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Resilient Modulus Properties of Asphalt 
Rubber Mixes from Field Demonstration 
Projects in Maryland 

M. AYRES, JR., AND M. W. WITCZAK 

Results of resilient modulus (Mr) response obtained from field cores of 
a newly constructed Maryland State Highway Administration demon
stration project concerning the performance of asphalt rubber mixtures 
are presented. The test project involves over 12.5 km of US-340 and 
MD-140 highways, contains 30 test sections, and utilizes 14 different 
mixtures (1 conventional control mix and 13 rubber mixes). Six types 
of plant-blended wet process asphalt rubber mixtures, two types of man
ufacturer preblended asphalt rubber (Neste SAR and Bitumar Ecoftex), 
two types of dry process patented Plus Ride, and three types of a generic 
dry process rubber-modified mix were evaluated. The analysis of 180 
field cores with the Baladi indirect test fixture with three transducers 
directions is presented. In addition to describing the results of the Mr test 
program for all of the mixtures investigated, statistical analysis of vari
ance (ANOV A) studies were conducted to evaluate field core horizon
tal anisotropy, compare among the five M,. prediction models currently 
available, and quantify five sources of variance associated with the Mr 
field evaluation program. It was found that no horizontal anisotropy is 
present in field cores. Another study conclusion was the fact that the 
assumption of a Poisson's ratio value when using only horizontal or lon
gitudinal transducers yields statistically different results for the Mr 
response compared with models that calculate the Poisson's ratio based 
on both vertical and horizontal deformations or models that use only the 
vertical measurements in conjunction with an assumed Poisson's ratio. 
Finally, the component variance analysis indicated that the largest 
source of variability is associated with the orientation of the diametral 
plane during the M,. test. This variance was found to be greater than even 
the within-section, between-section, and between-mix sources of vari
ability. 

Unlike many other types of solid waste, tires are not categorized as 
biodegradable and result in long-term disposal problems because 
they cannot be effectively buried or incinerated (1). In 1991, the 
Intermodal Surface Transportation Efficiency Act (ISTEA) set min
imum use requirements for asphalt rubber within pavements as a 
partial solution to the environmental problem. However, serious 
technical and economical questions emerged from the basic guide
lines of the legislative resolution. 

To obtain answers for those questions and effectively implement 
the decision, several state and public agencies initiated studies on 
the use of rubber in pavement construction. In the state of Maryland, 
a project between the Maryland Department of Transportation 
(MDOT) and the University of Maryland (UM) was established 
with the primary objective of providing essential information on 
asphalt rubber binder characterization, mix design, and field per
formance. 

Department of Civil Engineering, University of Maryland, College Park, 
Md. 20740. 

Field performance is being evaluated through two demonstration 
projects on US-340 and MD-140 north of Baltimore. These projects 
involve the design, construction, testing, and monitoring of 30 sec
tions that include both wet and dry processes in 14 different mix 
types. All projects were constructed between August and Novem
ber 1993. 

Laboratory characterization of the mixtures as actually placed is 
being conducted. Field cores obtained from the sections were used 
to establish the resilient, strength, and permanent deformation prop
erties. This study focuses on the resilient properties of the asphalt 
rubber mixtures obtained from those field cores. 

MIX TYPES USED 

Thirteen types of asphalt rubber mixes and one conventional con
trol were used in this study (2). Among these were six wet process, 
five dry process, and two preblended wet process mixes. The wet 
blend mixes were divided into two categories, one with AC-20 and 
the other with AC-10 type asphalt cement. Within these groups, 
three levels of rubber percentage-IO, 15, and 20 percent-were 
used along with the appropriate percentage of extender oil. The dry 
process mixes were also divided into two groups: the patented Plus 
Ride and a dry generic mix developed at UM. The Plus Ride mixes 
were the No. 12 and No. 16 mixtures, each having 3 percent rubber. 
Rubber percentages of 0. 75, 1.5, and 2.25 percent were used in the 
dry generic mixes investigated. In addition, two types of manufac
turer preblended wet mixes, Neste SAR 10/10 and Bitumar 
(Ecoftex), were examined. Table 1 summarizes the mix design char
acteristics for each mix type used in the test sections. 

FIELD CORING 

The demonstration projects on US-340 and MD-140 consist of 30 
test sections (cells). Each section is approximately 0.3 km (1,000 ft) 
long (2). The plant-mixed wet process mixtures were placed on US-
340 in 14 sections. For each of the seven mix types, including a con
trol, there were two sections. Five different dry-process mixes were 
laid on the eastbound lane of MD-140 in 12 sections, including two 
controls. Finally, the two preblended wet mixes were placed in four 
sections on the westbound lane of MD-140. Half of the sections 
constructed with the plant-mixed wet and dry processes were placed 
in two 38-mm (1.5-in.) lifts. The remaining sections were built in a 
single 38-mm (1.5-in.) layer. 

