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ASPHALT MIXES
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- Asstract: The Ainska Department of Transporlation and Public Facili- ..
.:ties (ADOTPF) is presently evaluating the use of recycled rubber in hot -
sxo- mix pavement applications. The benefits of adding rubber to the mix
- include increased skid resistance under icy conditions, improved flexi- .
- bility and crack resistance, elimination of a solid waste, and reduced | ..
. traffic noise. The major disadvantage of these rubber-mod:ﬁed mixes is .
77 “theirhigh cost in relation to conventional asphaltic concrete pavements.
A comparison of the economics of the rubber-modified system with that
~of the-conventional pavemeént shows that the rubber-modified surfacing
is cost-effective: . This conclusion is based on an analysis of life-cycle -
. -costs, but does not include potential intangible benefits of the rubber-
".modified system, such as increased skid resislance and noise reduction.

INTRODUCTION . .

: The Alaska Department of Transportanon and Pubhc Fac:lmes
(ADOTPF) is currently evaiuaung rubber-modified hot mix pavements as
an aiternate to conventional asphaltic concrete. One of the systems being
tested by ADOTPF repla_ces a portion of the aggregate in the mixture with
approximately 3% by weight of granulated coarse and fine rubber particles
produced by grinding up discarded tires, The benefits of using ground
rubber include increased mix flexibility and durability, elimination of a
solid: waste material (rubber tires), and reduced traffic noise. Other
reported benefits include improved deicing and skid resistance, and a
reduction of sand, salting, .and winter maintenance costs. The major
disadvantage to the widespread use of the rubber-modified mix is its high
cost as compared with conventional asphalt hot mix (Technical data 1981).
- Because: the capital cost and expected life of rubber-modified asphalt
pavements . are. different than.those of conventional systems, the final
choice between  the .{wo alternatives should be based on an economic
analysis that takes both variables into account. The purpose of this paper
is to examine methods of equitably comparing the cost of each alternative.
The procedures presented are applicable not only to this specific example,
but: a!so to pavement feasibility studies that evaluate other alternatives.
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Use or Ruseer IN ASPHALT MixTuRES:

The original development work in the ‘area of coarse rubber-asphalt
paving mixtures was performed in the late 1960s by the Swedish companies
Skega AB and AB Vaegfoerbaettringar (Bjorklund  1979). The malerial
application was patented under the trade name Rubit. This product has
been patented in the United States under the trade name PlusRide™, and
~is marked by PlusRide™ Asphalt, Inc. of Bellevue, Washington (Technical

data 1981).

It should be noted that considerable exper:mentai work and field trials

have been performed :in-the United -States,  particularly in: Arizona,
California, and Colorado, where rubbér-modified asphalt has been used as
binder in chip seal coats (Takallou et al. 1985). These installations have
utilized finely ground (number 16 to nudiber 25) crumb rubber, which has
been reacted with asphalt at elevated .temperatures to form a thick
elastomeric material. This material is then diluted with an extender oil. As
such, these installations differ substantially from PlusRide™.

The concept of incorporating larger rubber particles, 1/4 in. to 1/16 in.
{6.4 Lo 1.6 mm), in pavement surfacing layers had not been used'in the
United States prior to 1979. Between 1979 and 1987, 12 experimental
rubber-modified pavement sections totaling 34.1 mi (53 km) in length were
constructed by the Alaska Department of Transportation and Public
Facilities. In these projects, 3% of coarse rubber particles by weight of the
total mix were incorporated into-hot mixed asphalt pavements. Table |
shows the characteristics for all rubber-modified asphalt projects placed in
Alaska. The paving mixes have been successfully prepared in both batch-
and drum- dryer type plants, and placecE with convenhonal pavers -and
rolters. -

In Alaska, mix ‘design experience ‘using: the Marshall methoci has
demonstrated that the rubber gradation greatly affects mix properties, and
from 2 to 3% more asphalt is normally required to achieve a 3% or lower
voids. content (Narusch 1982). The attainment of an average field voids
level of less than 5% has been shown by field experience to be critical to
pavement resistance to raveling (Narusch 1982). Therefore, high compac-
tive efforts and asphalt contents are necessary:to achieve the lower air
voids. Even though high asphalt contents and soft asphalt grades (AC-2.5
and AC-5) were used in these mixes, no asphalt bleeding has been reported
even though pavement temperatures as high as 38°C {100°F) have been
reported.

Laboratory Study :
A laboratory study was performed at Oregun State  University to
evaluate the effect of mix ingredients on. properties of rubber-asphalt
mixes. The aggregates and asphalt cement (AC-3) used in this study were
obtained from Juneau, Alaska. The recycled rubber was provided by
Rubber Granulators of Everett, Washington (Takallou et al. 1985).

