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EVALUATION OF VARIABILITY IN RESILIENT MODULUS

TEST RESULT (ASTM D 4123)

ABSTRACT

Sanpl es of asphalt m xture were evaluated in the |aboratory
under various conditions to evaluate the repeatability of the
resilient modulus test and to evaluate the effect of stress on the
measured resilient nodulus. Sone of the sanples were prepared in
the |aboratory and others were obtained from in-place pavenents
t hat had been subjected to traffic. The independent variabl es
Investigated included stress, test tenperature, and maxi num
aggregate size.

Tests were repeated a nunber of tinmes and the data was
anal yzed by SAS to investigate its repeatability. Thi s study
quantified the repeatability of the ASTM D 4123 resilient nodul us
test as function of stiffness. The repeatability of resilient
modul us test (ASTM D 4123) is low. A significant increased in the
nunber of sanples or nunber of measurenments is required to inprove
the repeatability making it unfeasible. Tests conducted at
different stresses showed resilient modulus to be stress sensitive.
This indicated that stress should be specified in the test
procedure. A correction factor was established for stresses
differing from the recomended stress (15% of tensile stress) for
test tenperature of 25 ‘C and 40 ‘C
Keyworals: Resilient nodulus, asphalt mxes, repeatability,

variance, standard error, coefficient of variation.
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| NTRODUCTI ON

Backar ound

In recent years, there has been a change in philosophy in
fl exi ble pavenent design fromthe nore enpirical approach to the
mechani stic approach based on elastic theory (1, 2, 3) . Proposed
by AASHTO (1) in 1986, this nechanistic approach in the form of
| ayered elastic theory is being used by increasing nunbers of
hi ghway agencies. Elastic theory based design methods require as
input the elastic properties of pavenent materials. Resi | i ent
modul us of asphalt mxtures, neasured in the indirect tensile node
(ASTM D 4123), Is the nost popular form of stress-strain
measurenment used to evaluate elastic properties. The resilient
modul us along with other information is then used as input to the
elastic theories nodel to generate an optinum thickness design.
Therefore, the effectiveness of the thickness design procedure is
directly related to the accuracy and precision in neasuring the
resilient nodulus of the asphalt m xture. The accuracy and
precision are also inportant in areas where resilient nodulus is
used as an index for evaluating stripping, fatigue, and |ow
tenperature cracking of asphalt m xtures. ltems that affect the
accuracy and precision of ASTM D 4123 are not well understood; thus

research i s needed.

hj ectives

The principle objective of this paper was to evaluate the



repeatability of the ASTM D 4123 procedure using the resilient
nodul us test equi pnment shown in Figure 1. The repeatability
measured in this study is for one operator using one type of test
equi prent in one laboratory . Repeatability evaluation involving
conparison of test results fromdifferent operators using different
pi eces of equipnent in different |aboratories were not study here.

Anot her objective was to evaluate the effect of stress on
resilient nodulus. The effect of stress can then be accounted in

measured resilient nodul us values to standardi ze test results.

Scope

The test procedures used in this study were those outlined in
ASTM D 4123. The machine used was an H & V resilient nodul us
device (Figure 1) which is a pneumatic device generating | oad
pul ses. The device was set to apply repeated 1 Hz repeated
haversquare | oad waveformw th |oad duration of 0.1 sec and rest
period of 0.9 sec on test sanples. LVDTS were used to neasure
deformation. Test transducers (load cell and LvDTs) were connected
through A/C carrier preanplifiers to a tws-channel oOscillographic
strip-chart recorder

Three m xes, Mx A, Mx B, and Mx C, each having maxinmm
aggregate size of 25.4 mm (1 in), 19.0 mm (3/4 in), and 12.7 nm
(1/ 2 in) respectively were used in this study. Five specinmens were
fabricated fromeach mx at optinum asphalt content established by
Marshal | mix design criteria using a gyratory conpactive effort

(set at 1° rotation angle, 30 revolutions, and 1380 KkN/m?)



equivalent to 75 blows of Mrshall procedure. Fourteen field m xes
were obtained from cores taken from four pavenents which contained
several layers of asphalt concrete. Each core was separated into
the various pavenent |ayers and each layer was identified as one

field m x. Three cores were obtained from each pavenment giving

three specinens for each field m x.