Two groups of six cores each, 100 mm (4 in.) in diameter, were 
extracted from each test section by MDOT personnel. This resulted 
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TABLE 1 Mix Design Properties 

Mix Mix Type Type Design · Rubber Extender Density 

Process Asphalt AC Oil Gmb 
(%) (%) (%) (kg/m3) 

Control AC-20 4.8 NA NA 2427 

AC-10 rp10 AC-10 6.1 10 1.0 2393 
AC-10 rp15 AC-10 6.1 15 3.0 2393 

Wet AC-10 rp20 AC-10 6.3 20 7.0 2384 
AC-20 rp10 AC-20 6.6 10 1.0 2379 
AC-20 rp15 AC-20 6.6 15 3.0 2387 
AC-20 rp20 AC-20 6.6 20 7.0 2380 

G0.75 AC-20 5.4 0.75 NA 2369 
G1.50 AC-20 6.5 1.5 NA 2335 

Dry G2.25 AC-20 7.5 2.25 NA 2283 
PR12 AC-20 7 .1 3. NA NA 
PR16 AC-20 7.5 3 NA NA 

Pre SAR10 AC-20 · 5.4 10 NA 2403 
Blended EC010 AC-20 5.1 10 NA 2420 

TAI MS-2 Conventional AC Mix Criteria (75 blow Marsh) 
Stability - 8006 N Min. 
Flow- 8 to 14 (1/4 mm) 

Va%- 3 to 5 
Vma %- 14 Min. 
Max agg. siz 25 mm 
Vfa %- 65 to 75 

Note: % rubber in wet and preblended mixes refer to the asphalt content 

in a total of 360 core samples from the entire project. Each core 
group was taken from a location approximately 30 to 60 m ( 100 to 
200 ft) from the ends of a given test section. Within each core group, 
the six cores were extracted as close as possible from each other. All 
cores were obtained at the center of the paving lane. When the cor
ing was performed, the diameter in the direction of traffic was 
clearly marked to be used as a reference for load application during 
the laboratory tests. 

The cores were processed at the UM laboratory so that only the 
top 38-mm (1.5-in.) lift was used for the laboratory testing. After 
the sawing process, the specimens were measured and weighted. 
Three thickness and two diameter measurements were taken from 
the samples. The air, water, and surface-dry weights were also 
defined. After the geometric and gravimetric measurements, the 
specimens were placed inside sealed plastic bags to avoid contact 
with the air before testing. 

From the 360 cores, half were used to define the resilient and 
strength properties. The remaining specimens are being tested for 
permanent deformation properties and will be the subject of later 
reports. 

LABORATORY TESTS 

Equipment 

A diametral (indirect) device was used to determine the resilient and 
strength properties of the specimens. Field cores with a 100-mm 
(4-in.) nominal size were tested using the Baladi fixture. An MTS 
closed-loop servo-hydraulic system equipped with an environmen
tal chamber was used for the load application. The loading form 
applied by the hydraulic system was programmed on a 458.20 MTS 
controller. Actual loads were measured through a 1 360-kg (3,000-
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Stability Flow Stab/Flow Air Voids Voids Min. Voids 

Value Ratio Agg. Filled 
(N} (0.25 mm} (kN/mm) Va(%) VMA(%) VFB (%) 

9679 12.2 3.17 4.0 13.3 72.0 

11227 17.0 2.64 3.4 16.6 79.5 
9955 17.0 2.34 3.4 16.6 79.3 
9701 16.0 2.43 3.6 16.5 79.5 
11615 19.0 2.45 3.5 17.4 80.5 
11770 20.0 2.35 3.3 17.2 80.7 
10965 18.0 2.44 3.6 16.7 78.7 

8566 21.2 1.62 4.0 15.6 74.0 
6232 26.5 0.94 4.0 18.2 78.0 
4363 29.0 0.60 4.0 20.8 81.9 
NA NA NA 3.0 18.5 NA 
NA NA NA 3.0 19.0 NA 

7454 NA NA 4.0 16.4 NA 
11125 8.0 5.56 4.0 16.0 NA 

lb) capacity load cell. The environmental chamber was used to test 
specimens at the desired temperature level 

An AID (analog-to-digital) card was available to link the testing 
system to a microcomputer, converting the analog voltage signals 
from the load cell and linear variable differential transformers 
(L VDTs) into digital voltage numbers. The data acquisition and 
specimen property computations were automatically obtained 
through a PC 486-66-type computer using specific data analysis 
programs (3) developed at UM. 

Resilient Modulus Test 

A repetitive haversine pulse load with 0.1-sec duration and 0.9-sec 
dwell time was used to obtain the total and instantaneous resilient 
moduli. Vertical, horizontal, and longitudinal deformations were 
recorded through five transducers mounted on each side of the spec
imen, as shown schematically in Figure 1. 

The prediction of the resilient moduli as well as the Poisson's 
ratios used five different approaches, which are functions of the 
number and type of L VDTs used. The computations are based on 
the following L VDT sequence: 

1. Using only one vertical LVDT, 
2. Using only the two horizontal L VDTs, 
3. Using the vertical and two horizontal L VDTs, 
4. Using the two longitudinal L VDTs, and 
5. Statistical regression model using all five L VDTs. 

