost as much as the initial 
repair. Material costs have been found to constitute less than 
10 percent of the total cost of repair when the correct pro
cedure is used. Thus, a more expensive material can be jus
tified if it provides increased repair life. 

The Pennsylvania Transportation Institute, The Pennsylvania State 
University, Research Building B, University Park, Pa. 16802. 

The results of a research project sponsored by FHW A to 
evaluate various cold-mix patching materials that can be used 
in cold and wet weather are described (2). The research proj
ect involved the identification of failure mechanisms and per
formance requirements, laboratory testing to screen candidate 
binders, development of mix design procedures, field place
ment and documentation, evaluations for a 1-year period, 
and the economic comparison of materials on the basis of 
life-cycle costs. Field evaluations and life-cycle costing results 
are described. 

PRODUCTION AND STORAGE 

Five experimental mixes and one control mix were involved 
in the field study. PennDOT 485 patching material made with 
MC-800 cutback was used as the control mix. One experi
mental mix was produced using latex-modified MC-800 cut
back as the binder. The remaining experimental mixes were 
produced using a high-float, medium-set (HFMS) emulsion 
binder. One of these was latex modified and another two were 
butyl modified. One of the butyl mixes contained fibers. The 
same crushed limestone aggregate was used for all mixes. The 
gradation of the aggregate is presented in Table 1. Additional 
details regarding the mixes and their selection can be found 
elsewhere (2). 

All five experimental mixes were produced on the same 
day (November 14, 1985) in a conventional 100-ton/hr (91 
Mg/hr) McCartcr batch plant. An Etnyrc Model M3384 
double-boiler, crack-sealer unit was used to heat, mix, and 
pump the binder into the weigh hopper. To prevent binder 
contamination, the tank of the unit was cleaned with kero
sene before and after the use of each binder. The aggregate 
was double-dried before it was conveyed to the weigh hopper. 
The fibers were separately weighed and dumped into the 
pugmill where they were dry-mixed with the aggregate for 
30 sec before the binder was added. The mix data and the 
sequence in which the mixes were manufactured are presented 
in Table 1. 

After mixing, the mixes were stockpiled on a bituminous 
concrete pad on the premises of the batch plant. The depth 
of the stockpiles was less than 2 ft (0.6 m) to facilitate cooling 
and minimize drainage. To protect the freshly made mix from 
the rain, the stockpiles were covered with polyethylene sheets. 
Although considerable rain fell on the piles during the stock
piling operation, no stripping or unacceptable drainage was 
observed. 
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TABLE 1 MIX DATA, NOVEMBER 14, 1983 

Mix 
Type 

MC-800L 

HFMS-2 

HFMS-2L 

HFMS-2B 

HFMS-2BF 

PennDOT 485 
MC-800 
(Control) 

Residual 
Binder 
Content 

(%) 

5.2 

5.5 

5.5 

5.5 

5.7 

Mix Gradation 

Temperature (°F) 

Aggregate Binder 

140 175, 

90 110 

140 140 

150 115 

150 120 

Mix 

140 

75 

112 

140 

160 

No. of 
Batches 

3 

3 

2 

3 

3 

Total Quantity 
Manufactured 

(tons) 

10. 54 

8.02 

7.39 

8.55 

9.38 

45.00 
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Sieve Size Percent Passing (%) 

3/8" 
No. 4 
No. 8 
No. 200 

Note: °F 

100 
85 
15 
1.0 

9/5 (°C) + 32; 1 ton= 0.9 Mg . 

On November 18, 1985, the experimental mixes were shipped 
to Ebensburg, Cambria County, Pennsylvania, and stockpiled 
at the office of PennDOT Maintenance District 9-3. 
The stockpiles were then covered with tarps to prevent the 
infiltration of rain and snow. 