?
i
§
Z
!
§
i

Figure 1. Resilient nodulus test equipnent.



LITERATURE REVIEW

Stiffness Moduli

Fl exi bl e pavenent design nethods based on elastic theories
require that the elastic properties of the pavenent materials be
known (1, 2, 3). Mamlouk and Sarofim (4) concluded fromtheir work
that anong the common nethods of measurement of elastic properties
of asphalt mxes (which are Youngfs, shear, bulk, conplex, dynamc,
doubl e punch, resilient, and Shell nomobgraph moduli) , the resilient
modul us is nore appropriate for use in multilayer elastic theories.
Dfferent test nethods and equi pnent have been devel oped and
enpl oyed to neasure these different moduli. Sone of the tests
enpl oyed are triaxial tests (constant and repeated cyclic |oads) |,
cyclic flexural test, indirect tensile tests (constant and repeated
cyclic load), and creep test. Baladi and Harichandran (5)
indicated that resilient nmodulus nmeasurenent by indirect tensile
test is the nost promising in terms of repeatability. Resilient
nmodul us neasured in the indirect tensile node (ASTM D 4123) has
been sel ected by nost engineers as the way to nmeasure the resilient
nodul us of asphalt m xes. There is limted information on the
precision of this test as presented in the ASTM standard or as

published in other literature.

Revi ew and Analvsis of Resilient ©Mdulus Test (astdM D 4123)

ASTM D 4123 recomrends a total of three |laboratory fabricated



specimens or three cores be tested in order to determ ne the
resilient modulus of that asphalt mx. Each of the specinens or
cores is tested twice (the orientation of the specinen of the
second test is 90° fromthe first test) producing a total of six
nmeasured resilient nmodul us val ues. The average of these six
resilient nodulus values is reported as the resilient nodul us of
the asphalt mx at that particular test tenperature. Since ASTM D
4123 averages resilient nmdulus values neasured from three
specinens and at two orientations, it introduces three sources of
error or variation, ¢, ¢% and o%. Experinmental error (o%) is
associ ated with random error that occurs in neasurenent of
resilient modulus. Orientation variation (¢%) is associated with
the variation of resilient nmodulus values at different orientations
in a specinen. Sanpl e variation (¢%) is associated with the
variation of resilient nodulus values of different sanples. The
conmbi ned effect of these three sources of variation produce the
variation in resilient nmodulus, o%gy. |f the resilient nmodul us at
different orientations of a specimen remains constant (¢, = O and
specimens from one nmx are identical (6% = O, then the variation
in resilient nodulus (ASTM D 4123) equals to the experinmental error
( ol = 04) . For materials such as rubber, fiberglass, and other
honmogeneous materials ¢% and o¢% woul d approach zero. However for
asphalt mxtures which are not honbgeneous the o% and o% error are
likely to be relatively Iarge.

Statistical analysis of data developed in this study wl|

provide information needed to estimate the variation in resilient
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modul us.  The process on how the variation in resilient nodul us was
estimated through the three sources of variation is shown

schematically in Figure 2.

STEP 1
Run n replications of resilient nodulus test
at the same orientation of the sane specinen.
Use SAS to estimate experinental error, o,.

STEP 2
Run replicates of resilient nodulus test at
different orientations but on the same specinmen.
Use SAS to estimte o?,; Calcul ate o% = o2, - d?.

STEP 3
Run replicates of resilient nmodulus test on different
speci mens.
Use SAS to estimate o%,; Calculate o% = o2, - 0% - d%.