The peak, instantaneous, and valley values for each cycle were 
determined by the software developed at UM. The series of equa
tions related to each of the five measurement approaches previously 
described may be found in the Baladi indirect test fixture reference 
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1 - Baladi Fixture 
2 - Specimen (note white stripe 

indicates direction of traffic) 
3 - Vertical LVDT 
4 - Horizontal LVDTs 
5 - Longitudinal LVDTs 
6 - Dynamic Load 

FIGURE 1 Schematic diagram of test configuration. 

manual ( 4). They are not presented or discussed here because of 
space limitations. 

TESTING AND ANALYSIS PLAN 

The method used to perform the evaluation of M, and tensile 
strength is based on ASTM D4123. The following overall sequence 
was used to test each of the cores: 

l. Store the core in the environmental chamber at the test tem
perature 24 hr before the test; 

2. Perform resilient modulus test so that the load is applied in the 
axis marked with the direction of traffic (0-degree orientation); 

3. Perform resilient modulus test so that the load is applied trans
versely to the direction of traffic (90-degree orientation); and 

4. Without moving the specimen from the previous position, 
conduct an indirect tensile strength test. 

A 1-Hz cycle load was used in the dynamic tests. Each cycle con
sisted of a 0.1-sec load time and a 0.9-sec dwell time. The load and 
the number of cycles were specific and constant for each test 
temperature. Table 2 summarizes the test conditions at each tem
perature. 

Three cores within a core group location were used to determine 
the resilient and strength properties of the mixes. The tests were per
formed at the three different temperatures described in Table 2. One 
specimen was tested at each temperature for each location, making 
up two cores per temperature per section. Modulus values were 
computed with the last five load cycles of each test. In summary, 
there were five repetitions for each plane and orientation test, two 
plane and orientation tests for each core and location, two cores and 
locations for each section, and two sections (except for the control, 

TABLE 2 Resilient Modulus Test Conditions 
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which had four sections) per mix type at each of the three different 
temperatures. 

ANALYSIS OF RESULTS 

Summary of Results 

A summary of the results obtained for each test section mixture type 
is shown in Table 3. The values for M,. and Poisson's ratios repre
sent the average for each mix type and each temperature. Results 
were computed using Prediction Model Number 3 (vertical and hor
izontal deformations). As indicated, each core was submitted to two 
M, tests and one indirect tensile strength test. The strength tests are 
not reported or discussed in this paper. 

Statistical Analysis 

The development of the field coring plan was based upon the abil
ity to conduct rigorous statistical data analysis in the form of an 
ANOV A. For the M, analysis, it should be recognized that a total of 
18,000 separate M,. predictions were obtained from the field cores 
(i.e., 180 cores, five repetitions per plane, two planes, five predic
tion equations, and two types: total and instantaneous M,). 

Horizontal Anisotropy Effect 

Several prior research studies have suggested the possibility that 
anisotropic moduli in the horizontal direction are present in con
structed pavement systems. In order to investigate this possibility 
statistically, M,. determinations on each core were made on two 
planes of the core. The 0-degree orientation was associated with the 
M,. response measured in the direction of traffic, whereas the 90-
degree orientation was associated with the M,. response perpendic
ular to traffic. 

In this analysis, the only statistical parameter of interest is the 
plane orientation effect. Because of this, a one-way ANOV A (at 5 
percent level of significance) was undertaken between the 0-degree 
and 90-degree orientation results within each core. Table 4 sum
marizes the results of this analysis for each of the three test tem
peratures studied. Based on the results shown, it is evident that the 
F-statistic is lower than the critical F-value at each temperature 
analyzed. It can therefore be concluded that no horizontal 
anisotropic effect is present in field cores from the construction 
process. The plane-to-plane variability of M,. testing is a com
pletely random process. As a consequence, it is not necessary to 
record the direction of traffic in field cores before the coring oper
ation. 

Temperature 
oC (oF) 

Maximum Dynamic Load 

N (lb) 

Total Number of Cycles 

4.4 (40) 
21.1 (70) 
37.8 (100) 

4450 (1000) 
1335 (300) 
312 (70) 

100 
75 
45 
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TABLE3 Laboratory Test Results-Average Values per Mix Type 

Temperature Mix Type Instantaneous Mr (kPa) Total Mr (kPa) 
(deg. Cl 

0 degree 90 degree Average Poisson 0 degree 90 degree Average Poisson 
Orientation Orientation Orientation Orientation 

Control 4934653 5508136 5221395 0.156 4264059 4555847 4409953 0.171 
AC-10 rp10 4094463 4283399 4188932 0.215 3334135 3418880 3376508 0.271 
AC-10 rp15 4908605 4248479 4578324 0.294 3905233 3389582 3647755 0.365 
AC-10 rp20 3322248 3668465 3495356 0.106 2808004 3000645 2904324 0.157 
AC-20 rp10 4561869 4375307 4468590 0.121 3834145 3724345 3779246 0.155 
AC-20 rp15 3880141 5625756 4752948 0.239 3147519 4417350 3782438 0.266 