‘The two general types of tests used in this study were mix design and
mix properties tests. The Marshall mix design, and diametral modulus and
fatigue life tesl procedures were used to evaluate the optimum asphalt
content and -mix .properties (resilient modulus and fatigue life) for the
different mix combinations (Takallou et al. 1985).
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TABLE 1. Prnperties and Characteristics of Alaska's. Rubber-Modified Asphalt Pavements {Takallou et al. 1985)
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TABLE 1. Continued
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TABLE 2. Recommended Asphalt Content and Mix Properties, Approximately Two
Percent Alr Voids (Takallou et al. 1985)

Rubber Gesign
. gradation asphall Marshall .
Aggregate Rubber % Coarse/ content stability Flow
gradalion conlant % ling) %h) {ibs) (0.01 in.)
(1 {2 (3) 4} (58 (8)
Gap-graded 2 0/100 7.0 £.9320 15
60/40 7.2 690 24
B0/20 8.0 . 665 23
3 0/100 7.5 ©600 19
60440 7.5 ) ©A50 22
80/20 2.3 436 13
Dcn'sc-gradc(f . 0 Mo rubber 5.5 1,500 .8
' 3 80720+ 7.5 550 2

MNote: Lin. = 254 mm: | lb = 0,454 kg.

Mix Design Results

The laboratory mix design results show that the asphall content required
to reach a certain minimum voids level for rubber-modified mixes depends
on rubber and aggregate gradation and rubber content (see Table 2). The
results show that the mixiure with gap-graded aggregate and 3% coarse
rubber requires the highest design asphalt content (9.3%]), based on dry
ageregate weights, {Coarse rubber is defined as rubber particles in which
80 to 909 is in a size range from number 10 to 1/4 in. (2 mm to 6 mm). The
remaining rubber content is buffings, primarily in a size range {rom number
10 to number 40.] Reducing the rubber content to 2% resulted in a
reduction in asphalt content to 8.0%. The mixture with 3% coarse rubber
and dense aggregate grading required 7.5%, and the conventional asphalt
mix {no rubber) had the lowest design asphalt content (5.5%). The asphalt
contents reported were all for 29 air voids (Takallou et al. 1985).

Mixture Properfies _ ' '
. To evaluate the effect of mixture variables on the behavior of rubbey-
modified asphalt, 20 different mix combinations were tested for diametral
modulus {ASTM D-4123) and fatigue life (Takallou et al. 1987). These
variables included: {1) Two rubber contents; (2} three rubber gradations;
(3) two mix and compaction temperatures; (4) two aggregate gradations; (5)
two cure times; and (6) use of surcharge (Table 3). The test results, also
given in Table 3, show that the modulus and fatigue life of rubber-modified
asphalt mixes depend on rubber gradation, aggregate gradation, and rubber
content. For example, the mixtures with the finer rubber gradations had
higher resilient modulus and lower fatigue life values than mixtures with
coarser rubber gradations. .In addition, the aggrepgate gradation affects the
mixture properties, The mixes with dense-graded aggregate had higher
resilient modulus and lower fatigue life values than mixes with gap-graded
aggregates. Reducing the rubber content to 2% also resulted in 'hip,her
resilient modulus and lower fatigue hfe values as compared w;th mixes
with 3% rubber content, |

The findings of this eiudy indicate ‘that the rubber gmdanon, rubber
conlent, and aggregale pradation have a considerable effect on the mix
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TABLE 3. Specimen ldentification and Summary of Resilient’ Modulus and Fatigue
Life (Takallou et al. 1585)

Mixing/ -| Number .
Rubber com- . of Flesilient

Spec- blend | paclion| Aggre- | sampiesf Air Veids | Modulus

imen | Asphait| Rubber | (3 fine/| temper-{ gale |Cure| Sur- | usedin (%) (ksi) Ny