STEP 4
Determne the variation in resilient nodul us
(for repeatability)
wastm = (04/V6) + (0%/v6) + (0%/V3)

Figure 2. Schematic diagramfor determ ning o%gy-

Experinmental error (o wprimarily a function of the
resilient nodul us equi pnment and operator. o2, was estimated by
anal yzing a nunber of repetitions of resilient nodulus val ues

neasured at the sane orientation of the sane specinen. The



variation in the nmeasured resilient nodulus values was attributed
to o¢% since the nmeasurements were taken at the sane orientation of
the same specinen (0% and o% equals O. Next, resilient nodulus
was neasured at different orientations of the same specinen, and
the variation in the neasured resilient nodulus values was
cal cul at ed. The cal cul ated variation, ¢, was attributed to the
conbi ned effect of ¢% and o% since the nmeasured val ues were taken
fromthe sane sanple (0% equals O. Oientation variation (¢%) was
estimated by o, - o%. Finally, resilient nodulus was neasured for
different specimens at different orientations, and the variation
)., in the nmeasured resilient nodulus val ues was cal cul ated. o2,
was attributed to the conbined effect of the three sources of
variations. Sanmple variation, o%, was estimated by %, - 0% - d%.

The variation in resilient nodulus (o%su) Can be estinated
from the three sources of variation. |If only one resilient nodulus
measurenent at one orientation of one sanple was recomrended, then
the formula for variation in resilient nodulus is given by

wasT = 04 + 0% + 0%

Since ASTM D 4123 averages six neasured resilient nodul us val ues
(three specinens, each tested at two orientations) , the variation
of the nean shoul d be used instead of individual variation. The
variation of the nean for the averaged values of two orientations
of the sanme specimen = ¢% /v2 = o%/v2 + o¢%/v2, and the variation of
the mean for the averaged values of 3 specinmens of the same mx =
a2,/v3 = o4/v3 + 0% /v3 = o4 /v3 + o%/v6 + o} /v6e. As a result, the

variation in resilient nmodulus is given by

I



O%rps =0%/VN, + 0LV (NN)) + G /vNN) . . . L ()

where NO = nunber of orientations
N, = nunber of sanples

wasTm S OR/V3 HOh N6+ 0L NE L L L L (2)

The analysis of variance (ANOVA) statistical technique was
used to estimate the different variations (6%, 6%, and o%) invol ved
in ASTM D 4123 as descri bed above. This technique is available in
the SAS program (6).



TEST PLAN

The test procedures used to neasured resilient nodulus were
outlined in ASTM D 4123. The setup was shown in Figure 1. An H &
V resilient nodulus device which is a pneumatic |oading system
generating load pulses was used as the |oading device. The device
was set to apply repeated 1 Hz repeated haversquare | oad wavef orm
wth [oad duration of 0.1 sec and rest period of 0.9 sec on test
sanpl es. Only horizontal deformation were neasured using two
spring | oaded LVDTS placed in a dianetrical yoke. Load and
def ormati on were recorded with a two-channel 0Oscillographic strip-
chart recorder. Figure 3 is a typical recorder output froma
resilient nodulus test. From the recorder output, the total
resilient nodulus of elasticity was determ ned. Since vertica
deformation is not nmeasured, Poisson’'s ratio was assuned to be 0.35

for all test tenperature.

JJJJJJJJ

T

Figure 3. Typical recorder output of a resilient nmodul us test.




Part One

It is believed that experinental error (o%) is sensitive to
t he nethod of neasuring deformation. It is thus inportant to
insure that the deformation measurenent by ASTM D 4123 produces the
| onest experinental error (¢%) . The asTM’s net hod of placing
spring |oaded LVDTS in direct contact with the sanple surface was
studi ed against two other nethods which use a thin nmenbrane placed
between the spring |oaded LVDTS and sanple surface. Figure 4 is a

graphical view of the methods of defornation measurenent.

2.5 mm DIAMETER BALL BEARING

<<;;SPRING ‘{
— VVVV— O

SPRI NG LOADED LVDT

MEMBRANE

METHUD 1 - N0 MEMBRANE
METHOD 2 - PAPER
METHOD 3 - ALUMINIUM FOIL

rigure 4. Gaphical view of nethod of deformation neasurenent.