4.4 AC-20 rp20 3535197 4350117 3942656 0.087 3085688 3646675 3366182 0.112 
G0.75 3326344 5362036 4344190 0.103 2896454 4475513 3685983 0.117 
G1 .50 4409882 4221844 4315863 0.170 3650648 3488135 3569389 0.198 
G2.25 3663117 3616108 3639615 0.174 2989233 2909873 2949552 0.208 
PR12 3170904 3090480 3130694 0.106 2611772 2544897 2578334 0.127 
PR16 3949110 4436538 4192823 0.134 3269696 3635505 3452600 0.168 
SAR10 4444562 3972355 4208459 0.134 3671881 3291902 3481893 0.171 
EC010 3674633 3567873 3621253 0.278 2962195 2889880 2926037 0.311 

Control 3278571 3621455 3450013 0.219 2608693 2793772 2701232 0.265 
AC-10 rpl 0 2165909 4188753 3177331 0.479 1704464 2670101 2187282 0.508 
AC-10 rpl 5 3039661 2717709 2878685 0.314 2213967 2073814 2143891 0.384 
AC-10 rp20 2670171 3014263 2842217 0.257 2043526 2203326 2123422 0.313 
AC-20 rp10 3474835 3205519 3340177 0.342 2516276 2418662 2467471 0.395 
AC-20 rp15 2683610 4538352 3610981 0.350 2023791 3035638 2529713 0.382 

21 .1 AC-20 rp20 2563673 2841386 2702529 0.142 2030896 2250665 2140781 0.208 
G0.75 3431583 3356024 3393804 0.337 2522996 2515713 2519356 0.397 
Gl .50 2909383 3248144 3078764 0.389 2070040 2312630 2194310 0.448 
G2.25 2277291 2590780 2434035 0.436 1643237 1737152 1690195 0.516 
PR12 3060318 2386110 2723214 0.249 2150064 1720516 1935289 0.299 
PR16 2255324 3171743 2713533 0.375 1674225 2071670 1872947 0.452 
SARlO 2756899 3167350 2962125 0.461 2116770 2350701 2233736 0.525 
EC010 2673775 2675244 2674509 0.311 1953386 1968485 1960934 0.362 

Control 1147706 1582365 1365036 0.152 949222 1271816 1110519 0.144 
AC-10 rp10 1086872 1675112 1380990 0.533 877648 1352560 1115105 0.525 
AC-10 rp15 1071602 1256367 1163985 0.370 879509 1053615 966560 0.406 
AC-10 rp20 1240794 904002 1072399 0.148 1017288 741199 879243 0.185 
AC-20 rp10 1603163 1248973 1426070 0.255 1198931 1023616 1111273 0.281 
AC-20 rp15 1002118 1150637 1093943 0.228 831551 975255 903613 0.246 

37.8 AC-20 rp20 980540 1596065 1304842 0.027 786552 1122426 1069340 0.065 
G0.75 1400060 1370066 1385062 0.228 1166942 1098089 1132516 0.231 
G1 .50 1147562 1287766 1235664 0.155 938028 1115555 1024414 0.202 
G2.25 1035247 1077198 1056221 0.208 837540 853619 845579 0.275 
PR12 2041318 1426478 1757736 0.611 1785345 1109421 1533132 0.705 
PR16 1220112 1367620 1293790 0.446 1001055 1086768 1043926 0.508 
SAR10 1199194 983952 1091571 0.380 1026774 825589 926183 0.363 
EC010 1163034 1035701 1093150 0.289 920826 828311 874568 0.331 

Notes: Mix type specifications on Table 1 
Parameters computed using vertical and horizontal transducers (Model 3) 
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TABLE 4 ANOVA One-Way Analysis-Total Modulus-Plane Orientation Effect 

Temperature Source of Variation SS df MS F P-value F crit 
(deg. Cl 

Between Planes 2.97E+10 1 2.97E+10 1.4505 0.2309 3.9215 
4.4 Within Planes 2.41E+12 118 2.05E+10 

Total 2.44E + 12 119 

Between Planes 2.59E+10 2.59E+10 3.0068 0.0855 3.9215 
21 .1 Within Planes 1.02E + 12 118 8.61 E +09 

Total 1.04E + 12 119 

Between Planes 3.31E+08 1 3.31E+08 0.1428 0.7062 3.9215 
37.8 Within Planes 2.73E+ 11 118 2.32E +09 

Total 2.74E+ 11 119 

where SS = sum of squares 
df = degrees of freedom 
MS = mean square 
F = F-Statistic test 
F crit = critical. F 
P-value = level of significance for which F = F crit 

Note Computed values from Mr in psi 

Validity of Five M, Predictive Models 

As previously noted, the M, value can be determined by one of five 
different models developed by Baladi ( 4). Each of these models 
depends on the direction and combination of the transducers used 
during the test. The test fixture used in the study contained vertical, 
horizontal, and longitudinal transducers that allowed M, predictions 
by all five equations. 