‘denlili-| content } conlent S alure | grada-| ime | chargé| calou-

calion | (%) %o) | coarse}| (°F) tion | (hrs}| {bs) | lalions | & ¥ £ o il
1) 2 (3) “) {5 B | @] ® | @ (001 02 [03)y 04 | (35
At 0.3 3 RO20 | 3757265 Gap 1] 0 4 LY 00 4101 220 27993 3,728
i 5.3 3 BOS20 | 375265 Gap 2 ] 4 209003 415 46] 23800 3,558
ce 9.3 3 (80720 (375265 | Gap 0 5. 4 207002 36D 191 48,240 | 4,627
[> 9.3 3 80200 4257265 Gap 1} [ 4 200 005 405 30017 11,026
E 6.3 3 B0/20 4251265 Gap 2 4 3 2021003 438 43[ 26.199 | 4,086
F 9.3 3 80720 1425265 Gap il 5 5 1.96§0.24 3931103 K360 | 7,235
G 9.3 3 BO20 |375210| Gap ] 0 k] 433134 753 1742710 4,138
H 7.5 3 6040 |375/265 | Ciap ] 1] 5 rr0im)7| 6144 73| 13,155 ] 4,203
1 7.5 3 10 (37502651 Gap i} 0 4 244 10.26 3381 871 10,663 1 2,004
J 9.3 3 820 (3257210 | . Gap 1] a 4 4161031 I 4| 22,200 | 5,406
K* 8.0 2 B0 (3757265 Gap 0 1] 3 236 {007 471 22| 28858 | 4.683
L 12 2 G4 375265 | Gap 0 1] 3 2041030 T 38| [3,897 | 5474
M* 7.4 2 WG 3751265 Gap [ 1] 3 2.690.11 Bld [ 14| B.3536| 4,316
N 7.5 3 80720 | 3757265 ] Dease ¢ O 0 5 2941020 H7| 55 165306 | 6.730
Q 7.5 3 . R0 [3750265 | Dense{ 2 0 4 228013 858 68 Lt.620 ] 6,268
P 7.5 3 8020 1| 375/265 | Dense {0 5 4 12001 |10.06] 649 60| IB3IE1 | 7,065
Q 7.5 3 - BO20 |4250265 | Densc ] \] 4 20L[009 BO3| 05| 7,500 1,942
R 7.5 3 . BO20 14250265 | Dense B 1] 3 o |z203)|02 02| 20017296 | 3945
5 7.3 3 V20 (375250 Dense{ @ 0 30|48 089 352 23] 13.013 | 3,725

ST 55 0 0 3750265 | Dense | 0 [\ 5 213|025 LI05 ) 67| 9323 | 2,758

“Mix combinations used Lo establish Gilipue corves,
Naote: | in. = 25.4 mm; | Kip/sq in. {(ksi) = 6.894 kPa: Llb = 0454 }.g, £C = ('F = 32)/1.8; 1esl temperature =
+10°C; strain level = 100 microstrain, .

design asphalt content, fatigue life, and modulus value of the mix (Takallou
et'al. 1985). The qtudy also shows that the rubber-modified mixes have a
greater fatigue h!‘e thdn conventional asphalt concrete mtx

AnaLysis oF Lasorarory DaTa

One of the main benefits of rubber-modified asphalt concrete ‘over
tonventional mixes is increased pavement fatigué life. To evaluate -the
relative superiority ‘of fatigue- life for rubberized pavement over the
conventional pavement systiems, elastic layered theory was used. The
procedure -and results of layer equivalency studies for rubber«modlﬁed
dsphait are dcscrlbed in the fol!owmg pardgrdphs '

Analysis Pmcedure

The Elastic Layer System- Compuler Progmm (ELSYMS) was used ‘to
analyze'the typical pavement structures obtained (see Fig. I} (Hicks 1982).
Qutput from this program includes strebscs strains, and disphcemcnts in
any of the given layers.

As shown in Fig. 1, three pavement structures representative of three
seasons (winter; spring, and fall) were evaluated. The layer équivalencies
for each'season were calculated for three different surface thicknesses: 2,
4, and 6 in. (51, 102, and 152 mm). The modulus for the surface and
subgrade-varied for each season. The base modulus was assumed to be:1.5
times the subgrade modulus. The values for surface resilient modulus were
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45001bs 4500 Ibs

Wearing Course E, = 3200, 1900, 1100, 350 ksi
=0.4

ty=2,4,6inch
{51, 102, 152 mm)}

Base _ Es= L5E;
vy = 0.35
t> = 24 inch {0.81m}

Subgrade E3 = 50000, 10000, 2080 psi
v3 =04

FIG. 1. Pavement Structures Used for ELSYMS Anaiysls (Takallou et al. 1985) (1 in.
= 254 mm; 1|b = 0.454 kg; 1 psi = 6.894 kPa; 1 ksi = 1,000 psli)

obtained from laboratory-prepared samples. The resilient modulus values
for subgrade ranged [rom 2,000 to 50,000 psi (13,788 to 344,700 kPa). Table
4 shows the modulus data for conventional and rubberized asphalt, as well
as the subgrade for each of the seasons analyzed,

The procedure used to determine the layer equivalency of the rubber-
modified asphalt is outlined in the fAow chart in Fig. 2. The laboratory-
delermined fatigue curves normally indicate that expected pavement lives
less than field experience would indicate. To adjust these curves, a shift
factor was determined by comparing the conventional-mix laboratory
fatigue life curves at + H°C to typical field fatigue curves developed by
Monismith (Yoder and Witzak 1975). This comparison yielded an approxi-

-mate shift factor of 90 as shown in Figs. 3{(g—b). The shift factor determined

TABLE 4. Resitient Modulus for Conventional Asphalt and Rubberized Asphait
(Takallou et al. 1985)

Resilient Modulus {psi)
- : Spring
Pavement - Pavement Winter i ihaw : Spring/fall
surface layer - - . layer -4 (~6C) ... . A{ ~B8°C) S +10°C)
(1 R AR -] (3) ) (5)