A thin menbrane was used because it was thought that LVDIS may
be placed on smal| depressions or on small aggregates on the sanple
surface which may increase the variation in the measured resilient

modul us causing a higher experinental error, ¢%. The use of a thin
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menbr ane placed between the sanple and LVDTS to bridge over these

depressions or small aggregates may |ower ¢?. The method with the

| owest value of o} will be selected as the standard nethod of

deformation neasurenent in this study. A lower value of o% wll

result in a nore repeatable test procedure by decreasing the

variation in resilient nmodulus (ASTM D 4123). The three nethods of

def ormati on neasurenent studied were:

Method 1 - Direct contact between spring |oaded LVDTS and sanple
surface (ASTM D 4123).

Method 2 - A piece of thin paper was placed between spring |oaded
LVDTS and the sanple surface

Method 3 - A piece of alumnum foil was placed between LVDTS and
the sanple surface.

Met hods 2 and 3 are sonewhat crude; however, the results from
these tests should provide sone indication of the effect of a
menbrane between the LVDTS and the sanple.

The effect of the three nethods of deformation neasurenent on
three | aboratory mxes (Mx AL Mx B, and Mx C at 25 “C were
st udi ed. Each m x was represented by five |aboratory fabricated
speci nens. For each m x and nethod of deformation neasurenment,
experimental design #1 (Table 1) was conduct ed. Using the test
results, o?%, was estimted using SAS. The variation in resilient
nmodul us due to different stresses was factored out by SAS. The
estimated variation in test result (o%, = 0% + 0% + ¢%) was
recorded (Table 2)

A conparison of ¢%, anong the three nethods of deformation in

each m x reveal ed the best way to neasure deformation (lowest ¢%) .

11



The nethod producing the |owest o2, (0%, = 0% + 92 + ¢%) will have

the [ owest o% since 6% and o% renmined constant for each mx.

Table 1. Experimental design 1.

s Stress 1 Stress 2 Stress 3

m

P Oientation Oientation Orientation
é L2 (3145123451 |2]3]4]S5
1

2

3

4

5

Stress 1 = 10% tensile stress
Stress 2 = 15% tensile stress
Stress 3 = 20% tensile stress
Oientation 1 1st random orientation
Oientation 2 2nd random orientation
Oientation 3 3rd random orientation
Oientation 4 4th random orientation
Oientation 5 5th random orientation

Table 2. Variability of Test for Part One of Test Plan

Test Data From SAS Estimates Choose

Mx A using Method 1 0%y

Mx A using Method 2 02 M ni num &%
Mx A using Method 3 0%y

M x B using Method 1 0w .

Mx B using Method 2 02 M ni mum o?%
M x B using Method 3 L

M x C using Method 1 0%y _

Mx C using Method 2 0t M ni mum o¢?
Mx C using Method 3 07\t

12



Part Two

The nmet hod of deformati on neasurenent which produced the
m ni mum o?, (deternmined in Part One) was used as the standard met hod
of deformation neasurenent for the remaining part of this study.
The purpose of Part Two of the test plan was to estimate the
variation in resilient nodulus (ASTM D 4123) of |aboratory
fabricated mxes at 25 ‘C.  Another purpose was to determne the
effect of stress on resilient nmodulus of |aboratory nmixes at this
t enperat ure.

Three laboratory mxes (Mx A, Mx B, Mx ©, with each mx
represented by five |aboratory fabricated specinens, were studied.
For each |aboratory specimen, experinmental design #2 (Table 3) was
conducted. Therefore for this study, three |aboratory mxes were
eval uated and each m x was represented by five specinens. The
tests were conducted at 25 “C, two sanple orientations, three
stresses, and five repetitions resulting in a total of 450 tests.
Each repetition was represented by renoving and renounting the
LVDTS on the same sanple |ocation before the test was repeated.

ANOVA in SAS was used to factor out the variation due to
different stresses. Experinmental error (¢%) was estimated with SAS
from data nmeasured at five repetitions at the same orientation and
specimen in each mx. Next, the conpounded orientation variation
and experinmental error (o%,) was estimated from data neasured at
different orientations of the same specimen. Oientation variation
(6,) was then calculated using the equation ¢% = o%, - 0.