FIELD PLACEMENT 

Particular care was given to the monitoring of the field trials. 
A single-axle dump truck was partitioned with a sheet of 
plywood so that an experimental mix could be loaded into 
one side of the truck and the control mix loaded into the other 
side. The assignment of the control mix or an experimental 
mix to a given repair was done randomly, and the repair 
procedures were thoroughly documented. Thus, on a given 
day approximately the same number of experimental and 
control patches were placed. 

Site Selection 

In cooperation with Cambria County, Pennsylvania, main
tenance personnel, roadways with high traffic levels [average 
daily traffic (ADT)], were selected for the field experiment. 
Another criterion for selection was that the roadways should 
not be candidates for overlay or mechanized patching for at 
least 2 years after the potholes were repaired. Unfortunately, 
many of the patches were unexpectedly overlaid in the fall of 

1985 when the local PennDOT office decided to accelerate 
its overlay program. Both rigid-base and flexible-base pave
ments were included in the study. Cambria County lies on 
the peak of the Appalachian ridge in western, central Penn
sylvania. The weather in this area is considerably colder than 
in many other parts of Pennsylvania, with late-season snow
storms and freeze-thaw cycles. Heavy coal-hauling trucks are 
also common in the area, which made the area an excellent 
one for the field trials. 

Repair Procedure 

The standard PennDOT procedure for manual patching with 
stockpiled mix was used during the study. This procedure is 
often referred to as the "do-it-right" method. In the standard 
procedure, the deteriorated pavement is removed with a 
mechanical cutting tool, leaving vertical edges. The debris is 
removed with a shovel and the hole is cleaned with a broom 
or compressed air (3). 

Only one experimental mix was used on any given day. 
Repairs alternated between the experimental mix and the 
control mix. All repairs were located in the traffic wheel path. 

Before compaction, enough patching material was placed 
in the hole so that the compaction device did not bridge on 
the surrounding pavement. The goal was to have the top of 
the compacted patch approximately 1/4 in. (6 mm) higher than 
the surrounding pavement to ensure that the compaction device 
had fully compacted the patching mix. The compactive effort 
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consisted of six passes with a Model V30W2-R Essick vibrat
ing roller. All repairs were done using a single lift of material 
regardless ot the depth of the repair. 

The objective of the study was to improve the effectiveness 
of mixes in cold, wet weather. Therefore, if the sides and 
bottom of the pothole were not damp, water was sprinkled 
into the hole before filling it with patching mix. No edge 
sealing or tacking material was used in any of the repairs. 

Field Documentation 

At the time of patching, each repair was thoroughly docu
mented. Information collected for each repair included the 
repair number, date, location, hole size, traffic, environmen
tal conditions, mixture characteristics, and surrounding con
ditions of the pavement. The procedure and equipment used 
in the repair, along with mixture type and an evaluation of 
the suitability of the mix, were recorded. Nuclear density 
readings were also obtained. 

Summary of Repairs 

A total of 288 repairs were made during the period from 
March 4 to April 25, 1986. Approximately one-half of the 
repairs were made with the experimental mix, and the other 
half with the PennDOT 485 control mix. All the mixes, includ
ing the control, performed well and were enthusiastically 
accepted by the crews. 

Table 2 presents the number of potholes repaired with each 
mix, the pavement type, and the average ADT. As can be 
seen, the repairs were approximately equally divided between 
flexible and concrete composite pavements. 

EVALUATION OF MIXTURE CHARACTERISTICS 

At the time of placement, various measurements and 
subjective evaluations were made. These are discussed below. 
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Drainage Resistance 

Drainage of the binder from the aggregate was evalualeLI 
visually during the temporary storage at the mix plant and 
the following spring (3 months later) at the PennDOT main
tenance yard. None of the mixes showed evidence of any 
drainage. After another 3 months, in May 1986, there was 
some evidence of drainage for the MC-800L mix. It was 
concluded that although the styrene butadiene rubber (SBR) 
latex modifier increased the workability of the mixes at low 
temperatures, it did so at the expense of increased drainage. 
The effect of the latex modification on drainage was less 
pronounced for the HFMS-2L emulsion. 