The identification of the formula number and type or types of 
transducers used are as follows: 

1. Formula 1: V (vertical transducer), 
2. Formula 2: H (horizontal transducers), 
3. Formula 3: V + H (vertical and horizontal transducers), 
4. Formula 4: L (longitudinal transducers), and 
5. Formula 5: V + H + L (all transducers). 

It is very important to note that the Poisson's ratio can only be 
calculated in those formulas that include at least the vertical and 
horizontal deformations. In this case, Formulas 3 and 5 used a cal
culated Poisson's ratio, whereas Formulas 1, 2, and 4 used an 
assumed value of 0.35 across all test temperatures. 

Similar to the previous analysis, the average total M, for the last 
five repetitions (within plane) were computed for each of the five 
different predictive models. A one-way ANOV A, with 5 percent 
level of significance, was performed to obtain the results presented 
in Table 5. 

In the first analysis, for each type of M,, the groups containing the 
results from all five formulas were used in the ANOVA. In this case, 
for all temperatures, the F-statistic value is much higher than the 
critical F, showing that there are significant differences between 
results estimated by at least one of the five models studied. 

The second analysis was performed with the groups representing 
only Formulas 1, 3, and 5. In this case the F values, as shown in 
Table 5, are much lower than the critical value. This demonstrates 
that the inclusion of Formula 2 (horizontal deformation), Formula 

4 (longitudinal deformation), or both, is the cause for the significant 
differences obtained in the first statistical test. 

A third analysis was completed with the results computed for a 
group containing Models 1, 2, 3, and 5. In this case the test statis
tics resulted in differences (F value greater than Fcrit) at 40°F. This 
indicates that the inclusion of Model 4 is causing statistical differ
ences in M, as predicted by the four different models. Another 
strong indication in support of this conclusion is the analysis of the 
coefficients of variation (CVs) among the prediction models. 
Although the average CV for all three temperatures among Formu
las 1, 3, and 5 is only 0.25 percent, the average value among Mod
els 1, 2, 3, and 5 increases to 14 percent. 

In a final analysis, Formulas 1, 3, 4, and 5 were also examined 
through an ANOV A one-way test. In this case the F values were 
significantly higher than the critical F across all three test tempera
tures. Figure 2 clearly shows the results and conclusions of this 
study at each of the test temperatures. 

Based on the results of this analysis, it may be concluded that 
the use of longitudinal measurements to predict M, is highly 
questionable [at least for the nominal core thicknesses of 1.5 in. 
(38 mm) used]. Even though Formula 5 incorporates longitudinal 
deformations, an analysis of this equation indicated that the major 
sensitivity of M, is a result of the vertical and horizontal defor
mations. 

Despite the lack of significant differences in the test statistics at 
70°F and 100°F with prediction Model 2 (horizontal deformation 
only), the analysis of the CV s indicates that significantly lower vari
ability among the prediction models is obtained when Prediction 
Model 2 is excluded from the group containing Formulas 1, 3, and 5. 

It is therefore recommended that Formulas 1 and 3 be considered 
most representative as predictive models. Although the immediate 
benefit of Formula I is its simplicity because it is only necessary to 
measure vertical deformations, the added complexity of mounting 
a test apparatus to measure horizontal deformations has the advan
tage that it allows for the computation not only of the M, value but 
of the Poisson effect as well. Though Formula 5 also satisfactorily 



TABLES ANOVA One-Way Analysis-Differences on Total M, Results Obtained by Five Different Formulas 

Temperature Source of Variation All Formulas Formulas 1, 3 & 5 
(deg.Cl 

df MS F P-va/ue F crlt df MS F P-va/ue F crit 

Between Formulas 4 1.95E + 12 83.8104 1.31 E-48 2.3999 2 2.17E+07 0.0011 9.99E-01 3.0430 
4.4 Within Formulas 320 2.32E + 10 192 1.98E+10 

Total 324 194 
Between Formulas 4 2.14E + 11 16.9759 1.53E-12 2.4022 2 7.82E+06 0.0012 9.99E-01 3.0470 

21.1 Within Formulas 295 1.26E + 10 177 6.47E+09 
Total 299 179 
Between Formulas 4 1.13E + 11 35.5769 1.32E-25 2.3932 2 1.01E+07 0.0047 9.95E-01 3.0316 

37.8 Within Formulas 420 3.17E +09 252 2.15E+09 
Total 424 254 

Formulas 1, 2, 3 & 5 Formulas 1, 3, 4 & 5 

df MS F P-value Fcrit df MS F P-value F crit 

Between Formulas 3 5.20E+11 22.2166 8.1 OE-13 2.6399 3 . 1.48E + 12 72.0517 8.16E-34 2.6399 
40 Within Formulas 256 2.34E+10 256 2.05E + 10 

Total 259 259 
Between Formulas 3 3.07E+07 0.0039 1.00E+OO 2.6428 3 2.66E + 11 20.9737 4.43E-12 2.6428 

70 Within Formulas 236 7.91E+09 236 1.27E+10 
Total 239 239 
Between Formulas 3 1.96E +09 0.8273 4.80E-O 1 2.6315 3 1.31E+11 40.8933 1.49E-22 2.6315 

100 Within Formulas 336 2.37E+09 336 3.20E +09 
Total 339 339 

where df = degrees of freedom 
MS = mean square 
F = F-Statistic test 
F crit = critical F 
P-value = level of significance for which F = F crit 

Note Computed values from Mr in psi 

0 
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FIGURE 2 Average total resilient modulus values computed by five 
prediction models. 

portrays both M, and µ, no additional benefits are obtained com
pared with Model 3. 