Finally, the conpounded effect of sanple variation, orientation

13



variation and experinental error (¢%,) was estimted from data
measured fromdifferent specinens of each m x. Sanpl e variation
(%) were cal cul ated fromthe equations o% = 0%, - 0% - 0¢%. The
variation in resilient nmodulus is given by

xASTM = 0'23/‘\/3 + 022/'\/6 + 021/\,6 --------------- (2)

Table 3. Experimental design #2.

Stress 1 Stress 2 Stress 3
Repett— - -
ition Oiel | Oie 2 || Oiel | Oie 2 || Oie1 | Oie 2
1
2
3
4
5
Stress 1 = 10% of tensile stress
Stress 2 = 15% of tensile stress
Stress 3 = 20% of tensile stress
Oie 1 = 1st randomy selected orientation
Oie 2 = 2nd randomy selected orientation

To anal yze the effect of stress on resilient nodulus, the
differences in nmeasured resilient nodulus values due to
orientations and specinens was factored out before the data were
used to analyze the effect of stress. A regression analysis was
performed with resilient nmodulus as Y, the dependent variable. The
i ndependent class variables were sanple and orientation and the
I ndependent continuous variable was stress (% of tensile stress)
Equati ons were devel oped fromthese regression to predict resilient

nmodul us at a stress of 15% tensile stress for each m x eval uat ed.

14



Each neasured resilient nodulus value for a given mx type was
di vided by the predicted resilient nodulus at a stress of 15% of
tensile stress. This resulting ratio (MR @X%/ MR @ 1599 wi ||
show the expected difference between measured resilient nodul us
values at various stresses and that neasured at 15% of tensile
stress for typical asphalt mxes. The ratio (MR @ X%/ MR @ 15%
for each sanple tested was plotted against stress in percent of
tensile stress to evaluate the effect of stress on MR for Mx A
Mx B, Mx C, and for a conbination of all mxes at the test

t enper at ur e.

Part Three

The purpose of Part Three of the test plan was to estimte the
variation in resilient nmodul us (o%g) Of field mxes. Three test
temperatures (4, 25, and 40 “C) were used in this part instead of
one test tenperature (25 “C) used in part two. The effect of stress
on resilient nmodulus of field mxes was also anal yzed.

Fourteen different field mxes (each mx represented by three
sanpl es) were studied. For each sanple and test tenperature,
experinmental design #3 (Table 4) was conducted. Therefore for this
study , 14 field mxes were eval uated. Each field mx was
represented by three sanples. The tests were conducted at three
tenperatures (4 ‘C, 25 “C, and 40 “C), four sanple orientations,
three stresses, and 2 repetitions. This resulted in a total of
3024 tests.

Using the procedure identical to Part Two, ANOVA in SAS was

15



used to estinate ¢4, 6%, and o% of each field mx after factoring

out the effect of different stresses.

Table 4. Experinmental design #3.

o Stress 1 Stress 2 Stress 3
Repetiitiion
Oientation Oientation Orientation
1 2 3 4 1 2 3 4 1|1 2(3 ] 4
1
2
Stress 1 = 10% of tensile stress
Stress 2 = 15% of tensile stress
Stress 3 = 20% of tensile stress

Oientation 1
Oientation 2
Oientation 3
Oientation 4

1st randomy selected orientation
2nd randonmly selected orientation
3rd randomy selected orientation
4th randomy selected orientation

At each test tenperature, a procedure identical to that
di scussed in Part Two of the test plan was used to factor out the
differences in measured resilient nodul us values due to orientation
and sanpl e. The factored out data were then analyzed for the
effect of stress on resilient nodulus. The analysis of the effect
of stress on resilient modul us was conducted at three tenperatures:

4, 25 and 40 ‘'C

Prediction of Tensile strenath

It was necessary to estinmate the tensile stress of asphalt
mxes in order to estinmate the applied stress as a percent of
tensile stress.