Conventional Surlface | 32 x 100 KIS [V 1.1 % 10

_ Subgrade L0000 | oo 10,000

" Rubbérized Surface 1.9 = 109 JLD X 108 CUAE x0T

i Subgeade " | T 50,000 - 2000 | T H0.000

Note: [ psi = 6,899 kPa.
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FIG. 4. Shifted Laboratory Fatigue Curves: {a) Spring/

Fall { + 10°C); (b) Spring Thaw and Winter { — 6°C)
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Data Input to ELSYMS o .
— o 3 E
I : . ud
/ 1 . d
s - 12 =
. E
Compare conventional asphalt loboratory E’ / ey = - ® o -
fatigue curves to typical fatigue 3 e R :ié Y I
relationships to determine shift = /= 1 £ = //5 4
foctor. Apply this shift factor 5/ 1% 4 3 3 ;I
to rubber and control mix to 2 I, g 1 & 2 /g
estimate repititions to failure in the field. @ / e {1 s & // -
/ o i A ]
i~ E / 3
1= / E
] = d :
i - :
. 5 T
Use repetition levels of 10 ,10 ,10 to | L B
determine allowable tensile stroins. TR E Lgses 3 4 "'o' TN B ST WA FYWE A
. . i . no NO - mo_ e . No -
Uu1/70 g Ok %) wioag apisuay 4> 2 Curu ot s esuey '
From plot of thickness versus
‘tensile strain, detlermine necessary
~ thickness for conventionai asphalt
and rubber—modified mixes.
Rotn:: of povemeni thickness yields loyer _
NE eguivalerice factor. ) _ _ - -
FIG. 2. Flow Chart for Determination of Layer Equivalencies (Takallou et al. 1985) H 1.,0 o - 1
w0 = s ) o o
o Q@ P 32 = o 2 Yk
. . . . . Zx A £ VAR )
was also applied to the rubber-modified mix fatigue curves. The shifted 3% ,/ 1 ; a7 /7
fatigue curves are shown in Figs. 4(a-b). EE / To = 3 g ',’ i
5 < -/ =3 - S
Layer Egnivalency Determination 5 / -2 5 / ]
3 18 H
After the laboratory fatigue curves were sh:fted repreqentalwe hves 2 /. T = S / )y
were selected (107, 10%, and 107) and the allowable tensile strain in the /E_ g @ - o E
asphalt layer determined [Figs. 4{a—b)]. These strain values were used o S B EE- /S 3
determine the required thickness of the conventional and rubber-modified PR i 2 /8 ;
mixes. The ratio of the required thicknesses (conventional/rubber) is the d 4% -
layer equivalency for rubberized asphalt [Figs. 5(a—c)]. : E ]
As indicated, the layer equivalencies range from 1.2 to 1.4 depending on : . ] N
the season of the year. These layer equivalency ratios correspond to a 20 ' TSI YT O 8 AT T TR
to 40% reduction in surface thickness for the rubber-modified mix when : k] ‘e =8 & o ©
compared with conventional asphaltic concrete mixes. ; U170 4 DR XY Uioa vt '*a E '(-u”-u;g_m'x)”uim;s ofjsuay s
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102
FIG. 3. Comparison of Laboratory and Field Fatigue

Curve (Takallou et al. 1985): (a) Fatigue Curves at
+ 10°C; (b) Fatigue Curves at — 6°C (i psi = 6.894

kPa)
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. The total mix price and the price for the asphalt binder material shown
in Table 5 was supplied by ADOTPF personnel from an actual contract
unit price on a project in the Anchorage area {Takallou et al. 1985). The
binder cost already includes a general contractor's markup for overhead
and proﬁt

The price of the 80/20 blend (coarse/ﬁne) of rubber malenai which was
used on all the projects, was supplied by Rubber Granulators of Everett,
Washington (Takallou et al. 1985). The prices for engineering services and
the royalty quotes of $4.50/ton were obtained from PaveTech Corporation
of Bellevue, Washington (Technical datq 1981).

Table 5 also shows the relative component percentages of the total mix
cost.-The values shown for the conventional asphalt cement (col. 2) were
estimated from given values for the binder, total mix cost, and typical
component percentages supplied by a Corvallis, Oregon, paving contractor
(Takaltou et al. 1985). The component percentages for the PlusRide™
material were éstimated by using the given cost information for binder,
rubbér, royalty, and total mix, and by transferring the remaining com-
ponent costs from the respective conventional mix to the rubber-modified
cost column (col. 4). This table allows one. to focus attention on the
compotients of thé rubber-modified process, which, if improved, might
produce the greatest cost savings to ptacement of a rubber-modified
pavement..