As a consequence of this analysis, the assumption of a Poisson's 
ratio value in a model that includes only vertical deformation (For
mula 1) allows satisfactory M, predictions. On the other hand, the 
same is not true for a model containing only horizontal measure
ments in the cylindrical specimen. 

Analysis of Variability Components 

An important element of any testing program is the quantification 
of the relative variability components of any measurement. Once 
this is accomplished, the most cost-effective and technically accu
rate sampling and testing program can be developed. The experi
mental field coring program was developed to determine estimates 
of the variance components associated with the field core evalua
tion of the M, parameter. 

This was accomplished through a five-level nested (hierarchical) 
ANOV A one-way balanced design model. The total variance model 
used is 

O"~tal = c:r; + (T~ + CJ~ + <:Tfs + c:r,;, 

where 

er~ = within-plane variance associated with the number of rep
etitions (cycles), 

er~= variance associated with the number of planes (diame
trals) within a core, 

er~ = variance associated with the number of core locations 
within a given section, 

a~s = variance associated between sections of the same mix 
type, and 

er?,, =·variance associated between the different mixtures used in 
this study. 

The ANOV A was conducted separately for each test temperature 
for both the total and instantaneous M, results. Table 6 summarizes 
the results of this analysis, and Table 7 is a summary of the variance 

components expressed by the CV. In the ANOVA, some negative 
variances are obtained. This merely indicates that the mean square 
for the effect level is less than that for the nested level immediately 
below and, as a consequence, the estimated variance is approxi
mately 0. 

A review of the average CV component values shown in Table 7 
clearly indicates that the greatest source of variability in M, mea
surements is associated with the plane or diametral effect within any 
given core. This variation can be seen to approximately six times 
that associated with the within-section (cores-within-section) 
component. In contrast, the least significant variation is associated 
with the number of cycles (repetitions) used to establish the M, 
within a given core diametral. Finally, the variability among all of 
the different mixtures evaluated in this study was surprisingly low 
(CV111 = 2.3 and 5.8 percent). This result is discussed further in the 
next section. 

To illustrate the application of the results obtained, classical sta
tistical limit-of-accuracy curves were developed for a unique sta
tistically homogeneous section. In this analysis it has been 
assumed (as an approximation) that the CV; parameter is valid 
across all temperature ranges. With this assumption, the relation
ship for the limit of accuracy (R) expressed as a percentage of 
the true section mean can be derived from statistical principles 
to be 

(2) 

where 

Ka = standard normal deviate, 
CV; = coefficient of variation for the ith component, 

n; = number of observations for the ith component, and 
r, p, c = within-plane repetitions, between-plane and between

core (within-section) effects. 

Figure 3 represents the solution of this limit-of-accuracy rela
tionship for Ka= 1.96 (95 percent confidence); n, = 5 cycles and 
CV, = 1.5 percent, CVP = 30 percent and CVc = 5.0 percent. Use of 
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TABLE6 ANOVA One-Way Nested Five Levels-Variance Model for M, 

Temperature Variance Component 
deg C 

Mix Types 
Total Sections in Mix Type 
MR Cores in Section 

Planes in Core 
Repetitions 

4.4 
Mix Types 

Instantaneous Sections in Mix Type 
MR Cores in Section 

Planes in Core 
Repetitions 

Mix Types 
Total Sections in Mix Type 
MR Cores in Section 

Planes in Core 
Repetitions 

21.1 
Mix Types 

lnstanta neous Sections in Mix Type 
MR Cores in Section 

Planes in Core 
Repetitions 

Mix Types 
Total Sections in Mix Type 
MR Cores in Section 

Planes in Core 
Repetitions 

37.8 
Mix Types 

Instantaneous Sections in Mix Type 
MR Cores in Section 

Planes in Core 
Repetitions 

• " -" represents square root of negative value 
• • variance values in psi ( 1 psi = 6.89 kPal 

Deg of 
Freedom 

13 
14 
28 
56 
448 

13 
14 
28 
56 
448 

13 
14 
28 
56 
448 

13 
14 
28 
56 
448 

13 
14 
28 
56 
448 

13 
14 
28 
56 
448 

these values leads to a solution that represents a fairly accurate, 
though approximate, analysis for M, evaluation at any temperature 
or type of M, (total or instantaneous). It should be apparent that the 
limit of accuracy is nearly insensitive to the M, value used but that 
it is highly sensitive to the number of planes (diametrals) tested 
within a core. As an example, it can be observed from Figure 3 that 