The indirect tensile stress of laboratory mxes was estimated

16



from Marshall stability values obtained during mx design
Indirect tensile stress was assuned to be Marshall stability
di vided by 20 (7). Based on this estimated tensile stress, the
correspondi ng | oad was applied during resilient nodulus testing.
After resilient nodulus tests were conpleted, actual indirect
tensile stress of each sanple was obtained according to ASTM D 4123
with load rate of 50.8 mm per minute and tenperature of 25 ‘C
(Figure 5) . Therefore, the stress applied during nodulus testing
at 25 “C was divided by the sanple actual indirect tensile stress
of the sanple to determne stress as percent of tensile stress.
Tensile stress of field sanples at 25 “C were first estimated
fromindirect tensile strength test results of cores taken adjacent
to the field sanmples. Figure 6 was used to predict the indirect
tensile stress at 4 and 40 °c fromthe estinmated tensile stress at
25 “C (8). Figure 6 shows that the indirect tensile stress at 4 “C
was approximately 3 times greater than the tensile stress at 25 ‘C
approximately 7.5 tines greater than at 40 “C Based on the
predicted tensile stress, the desired stress (10% 15% or 20% of
tensile stress) was applied during each resilient nodulus test.
Wien all resilient nodulus tests were conpleted, indirect tensile
strength tests were conducted on the actual test sanples to obtain
the actual tensile stress of sanples at 25 ‘C.  The tensile stress
at 4 “Cand 40 ‘C were calculated using the neasured strength at 25

“C and Figure 6.

17



Figure 5. Indirect tensile test (ASTM D 4123).
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Figure 6. fgphalt concrete nodul us-tenperature relationship
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SAMPLE | NFORVATI ON

Lab samples

The aggregate gradations for the three mxes (Mx A, Mx B,
Mx C) of |aboratory sanples are shown in Figure 7. The optinum
asphalt content of each mx established by Marshall m x design
criteria using a gyratory conpactor (set at 1 degree angle, 30
revol utions, and 1380 xN/m?) was 4.2% for Mx A 4.8%for Mx B, and
5.8% for Mx C This gyratory setting produces a density
equivalent to that with 75 blows of the Marshall hand hamrer
(Figure 8) . It appeared that much of the larger aggregate in Mx
A was broken when conpacted with the gyratory conpactor. Thi s
problemis nore severe with the Marshall hamrer and is primarily
caused by conpacting large aggregate in a small nold (9)

Five sanples were prepared fromeach mx. The density test
results (ASTM D 1188) and indirect tensile strength test results
(ASTM D 4123) of all the sanples are shown in Table 5.

Table 5. Density and tensile strength of |aboratory sanples.

Mx A Mx B  Mx C
Sample Density Ten Str Density Ten Str Density Ten Str
(g/cm®) (kN nt) (g/em’)  (kNnT) (g/cm®) (kN nf)
1 2.521 614.72 2.505 815.51 2.473 1016. 44
2 2.536 633. 14 2.525 1044.80 2.476 1156. 30
3 2. 546 683. 86 2.518 955.10 2.480 1019. 68
4 2.543 2.541 926. 33 2.463 1041.76
5 2. 558 746. 44 2.500 1069.91 2.471 1133.05
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Fi el d samples

The maxi mum aggregate size, density and indirect tensile
strength neasured fromfield cores are shown in Table 6.

The field mxes are identified by a letter of the al phabet, D,
fol lowed by two nunbers for identification purpose (mxes A B, and
C are |laboratory mxes). The first nunber indicates the pavenent
site nunber, and second nunber indicates the pavenent | ayer.
Therefore, Mx D42, was identified as a field mx obtained fromthe
second | ayer of pavenent nunber 4.

Table 6. Maxi num aggregate size, density and tensile strength
of field sanples.