Workability 

All mixes could be loaded satisfactorily from the stockpile; 
in no instance was the mix so lumpy that it did not break up 
during loading or shoveling. Workability was also rated sub
jectively at the time of placement in the field. In general, the 
workability of the mixes was rated as excellent for the en
tire placement temperature range, 25°F to 65°F. However, 
13 observations for the HFMS-2B mix, which represent 
32 percent of the repairs made with the mix, received a 
less-than-excellent workability rating. All five repairs, made 
when the HFMS-28 mix temperature was less than 42°F 
(6°C), received a less-than-excellent pass rating. The latex 
modification improved low-temperature workability, although 
the effect was more pronounced for the cutback (MC-800L) 
than for the emulsion (HFMS-2L). Addition of the fibers 
did not adversely affect the workability of the HFMS-2B 
mix. These results are in agreement with earlier laboratory 
workability tests. 

Stripping Resistance 

The susceptibility to stripping was determined at the time of 
placement by a subjective evaluation of the percentage of 

TABLE 2 SUMMARY OF POTHOLES PATCHED WITH EACH MIX TYPE 

No. of Potholes Rel!ai~' •«.I. To Lal 
Flexible Composite No. of Average 

Mix Type Pavement Pavement Repairs ADT 

MC-800L 16 14 30 3853 

HFMS-2 16 14 30 3406 

HFMS-2L 14 14 28 7324 

HFMS-2B 9 22 31 5812 

HFMS-2BF 7 20 27 7821 

PennDOT 485 61 81 142 6223 

Total 123 165 288 
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aggregate that was coated with bitumen. In all cases, more 
than 90 percent of the aggregate was coated, indicating no 
apparent susceptibility to stripping. These results agreed with 
the water resistance test results for the plant mixes. 

Self-Tacking 

In all cases, excellent self-tacking characteristics were observed. 
Even in cold weather, the mixes adhered to the old pavement. 
No tacking materials were used, and all the repairs were done 
in damp or wet holes. 

EVALUATION OF DENSITY 

A nuclear gauge was used to measure the density of the repairs. 
Readings between 104.8 lb/ft3 (1.69 Mg/m3

) and 132.8 lb/ft3 

(2.13 Mg/m3) were obtained. The average density reading was 
120 lb/ft3 (1.93 Mg/m3). Table 3 presents the average density 
obtained for each material. 

The density of a repair is potentially affected by a number 
of factors including hole depth and volume, type and condition 
of base, and type of pavement. All of these aspects, along 
with the number of passes, whether the compaction tool bridged 
on the surrounding pavement, and whether the hole was filled 
with a sufficient amount of material were documented. 
Several of these aspects are discussed below. 

Hole Dimensions 

The average hole depth was 2.5 in. (64 mm); the minimum 
depth was 0.9 in. (23 mm); and the maximum depth was 6.4 
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in . (163 mm). Five holes were Jess than 1.0 in . (25 mm) deep; 
17 holes were deeper than 4.5 in . (114 mm) . A plot of density 
versus hole depth showed no discernible relationship. An 
analysis of variance was used to test the hypothesis that the 
density of holes less than 4 in . (102 mm) in depth was equal 
to the density of holes deeper than 4 in. The average densities 
were as follows: 

Avg 
Depth Sample Density Standard 
(in.) Size (lb/ft' ) Error 

:s4 241 119.9 0.249 
> 4 32 118.3 0.686 

These statistics indicate that, from an engineering point of 
view, hole depth does not significantly affect density. Similar 
results were obtained from an analysis of surface area. There
fore, it can be concluded that potholes as deep as 4 to 5 in. 
can be repaired in a single lift as long as proper compaction 
techniques are used. 