Sum of Mean Est Comp Est Comp 

Squares Square Variance Std Dev 

1.7713E+ 12 1.3626E+ 11 160099563. 1 12653.05 

1.8179E+ 12 1.2985E+ 11 4188147585 64715.9 

1.2905E + 12 4.609E + 10 -3568756205 -
4.5795E + 12 8.1777E+ 10 16351772785 127874.1 

8206237630 18317494.7 18317494. 71 4279.894 

2.4089E+ 12 1.853E + 11 -329072664. 1 
2.7785E+12 1.9846E+ 11 5974071843 77292.12 
2.2114E + 12 7.898E+ 10 -7098925 281 
8.3983E + 12 1.4997E+ 11 29980952599 173150.1 
2.8986E+ 10 64700819.2 64700819.21 8043.682 

7.6086E+ 11 5.8528E + 10 149344660.3 12220.67 
7.3575E+ 11 5.2554E+ 10 5071 9090.48 7121.734 
1.4431E+ 12 5.1539E + 10 2264713322 47589 
1.61BE+12 2.8892E+ 10 5774968707 75993.21 
7779400070 17364732.3 17364732.3 4167.101 

1.0105E+ 12 7.7734E+ 10 -232050071 5 
2.3878E+ 12 1.7055E + 11 592487867.5 24341.07 
4.4437E + 12 1.587E+11 4760975417 68999.82 
6.2213E+12 1.1109E+ 11 22210345210 149031.4 
1.9137E+10 42716199.4 42716199.36 6535.763 

2.5842E + 11 1.9879E+10 259295003.9 16102.64 
1.331E+11 9506936996 7332560.273 2707.87 
2.6209E + 11 9360285791 -252889896.3 

6.6579E + 11 1.1889E+ 10 2375901778 48743.22 
4334787475 9675864.9 9675864.899 3110.605 

3.5777E+11 2.7521E+ 10 159109654.7 12613.87 
2.9619E+11 2.1157E+10 299201507 .4 17297.44 
4.2483E + 11 1.5173E + 10 -329519810.3 -
1.0342E + 12 1.8468E + 10 3687574870 60725.41 
1.3434E+10 29987616.3 29987616.31 5476.095 

similar accuracies (i.e., 20 percent) can be achieved either by a com
bination of two cores and five diametral planes per core or by five 
cores and two diametral planes per core. Although both testing pro
grams yield the same accuracy, it would obviously be much more 
economical to select only two core locations and test each core sam
ple in five random plane orientations. 

TABLE7 Summary of Variance Components by CV Value 

Mr Type Variance CV Value at Temperature Average 
Component 4.4 deg.C 21.1 deg.C 37 .8 deg.C CV(%) 

Total Between mixes 2.6 3.9 10.9 5.8 
·Between sections 13.2 2.3 1.8 5.8 
Cores within sections 0.0 15.0 0.0 5.0 
Planes within cores 26.0 24.0 32.9 27.6 
Repetitions within planes 0.9 1.3 2.1 1.4 

Instantaneous Between mixes 0.0 0.0 7.0 2.3 
Between sections 13.0 5.6 9.5 9.4 
Cores within sections 0.0 15.9 0.0 5.3 
Planes within cores 29.1 34.3 33.5 32.3 
Repetitions within planes 1.4 1.5 3.0 2.0 
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nc= 1 

nc=2 

nc=3 

nc=5 .E 
:::J 10 nc: Number of Core Locations Within Section 

0 
2 3 4 5 

np - Number of Plane Orientations I Core 

FIGURE 3 Limit of accuracy relationship for M, evaluation of field cores. 

Influence of Mixture Types 

The summary of M, results has been shown in Table 3 for the 14 dif
ferent mixtures placed in the demonstration test sections. Figures 4 
through 8 graphically portray these results. In Figures 4 through 6, 
the average instantaneous and total M" by mix type, are shown for 
each of the three test temperatures used [ 4.4 °C ( 40°F), 21.1 °C 
(70°F), and 37.8°C (I00°F)]. Figures 7 and 8 show ratios of the M, 
results relative to the control mix used. This control mix was an 
MSHA "SC" dense-graded surface course mix using a Chevron 
AC-20 binder. 

With only a few exceptions, the control mix exhibited the largest 
M, values between mixtures, M, types, and across all temperatures. 
The most notable exception was both M, responses, at 37.8°C, for 
the Plus Ride No. 12 mixture. Modulus ratios of 1.3 to 1.4 times the 
control mix were obtained. 
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FIGURE 4 Instantaneous and total resilient modulus versus mix 
type-4.4°C. 
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FIGURE 5 Instantaneous and total resilient modulus versus 
Mix Type-21.2°C. 
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FIGURE 6 Instantaneous and total resilient modulus versus mix 
type-37.8°C. 
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FIGURE 7 Total Mr /control total Mr ratio versus temperature. 