Max Agg Core 4 Core 5 Core s
Mx Size Density Ten Str Density Ten Str Density Ten Str
(M (g/cw’) (kN/m?) (g/cn) (kN/m’)  (g/em’) (KN/m?)
D23 19.0 2.338 2.337 400.5 2.348 586. 6
D24 19.0 2. 356 560. 2 2.321 - 2.322 818.1
D25 25.4 1.724 184.9 1.712 179.5 1.700 -
D32 12.7 2.261 2.261 341. 4 2.253 333.9
D41 19.0 2.361 2.329 541.7 2.381 580. 6
D42 25.4 2.389 603. 8 2. 361 - 2.391 587.8
D43 25.4 2.361 2. 362 598. 3 2.354 497. 4
D44 25.4 2.349 665. 6 2. 357 - 2.253 434. 6
D45 25.4 2.293 530.3 2.295 542. 8 2. 285 -
D52 12.7 2.341 362. 7 2.357 507. 6
D53 25.4 2.389 344.6 2.383 272.0
D54 19.0 2. 375 332.9 2.329 282. 7 2. 389 -
D55 25.4 2.421 2.446 402. 9 2. 463 387.3
D56 25.4 2.393 310.4 2.434 - 2.413 372.7
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mixsShowed that Method 1 has the | owest value of o2,; Method 1
has the | owest experinental error (o¢?) . It was concl uded that
Method 1 (deformation neasurement by ASTM is the best nethod of

deformation anong the three nethods studied.

Results from Part Two of Test Plan

Table 8 shows the experinental errors (o%) orientation
variation (o¢%), sanple variation (e%), and variation in resilient

modul us (o%4y) Of the | aboratory mxes at 25 “C.

Table 8. o%, 0%, d%, and o%y Of laboratory mixes at 25 “C.
=

Mx A Mx B Mx C
I\ZX. aggr. size (mm  25.4 19.0 12.7
Mean MR (kN nt) 2078190 2687302 2086739
o2, 3.4371 E10 6. 8558 E10 2.6471 E10
0%, 1.1872 E10 6.7916 EO09 5.0151 EO09
0%, 3.7095 E10 1.5917 E11 2.8177 E10
02 sstm 2.0072 E10 6.5615 E10 1.4640 E10

Experimental error (o%) is a function of the test equipnent
and operators. For o = O (conpletely repeatable), all repeated
resilient nodulus values neasured at any one orientation of a
speci men nust be identical. Oientation variation (¢%) is the
variation in resilient nodulus val ues obtained by testing at
different orientations of a specinmen. Oientation variation (o%)
is related to the specimen honpgeneity. For a honbgeneous

specimen, resilient nodulus measured at different orientations of
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the specimen would be identical (6%, = O . The test results showed
that mxes with larger maxi mum aggregate sizes have higher val ues
of ¢%. The data supports the obvious fact that honpbgeneity of

speci mens decrease with increasing maxi mum aggregate size. The
variation in resilient nodulus caused by different orientations is
m ni mal and does not have a significant effect on the variation.

It is the snallest variation anong the three sources of variation.

Sanpl e variation (o%) is the variation in resilient nodul us val ues
obtained by testing different specinens of the sane nmix. Sanple
variation (%) is related to reproducibility of identical test
specinmens. If it is possible to reproduce identical specinens from
a mx, the resilient nmodulus of different specinmens of the same m x
woul d be identical (6% = O . It was suspected that m xes with
smal | er maxi mum aggregate size would have a | ower resilient nodul us
val ue and higher reproducibility (lower o¢%) . As suspected, test
results showed that the mx with snallest maxi num aggregate size
(Mx C© had a higher reproducibility (m ninmm ¢%) and | ower
resilient nodulus value. It is unclear why Mx A had |ower nmean MR
and | ower variability than Mx C. The breaking of the |arger
aggregate size (Mx A) during conpaction may have sonmething to do
with it.

Table 9. Standard error, cv and acceptable range of two tests
for laboratory mxes at 25 “C

Mx A Mx B Mx C
St andard error (kN/m?) 141676 256154 120996
coeff of variation (% 6. 82 9.53 5.80
Acceptabl e range (% 19. 29 26. 98 16. 41
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Useful information can be extracted fromthe variation in
resilient nmodulus (ASTM D 4123) , o6%*su- Standard error (0asm) ,
coefficient of variation (CV “o,gqu/Mean M) , and accept abl e range
of two tests according to ASTM C 670 (2.83 * cV) were cal cul ated
and tabulated in Table 9.

| f the sanme operator repeated the ASTM D 4123 test with
speci mens fromthe sane batch at the sane tenperature (25 “C) using
the sane machine, the two results should not differ nore than 2.83
* Qv. It was concluded that resilient nodulus neasurenent of
asphalt m xes does not have a high degree of precision. The
maxi mum expected difference between two test neasurenents fromthe
sane batch of materials by the same operator in the sane |aboratory
using the same machine can be as high as 20% for Mx A 27%for Mx
B, and 16% for Mx C.