Bridging of Compacting Device and Adequate Filling 

If the hole is underfilled, it is impossible to obtain full com
paction. Only if the compacted repair is slightly above the 
pavement surface can it be certain that full compaction has 
been achieved. Only 3 times out of 273 was the repair flush 
with the pavement. Thus, there are insufficient data to draw 
a statistically valid conclusion with respect to the effect of 
underfilling on density. However, in these three instances, 
the average density was 115.3 lb/ft3 (1.85 Mg/m3

), whereas 
the average density when the repair was slightly above the 
pavement was 119.8 lb/ft3 (1.92 Mg/m3

). 

TABLE 3 SUMMARY OF DENSITIES MEASURED IN THE FIELD FOR DIFFERENT MIXES 

Density 
(lb/ft3 ) 

Numbe r of 
Number of Dens i ty Std. 

Mix Repairs Measurements Avg. Median Dev . 

MC-800L 30 29 118.7 119.5 

HFMS-2 30 28 120.5 120.4 

HFMS-2L 28 28 120 . 5 119.8 3.9 

HFMS-2B 31 31 119.5 120.0 

HFMS - 2BF 27 22 119 . 7 120 . 7 6 . 0 

PennDOT 142 135 119.6 119.6 3.6 
485 

Total 288 273 119.8 119 . 9 3 . 9 

1 lb/ft3 - 16 kg/m3 • 
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Mix Temperature 

The effect of mix temperature on density was evaluated using 
a simple linear regression. A significant relationship was found, 
although the correlation coefficient was small (0.19), indi
cating a weak relationship between the two variables. To 
further analyze the data, three levels of the independent vari
able (temperature) were established. The average densities 
for these levels were as follows: 

Temperature (°F) 

:s 37 

Sample Size 

67 

Avg Density (lblft3
} 

118.0 
38 < T :s 47 
> 47 

140 
66 

120.5 
119.6 

Some decrease in density is shown for those repairs compacted 
at temperatures less than 37°F (3°C); however, the differences 
are small and probably not sufficient to affect repair longevity. 
These results imply that adequate compaction can be achieved 
with these mixtures at temperatures as low as 25°F. 

MONITORING OF IN-SERVICE PERFORMANCE 

The most commonly observed in-service failures are dishing, 
raveling, bleeding, and shoving. Each repair was rated with 
respect to these failure modes during four different evalua
tions from March 1986 to May 1987. The in-service rating 
criteria are presented in Table 4. A repair was considered to 
have failed if it had to be replaced or if any part received a 
rating of 3 or greater. Using the presence of a single 3 rating 
as a failure criterion imposed strict performance standards. 
Many agencies would probably consider the repair to have 
failed only when total or partial replacement was necessary. 

TABLE 4 IN-SERVICE RATING CRITERIA 

Distress 
Condition 

Dishing 

Raveling 

Bleeding 

Shoving 

1 

None 

None 

None 

None 

2 

(1/4 in 

"pock marks" on 
surf ace due to 
loss of fine 
aggregate and 
binder 

small, 1 1/2-in 
size bleeding 

localized 
bulging (1/2 in 
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RESULTS OF FIELD SURVEY 

A summary of performance is presented in Table 5. The data 
indicate that during the first evaluation there were no failures 
in either the experimental mix or the control mix. During the 
second evaluation, the only repairs that had failed were those 
made with the HFMS-2 experimental mix. Two of the 30 
repairs had failed by dishing even though they were still intact 
and serviceable. Data collected during the third and fourth 
evaluations are shown graphically in Figures 1 and 2, respec
tively. Given the different failure rates for the various control 
mixes, it is obvious that, overall, the placement and service 
conditions varied between the mixes. Therefore, it is impor
tant that the evaluations be made by comparing the experi
mental mixes with their respective control mix and not directly 
with each other. 