The cost increase shown for a Component is due 1o the extra work or
increased material costs required in mix production. For example, increas-
ing the asphalt content from 6.5 to 8.5% naturally raises the mix binder
cost. The aggregate cost .has been mﬂated because of the gap-grading

TABLE 5. Economtc Comparison of Asphalt Cement and Rubber-Modlf;ed Binders,
Anchorage Area

" Conventiorial asphalt’ : " PlusRide™

~cement binder " rubber-modified binder’
T 4 Cost R © Cost
Component | 7 ($/lon) Cost(®) ~ 7| ($rton) “Cast (%b)
(M (2) (3) (4) (5}

" Binder o C12.00 308 15.73 283
“Rubber el — — o 7.20 . 129
CAggregalel oot Tl o R.00 a5 ] 823 : T14B -
Energy costs - .0 o 150 oo 38 . L7 31 -

Mixing L7100 : 179 - 735 13.0
Haut 2.23 58 Trasd ' 4.0
Placement 4.25 10.9 4.35 7.8

Engineering services N B :
and rovalties — o ' 4.50 TR
. Markup B 4.00. 02 440 | . 79
Total L 3900 .| - 1000 ss.68 R L1 X

Note: Costs are in-doflarsfton of mix. Costs.are generalty. bascd on mmt.r[ul for dpprmun.m,ly
16,500 sq yd (13,635 m?) placed at 1-1/2-in. (43-mm) depth, 15 miles (24.1 km} from the plant. Rubher

_u)qls include shipment from Seaitle, Washingion, to Anchorapge, Alaska. Binder cost is based on

S by weight .ol mix for the traditional asphalt cement ‘and 8.3% by wcu,hl of mix for !hc

_rubbt,r-mmhﬁed The' rubber was caleitlatéd to be 35% by weight of total mix.
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TABLE 6. Economic Comparison of Estimated Asphalt Cement and Asphalt-
Rubber Binders, Anchorage Area

: : Rubber-madilied
Rubber-modilied | Aubber-modified | Aubber-modiliad with 7.5%

; o with 8.3% wilh 8.0% wilh 7.0% asphalt binder, |
~ Conventional asphall rubber asphall rubher asphal rubber 3% B0/20 blend’
asphall cement and 3% 80/20 and 2% BO/20 ‘and 22% 60/40 rubber, dense -

binder blend rubber blend rubbar biend rubber | agoragale -+
Cost Casl Cost | ‘Cost |- Cosl” | Cost‘| Cost'™| Cost'|  Cost Cost
Cormponent | - (5on) | {%) (stor) | (%) | (Sfom) | (3%} {310n) | -3} | (Ston) | (%)
1) (@ (3) {4} (58 {6} (N ] .8 {9) (10) {11) .
Binder . 1zoo | 308 1720 30| a0 | 283 | wnws | 25| 13 5.8
Rubber — — 7.20 126 ] .80 53 520 02| 730 0] (135
Aggregate 8.00 0.5 8.25 14.4 825 | 158 8.25 16.2 - B.00 150
Energy cosls 1.50 .38 1795 7 3.1 1.75 233 17571 3.4 1.75. 13
Mixing 200 17.9 7.25 127 | 1.25 13.8 7.25 14,2 7.25 13.5
Haul . 225 5.8 225 319§ 225 4.3 2.25 4.4 2328 4.2
Placement 4.25 my | 435 | Cre | 4357 83| 435 D owe | 435 81
Royalties 7 - e— — 4,50 7.9 450 . 8.6 £.50 #.8 | 450 B
Markup 4.00 3 103 4.40 ST 440 8.4 4,40 - 8.7 440 ] - 832
Total . 39.00 1G0.0 57.16 100.0° | 5235 ](l() 0 50,90 100.0 53.50 .| 106.0

.Note: Costs are in dollars per ton of mix. Costs are genesally based on material for uppreximately 6,500 sq yd (13,635
m®) placed at 1 1/2:in. (43-mm) depth, 15 miles (24.1 km) from the plant. Rubber costs include shigiment from Sentlle,
Washinglon, to Anchomge, Alaska, Binder cost is based cn 6,55 by weight ol mix (or the traditional asphait cement
and 9.3% by weight.of mix [or the rubber-modified. The rubber was calculated to be 3% by weighi ol total mix.

requirement. The energy cost is slightly higher to compensate for the
added mixing time and higher temperatures recommended. for rubber-
modified production. Mixing -expenses are higher in. rubber-modified
production due to the additional manpower and equipment required for
introducing thé rubber into the batch. Reducing the additional price for
these components in rubber-modified pavements would requ:re modifi-
cation to the materials and/or production processes.:

The increase in placement expense and coniractor’s mdrkup is attnbuted
to the fact that the contractor perceives a higher risk involved with
production and placement of rubber-modified pavements versus the con-
ventional pavement.-Perceived risk values will either increase or decrease
depending on the gase or difficulty of construction of rubber—modiﬁed
projects.

Table 6 contrasts conventional aspha]t mix prices to prices for the four
rubber-modified mixes evaluated in the Oregon Stale Unijversity labora-
tory. The rubber-modified component costs for energy, mixing, hauling,
placement, engmeermg services and royalties, and markup are identical to
the costs stated in Table 5 for the Anchorage area.