For the field-blended wet asphalt rubber mixtures, it is difficult 
to observe distinct trends in the Mr value as the rubber percentage 
was increased from 10 to 20 percent. In general, the AC-20 blends 
gave slightly higher Mr values compared with comparable AC-10 
field blends. Additionally, the M, ratios were about 0.8 at the cold 
(4.4°C) temperature and increased with temperature to approxi
mately 0.9 to 0.95 at the warm (37.8°C) temperature. At the cool 
temperature, it appeared that the maximum M, value occurred at the 

15 percent rubber additive for both the AC-10 and AC-20 blends. 
However at the warmest test temperature, the maximum M, was 
associated with the 10 percent rubber additive for both the AC-10 
and AC-20 blends. 

The manufacturer preblended wet asphalt rubber mixtures 
(Neste SAR 10/10 and Bitumar Ecoflex) both contain 10 per
cent rubber additives. As shown in all the figures, the M, 
ratio response was about 0.85 across all temperatures for the SAR 
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FIGURE 8 Instantaneous M, /control instantaneous M, ratio versus temperature. 

10110 and between 0.70 (cool) to 0.80 (warm) for the Ecoflex 
binder. 

For the dry process generic rubber-modified mixtures, the M, 
ratio generally decreased with increasing rubber content. For the 
0.75 percent rubber blend, the ratio was 0.85 to 0.90 at the cool tem
perature and approached the control mix modulus at higher tem
peratures. In contrast, the 2.25 percent rubber blend had M, ratios 
between 0.7 and 0.8. 

The patented Plus Ride mixes, especially PR No. 12, resulted in 
the most significant temperature susceptibility to M, values for all 
of the mixtures evaluated. The M, ratio for PR No. 12 mix was 
found to be about 0.6 at the low temperature and increased to about 
1.3 to 1.4 at the warm temperature. In general, PR No. 16 had a 
larger modulus at 4.4 °C than PR No. 12. This trend was reversed at 
the high temperature (37.8°C) and at the intermediate temperature 
(21. l 0 C) both PR mixtures yielded equivalent modulus values. 
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CONCLUSIONS 

The laboratory M, responses on 180 field cores were obtained from 
a newly constructed field demonstration project by the Maryland 
State Highway Administration. This project involves the construc
tion of over 12.5 km of highway composed of 30 separate test sec
tions and 14 different asphalt rubber mixtures. The M, evaluation 
of cores was accomplished with the Baladi indirect test fixture using 
vertical, horizontal, and longitudinal transducers. 

Based on the analysis, the following conclusions can be drawn: 

1. A statistical ANOV A showed that there is no horizontal 
anisotropy of the M, response of the field cores. Thus, the M, 
response is independent of the diametral (plane) orientation. As a 
consequence, there is no need to reference the direction of traffic on 
cores sampled from field sections. 

2. The test analysis allowed for the prediction of five separate 
sets of M, estimates, depending upon the type and combination of 
transducers used. Based upon an ANOV A, it was concluded that the 
use of only horizontal or longitudinal transducers (three core axis) 
to determine the M, response gave significantly different values 
compared to models that include the vertical measurements. Use of 
either vertical or both gave statistically identical estimates of the M,. 
response. It is recommended that the use of both vertical and hori
zontal transducers be used to accurately measure both the M, and 
Poisson's ratio values. For simplicity, if only the M, response is of 
interest, the model that includes only vertical measurements can sat
isfactorily be used in conjunction with an assumed Poisson's ratio 
value. 

3. ANOVA techniques were used to determine the magnitude of 
five separate variance components within the M, test. These com
ponents are (a) repetitions (cycles), (b) plane (orientation), (c) 
within section, (d) between sections, and (e) mix types. It was found 
that the repetition effect had the smallest source of variation and the 
plane/diametral orientation had the largest source of variation. 

4. Limit of accuracy curves were developed for M, field core test 
results within a statistically homogeneous section using the variance 
(coefficient of variation) values found from the component ANOV A 
study. As an example, for equivalent accuracy of the M, response, it 
was found that it is much more cost-effective to maximize the num
ber of diametral planes tested within a given core relative to increas
ing the number of cores within a given highway project. 

5. In general, the M, response of the MSHA dense graded (AC-
20) control mix resulted in the largest M, results, across all temper-
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atures, compared with the 13 asphalt rubber mixes investigated. The 
most notable exception was a Plus Ride No. 12 mix at 37.8°C 
( 100°F) where M, ratios (relative to the control mix) were 1.3 to 1.4. 
For all asphalt rubber mixtures, typical M, ratios varied, on the aver
age, between 0.8 and 0.9. Lower M, ratios were normally observed 
at the low test temperature of 4.4 °C ( 40°F), whereas the larger ratios 
occurred at the high test temperatures. M, values were generally 
decreased as the percentage of rubber increased. 

Although this study is devoted exclusively to discussions of the 
M, response of asphalt rubber mixtures, further studies dealing with 
tensile strength and permanent deformation behavior are currently 
being conducted. These results, taken together with the results of 
nondestructive deflection tests, skid/friction measurements, visual 
condition surveys, and quality control data, will allow for a more 
comprehensive evaluation of the field performance of the asphalt
rubber mixtures used in the demonstration project. 
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