Figure 1 shows that, at the time of the third evaluation, the 
failure rate for the emulsion-based mixes was still small. A 
higher failure rate was observed for the MC-800L mix and 
its control, but the difference between the experimental and 
control mix was not large (24 versus 18 percent). A better 
picture of potential performance emerged after the fourth 
evaluation. It can be seen in Figure 2 that over the winter 
there were no additional failures for the HFMS-2 mix (13 
percent), but the failure rate for the control mix increased 
from 9 to 24 percent. At the time of the fourth evaluation, 
the failure rate for the latex-modified emulsion was equal to 
that of the control mix (23 percent). The failures increased 
from 8 to 23 percent for the HFMS-2L mix and from 4 
to 23 percent for the control mix, indicating that a slightly 
greater percentage of the repairs made with the control mix 
failed over the winter. No failures were observed for the 
HFMS-2B or the HFMS-2BF mixes, and only one failure was 
observed for the control mix associated with the HFMS-2BF, 

Rating 

3 

)1/4 in, but 
(1/2 in 

larger particles 
have come loose 
but damage 
limited to 
surf ace 

large patches 
of asphalt on 
surf ace 

localized 
bulging 
)1/2 in 
but (1 in 

4 

)1/2 in 

damage no 
longer 
confined to 
surface 

mass movement 
of asphalt to 
surf ace 

depth of 
corrugations 
)1 in 
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TABLES COMPARISON OF MIX PERFORMANCE USING THE STANDARD REPAIR PROCEDURE 

Evaluation 1 Evaluation 2 Evaluation 3 Evaluation 4 
(! month) (3 months) (8 months) (14 months} 

Mixture Expt . Control Expt. Control Expt. Control Expt. Control 
Type Mix Mix Mix Mix Mix Mix Mix Mix 

HFMS-2 Repairs Avail . 30 31 30 31 24 22 Z4 21 
No. Failed 0 0 2d 0 3d 2d 3d s• 
% Failed 0 0 7 0 13 9 13 24 

HFMS-2L Repairs Avail . 33 40 30 37 26 28 26 27 
No. Failed 0 0 2d 0 2d ld 6' 9' 
% Failed 0 0 7 0 8 4 23 33 

HFMS-2B Repairs Avail . 31 27 31 27 9 7 9 7 
No. Failed 0 0 0 0 0 0 0 0 
% Failed 0 0 0 0 0 0 0 0 

HFMS-2BF Repairs Avail . 28 22 28 22 23 18 23 18 
No. Failed 0 0 0 0 0 0 0 ld 
% Failed 0 0 0 0 0 0 0 6 

MC800-L Repairs Avail . 30 28 30 28 17 17 17 16 
No. Failed 0 0 0 0 4• 3• 5• 4• 
% Failed 0 0 0 0 24 18 47 25 

d - patches failed due to dishing. 
s - patches failed due to dishing or raveling . 
c - patches failed due to dishing or raveling or unknown cause. 

makingit difficult to reach a conclusion regarding their potential 
long-term performance. 

A different picture emerges with respect to the latex-mod
ified cutback, MC-800L. After the fourth evaluation, the 
failure rate for the MC-800L mix had increased from 24 to 
47 percent , nearly double that of the control mix (25 percent) . 
The drainage problem encountered with the MC-800L mix 
has led the researchers to question the effectiveness of 
the latex modification. The incompatibility of the latex with 
the asphalt may be a possible explanation for the question-

50 

40 

30 

20 

10 

0 

Percent Failed 

0 Experimental 

• Control 

13 

HFMS-2 HFMS-2L 

24 

0 0 0 0 

HFMS-28 HFMS-28F MCBOO-L 

Percent Failed, Evaluation No. 3, Standard Method 

FIGURE 1 Performance of mixes, standard procedure, 
Evaluation 3. 

able performance of the latex-modified cutback and mulsion. 
Such incompatibility would explain the relatively oft nature, 
drainage, and resulting larger failure rate for the 
MC-800L mix. 

Raveling and shoving were the primary fai lure modes for 
all mixes. In no case was failure associated with stripping of· 
the mix. In many cases, the failures occurred in locations 
where there was poor drainage or severe reflection cracking, 
and a recurrence of the pothole was inevitable. Other failure 
modes were not observed on a recurring basis. 