Lire-CycLE CosT AnaLysis

This section presents three different methods of comparing the costs of
rubber-modified mixes to a conventional mix. The first analysis uses an
assumed maintenance scenario and equal surfacing thicknesses {o calcu-
late the life required for equivalent annual costs. The second uses equal
surfacing thicknesses of rubber-modified and conventional asphalt pave-
ments and only the capital cost to determine the required life for equivalent
annual costs. The last method utilizes the layer equivalency ratios-shown
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in Figs. 5(u-c) to compare the capital costs of rubber-modified and
conventional asphalts based on unequal thicknesses,

Equal Annual Capital and Maintenance Cost

Tabte 7 presenis a life-cycle cost analysis to determine’ Ehe required life
for equivalent annual costs of rubber-modified mixes to a conventional mix
with a life of 15 years. The analysis utilizes Anchorage area costs per
square yard and estimated maintenance prices for crack and chip sealing.
The following assumptions were made:

Discount rate = 4.0%.

Crack seal maintenance cost = $0.10/s5g yd.

Chip seal maintenance cost = $0.40/sq yd.

Conventional mix cost without binder = $27.00/ton.

Binder cost = $185/ton.

Rubber cost = $240/ton.

A-R mix without binder and rubber cost = $33.00/ton.

Salvage value = 50.00 at the end of pavement life (Hicks [982),
Unit weight (A-R mix) = 140 pcf,

Unit weight (conventional mix) = 149 pcf.

DN oAk L)

—

The results indicate that the pavement lives for the rubber-modified mixes
must be in the range of 20 to 23 years when compared with 15 years for a
conventional mix in order to institute the additional costs. Table 7 includes
one maintenance for iflustrative purposes. The chip and crack seal
intervals were assumed to be at one-quarter, one-half, and three-quarter
points in the eslimated pavement life. This assumption means that main-
tenance intervals would increase with the increase in fatigue life.

The objective of illustrating fife-cvcle costs in this manner is to show
how typical pavement maintenance costs correlate to the relative pave-
ment condition throughout pavement life. It assumes that a pavement with
a fatigue life of 20 years will deteriorate at-a slower rate than a pavement
with a life of 15 years. Fig. 6 shows the relationship between the level of
service of a pavement and time used in the development of the life-cycie
cost comparisons shown in Table 7. The conservative straight-line deterio-

% of Economlc Life {In this cose dssumad
to ba the same as % of Functionolity}

5 10 w20 2% 0 35 40 45
a7 o Tima (T}
FiG. 6. Straight Line Deterioration with Time (Yoder and Witzak 1875)
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TABLE 7. Life-Cycle Cost Comparisons with Equivalent Annual Costs

{a) Alternative Number {: Conventional Asphaltic Concrete®

Year $ Costisq yd ' . Description
(1) (2} ) (3)
0 6.54 3 in. surfacing—6.5% AC
4 0.10 . Crack seal
8 0.40 Chip seal
2 .10 Crack seal

— i .. End of economic life
(b Alternative Number 2: 9.3% Asphalt Binder and 395 80/20 Blend Rubber”

Year % Cosl/sq yd Descriplion
(n (2) (3}
0 9.00 3 in. surfacing
6 0.10 Crack seal
12 (.40 Chip seal
18 010 . Crack seal
23 — Ead of economic life

(r} Alternative Numbers 3 and 4: 8% Asphalt Binder and 297 80/20 Blend Rubber and
7% Asphalt Binder and 2% 60/40 Blend Rubber®

Year $ Cost/sq yd Description
(h 2 i ) :
0 - 8.13 3 in. surfacing
5 2000 - .- Crack seal
10 0.40 ) } Chip seal -
13 SRR |0 [§ B ... Crack seal -
20 = .. End of economic life

() Alternative Namber 5: 7.5% Asphalt Binder, 367 80/20 Blend Rubber, -
Dense-Graded Aggregate! o

Year .. % Costfsq yd Description
D )] (3)
i} 8.43 3 in. surfacing
5 0. 10 Crack seal
10 - 0.40 Chip seal
15 0. 10 Crack seal
21 — End of economicilife

SAE (4) = 6.54 (A/P.4,15) + .10 (P/F 4 4)(A/P.4,15) + 0.40 (P/F 4,8 A/P,4,15) + (.10
(PIF.4,12)(A/P,4,15); AE{4) = $0.63/sq vd

PAE,(4) = 9.00 (A/P,4,23) + 0.10 (P/F.4,6)(A/P,4,23) + 0.40 (P/F.4.12)(A/P,4.23) +
0.10 {P/F.4,18)(A/P,4,23); AEq(4) = $0.63/sq yd _