Percent Failed 
50 -

0 Experimental 
40 

• Control 

30 

24 

20 

10 

0 
_ __L..--J ___ .~~. 0 

47 

25 

6 

HFMS-2 HFMS-2L HFMS-28 HFMS-28F MCBOO-L 

Percent Failed, Evaluation No .. 4, Standard Method 

FIGURE 2 Performance of mixes, Evaluation 4. 
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50 

0 2 3 

Repair Life (Years) 

Cost of Mix 
Dollars/Ton 

4 

FIGURE 3 EUAC (dollars per repair) for the standard 
method when repairs can be conducted on a production basis. 

COMPARISON OF MATERIALS ON THE BASIS 
OF ANNUALIZED COST 

5 

The cost per ton for the control mix was estimated at $30, 
and for the five experimental mixes, estimates ranged from 
$30/ton to $47/ton. Earlier research has shown that material 
costs represent about 15 to 25 percent of the total cost of 
repair. The important question is whether, on an equivalent 
uniform annualized cost (EUAC) basis, the more expensive 
materials will result in a lower overall cost. 

The annualized cost per repair was calculated using pro
cedures published from earlier research (1,3). Cost data include 
manpower, equipment, and user delays. Calculations were 
made for material costs ranging from $30/ton to $120/ton . An 
interest rate of 10 percent was assumed . 

EUAC values per repair as a function of repair longevity 
is shown in Figure 3. As can be seen, the annualized cost 
differential for various materials, especially those in the range 
of $30/ton to $50/ton, is relatively small. The dominant 
influence on annualized cost is the longevity of the repair. 

Figure 3 can be used to compare costs for hypothetical 
materials with varying costs and repair life. Suppose a·n agency 
is presently using a material that costs $30/ton, and the aver
age repair life using the standard procedure is 1.U year. From 
Figure 3, the cost of each repair is $52.58. Figure 3 clearly 
shows that if the average service life can be extended to 2.0 
years, then the use of material costing as much as $120/ton 
would result in a significant cost saving. The HFMS-2BF, at 
$47/ton the most expensive mix in the study, is comparable 
in total annualized cost to the $30/ton mix if the average 
service life can be extended from 1.0 to 1.1 years or more. 
Thus, a 10 percent increase in repair life offsets an increase 
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in material costs from $30/ton to $47/ton . As another example , 
Figure 3 shows that a $30/ton mix lasting 2.0 years is com
parable to a $120/ton mix lasting 3.0 years. The HFMS 2BF 
mix at $47/ton and lasting 2.2 years is comparable to the $30/ 
ton mix with a service life of 2.0 years. Similarly, mixes costing 
about $73/ton or Jess that will last 5.0 years have a lower 
annualized cost than mixes costing about $30/ton that will last 
4.0 years. It seems evident that to provide a lower annualized 
cost than conventional mixes premium mixes need only extend 
the average service life by a modest amount. 

CONCLUSION 

Several conclusions can be drawn on the basis of the results 
of this study: 

• Two of the four experimental mixtures using HFMS emul
sion binders performed better than companion control mix
tures in the field trials. The other two HFMS mixtures showed 
no failures in the field, hut definitive conclusions could not 
be reached because their companion controls had only zero 
and one failure, respectively. 

• Experimental mixtures using the SBR latex-modified cut
back binder did not perform as well as their companion 
controls and no further development is recommended . 

• Extended field trials of stockpiled mixtures using the HFMS 
binders are recommended to interested highway agencies. 
Field trials using fibers is also recommended. 

•A well-designed, cold, stockpiled patching mix can be 
effectively used in cold-wet weather without the need to heat 
the mix in a hot box. 

• Premium mixes need only extend the average service life 
by a modest amount to provide a lower annualized cost than 
conventional mixes . 
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