SAE, ((4) = 8.13 {A/P.4,20) -+ 0.10 (F/F.4,5)(A/P,4,20) + 0.40 (P/F 4,100A/P.4,20) +
0.10 (P/F, 4,150 A/P,4,20): AE, (4) = 50.63/sq yd

SAEL4) = B.43 (A/P4,21) + 0.10 (P/F,4,50(A/P4,21) + 0.40 {PIF 4, 100A/P,4,21) +
0.10 (P/F.4,15)(A/P 4,21); AEL4) = $0.63/sq yd '
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FIG. 7. Typical Shapes for Pavement Deterioration Curves (Yoder and Witzak
1975).

ration rates used in the figure are not intended to follow typical pavement
deterioration curves like those shown in Fig. 7. Since deterioration curves
vary from area to area, no attempt was made to estimate their shape for
this cost example. The maintenance interval multipliers may stay the same
{(in this case, 3), but the difference in time {AT) increases with the use of a
typical deterioration curve. As AT increases, the equivalent annual costs
for the rubber-modified mixtures will decrease.

Table 7 shows the necessity for an evaluation based on the expected life
of the structure. Any costs (such as those for typical maintenance) that can
be deferred to a later date will make pavements with a higher capital cost
appear more economically attractive as Riture doflars are returned to the
present.

The approach presented in Table 7 could also be useful for showing the
value of user cost benefits as valued over the life of the project. For
instance, the rubber-modified surface has been found to.reduce stopping
distances by 25% under icy road conditions in studies in Fairbanks, Alaska
(Esch 1984). If this could be quantified in terms of added safety benefits,
the annual equivalent values of rubber-modified asphalt might be more
favorable, '

Equal Annual Capital Cost .

There is a more conservauve -approach to evaiuatmg hfe cosis for
conventional and asphalt rubber-modified- pavements. The method is
conservative because it does not take into:account the possibility of
reduced long-term maintenance and user costs. It only considers the
capital cost of the pavement. system. With the capital costs of both
pavement systems known and the life of the conventional system assumed,
the life of the rubber-modified system to provide equivalent costs is
determined by using the following:

X(CRF, )= ¥(CRF, #") . \oioeiiiaiin il oD

where X = cost of conventional pavement in $f't6n or $/sq-'yd; Y = cost of
rubber-modified pavement in'$/lon or $/sq yd; n = life of the conventional
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TABLE 8. Comparison of Pavement Life for Equivalent Ahnua[ Capital Costs

Discounl Life required lor equivalent annual capilal cosl (yrs)
Surfacing ehtarnalive rate (%}
(1) (2) 3 4 (5) (6) (7)

Conventional asphaltic concrete
(assumed life) . 3.0 S0 10.0 15.0 2400
Rubber-modified asphaltic concrete i 35 29 T 15.6 249 6.0
Rubber-moedified asphaltic concrele 4.0 1.9 7.5 15.0 A 38.2
Rubber-modified asphaltic concrete 4.5 2.9 7.5 16.1 6.6 41.0

Note: Cost per ton ol conventionat usphaltic congrere = $39.00 (Table 5). Cost per ton of rubber-modified asphadtic
concrele = $55.08 (Table 5.

pavement in years; #” = asphalt rubber pavement life in years; and CRF =
capital recovery factor = (1 + "1 + 0" — 1. By substitution:

R I R 0" i - R

T i T = | AR R TR (2)

where | = discount rate in decimal form. If we define D as follows:

D= i1+ 0" )_( ]
ST F D =TT (”)

and then by solving for o', we obtain the relation for asphalt-rabber life

Table 8 summarizes the pavemerit life needed from the rubber-modified
asphalt to offset the increased capital costs. Assumed lives for the
conventional asphaltic pavement ranged from 2 to 20 years. This means
that the needed life for the rubber-modified mix would have to range from
3 to 40+ years. The table also shows the effect of using a discount rate of
3.5%, 4.0%; and 4.5%. These values were based on the real cost of capital
as used in constant dollar studies. The real cost of capital essentially
reflects the difference between the market rate of return and inflation, and
this difference has historically been between 3.7% and 4.4% (Epps and
Wootan 1981).

Table 8 can become considerably more useful as information concerning
pavement life becomes more readily available. In its present form, the
table can be used.as a simple too] for determining the equivalent life of
rubber modified mixes versus conventional mixes.

Capital Cost Comparison Considering Layer Equivalencies

The required thickness of a rubber-modified mix can be reduced by .2
to 1.4 times compared with the conventional mix if the equivalency factors
developed earlier are used. This implies that a rubber-modified mixture
could be placed with a thickness ranging from approximately 2 to 2-1/2 in,
(51 to 64 mm) and the expected fatigue life would be the same as a 3-in.
(76-mm) conventional surfacing.

Table 9 presenis the capital cost per square yard based on varying
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TABLE 8. Capl!al Cost Comparison Cons:dermg Layer Equivalencies

Capilal Cost for Given Thickness {$/sq yd)
S ) 3 in, 2-1/2in* 2-1/4 in? 2in.®
_ Surfacing alternative - o {76 mm) {64 mm} (57 mm) {51 mm)

m . {2) 3 4 (5)

.Cunvcnlmndl asphallic concrete 6.54 N/A N/A N/A

& asphalt and 3% of 80/20 rubber blend 0.00 7.30 6.77 ©6.00

8 l] asphalt and 25% of §0/20 rubbesr blend 813 6.77 6.1 - 5.42

7005 asphalt snd 2% fine rubber R.13 C6.77 AR 5.42
7.56% asphalt, 35¢ of 80/20 rubber blend, and K N

dense-graded aggregate 8.43 7.03 6.33 5.62

“Equivalencey of 1.2:1.
PEquivalency of 1.33:1.
“Equivalency of 1.5:1,

thickness for each of the alternatives discussed in the previous section.
Note that the capital cost of a rubber-modified surfdcing becomes advan-
tageous only when the layer equwa]ency is al Jeast in the range of 1.2 1o
1.3. Therefore, the rubber-modified mixes would be economically acceplt-
able since the laboratory results showed a layer equivalency range of only
1.2 to 1.4. Like the life-cycle cost analysis presented in the previous
section, this capital cost comparison does not take into account reported
benefits of the rubber-modified mix that have not.been verified or quanti-
fied (o date.

Overview o _ _ '

The information presénted in this section indicates that rubber-modified
asphall mixes would need to have a life span of approximately 20 to 23
years (o provide the same life cost as an equivalent thickness of conven-
tional asphalt concreie surface, which lasts 15 years. In a2 comparison of
capital costs, thickness of the rubber-modified mix must be réduced by a
factor of at ledst 1.2 10 1.3 for the cos! to be equivalent to a convcnuonal
asphalt surface.

The rubber-modified mixes could become more economtcally feasible by
reducing life-cycle and/or capital costs. The life-cycle costs could be
reduced by including intangibles, such as those discussed in the introduc-
tion. Capital costs could also be reduced in many ways. For example,
Table 6 shows the relationship between the total mix cost and the cost for
each of the mix components. Cost reductions in the mix are most sensitive
to iteins that have the highest componeni percentage of cost as compared
with the total mix. As an example, if the rubber components were obtained
locally,.up 10 an 8.0% savings to the total cost of the mix could result.
However, if the mixing time for the rubber-modified material was made
equivalent to the mixing time for a conventional mix, the cost of the mix
would only be reduced by 0.4%. The efforl spent in changing these factors
may be the same, but the payoffs favor one cost-cutting effort more than
the other. By eva]uating the sensitivity of the mix price in relation to the
component prices, areas that will produce the greatesl cost savings to the
total mix are readily identified.
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ConcLustonNs AND BRECOMMENDATIONS -

The economic analysis presénted in this paper shows the rubber-
modified asphalt mix to be more cost effective than a conventional mix.
This is based on annual equivalent costs, capital costs, and layer equiva-
Iencies, which were used to objectively show the economic consequences
of using either the conventional asphaltic concrete surfacing or the
rubber-modified asphaltic concrete. The following recommendations pro-
vide guidelines for preparing an economic analysis similar to the specific
example previously presented:

I. Break down total costs inlo component costs so efforts at cost
reduction can best be directed to areas that have the greatest potential for
savings.,

2. Capital cost comparisons are most useful when evaluating immediate
cash flow projections. However, comparing only capital costs can be
misleading when evaluating the total cost of an alternative over the life of
the investment. When a choice must be made from options that have
unequal lives, the decision should be made by using an annual equivalent
cost comparison (another method that is equally acceptable would be net
present worth). The interest rate used in this type of analysis should be the
difference between the current or forecasted market rdle of return and the
current or forecasted inflation rate.

3. If the equivalent cost between alternatives is relatively equal, evalu-
ate the intangible benefits of each system to help determine a clear first
choice. If there is any way in which these intangibles can be rationally
-quantified, their value can be included in the economic analysis to make
the final selection between alternatives easier. _

4. It may be easier to compare system costs if layer equivalency
information is readily obtainable. However, for layer egquivalencies lo

- work, all other factors between thé systems, such as pavement deterio-
ration, noise reduction, reduced winter maintenance costs, etc.; must be
assumed equal.
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Arrenpix Il. NoTaTiON

The following symbols are used in this paper:

A = single payment in a series of payments;
AE = annual equivalent costs;

C = temperature, centigrade Units;

E = modulus of elasticity;

E, = ftensile sirain:

F = future value;
M, = resilient modulus;

Ny = number of repetitions to fatigue failure;

P = present value;

T = time;

t = thickness;
fic = thickness, conventional asphallic concrete;
tar = thickness, asphalt rubber;

v = Poisson’s Ratio; and

o = verlical Stress.
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