O the three conponents of variation in resilient nodulus,
given as o%gy = (0%/v6) + (0%/v6) + (04/v3) , the last term (o%/v3)
was the major contributing conponent. The nost effective way to
decrease the variation in resilient nodulus or increase the
precision is to mnimze the last term (o%/v3) where 3 is the
nunber of sanples tested. The term (o%/vn) can be decreased by
averaging the resilient nmodulus values of a l|arger nunber of test
sanples, n. Therefore, there is a tradeoff between precision of
the test procedure and the nunber of specinens to be tested. The
acceptable range of two test results can be cal cul ated using the
equations below AR =CV * 2.83.......... (3)

OV = Volgg/Mr * 100, . . . ... L L. (4)



O%pst =0%/N, + 0%/ (NN) + 0%/ (NN) . . . . . . . . (1)
Substituting equations (4) and (1) into ( 3)

AR= 283/MR * [0%4/N, + 0%/ (NN)) + o/ (NN) 1. . . (5)

where NO = nunber of orientations

N, = nunber of sanples

AR= Acceptable range in %

MR= nean resilient nodul us

Equation (5) can be used to calculate the acceptable range of
two test result when nore sanples or orientations were tested. For
exanpl e, quadrupling the testing effort, an increase from6 to 24
tests (from AsTM’s 3 sanples at 2 orientations to 6 sanples at 4
orientations) , wll inmproved the acceptable range from19.29 to
12.26 for Mx A 26.98%to 18.14% for Mx B, and 16.41 to 10.51 for
Mx C. It was not be feasible to inprove the ASTM D 4123 by using
nmore sanples or orientations.

Figure 9 shows the effect of stress on MR of the |aboratory
mxes at 25 ‘C. The Y axis is given by Y =MR @ X%/ MR @ 15% as
shown in part two of test plan. The X-axis is the stress in
percent of tensile stress. The data shows that the equation for
the best fit straight line through all data is Y = -0.02252X +
1. 340.

The maxi num aggregate size, slope, and nmean MR of the three
m xes were tabulated in Table 10. The table shows that Mx Ais
nore sensitive to stress followed by Mx C, and Mx B is |east
sensitive to stress. It seens that the stiffer the nix, the less
sensitive it is to stress. \Wen all nixes were analyzed, the slope

s -0.02252. Therefore, a change in stress from 15% of tensile
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stress to 10% of tensile stress will increase the neasured MR by

11.26% ([10 - 15] * -0.02252).

EFFECT OF STRESS ON MR
(LABORATORY SAMPLES TESTED AT 25 ‘F)
1.6 ko Y = —0.03217X + 1.485 MIX A
[cocceld —0.01673X + 1.249 MIX B
B Y = —0.132929X + 1.494 MIX C
Lo Y = —0.02252X + 1.340 ALL MIXES
1.4
!_
<
o 1.2
=
1.0
B
><
— 0.
= 0.8
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= 0.6
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Figure 9. Effect of stress on resilient nodulus of |aboratory
m xes at 25 “C.

Table 10. Maxi num aggregate size, slope, and nmean MR of
| aboratory m xes.

M x Max. Aggregate Size Sl ope Mean MR
Mx A 23.4 mm -0. 03217 2078190 kN/m?
Mx B 19.0 nm -0. 01673 2687302 kN /nt
Mx C 12.7 mm -0. 02929 2086739 kN / n
All M xes -0. 02252
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Results from Part Three of Test Plan

Table 11 shows the experinmental errors (¢%), variation in
resilient nodul us caused by different orientations (¢%) , and
variation in resilient nodulus caused by different specinens (o%) .
There are a total of 42 points from14 field mxes tested at 4 “C,
25 “C, and 40 °c with measured resilient nmodulus values ranging from

7 x 10°to 1.75 x 10" kN ni.

Tabl e 11. Variances of field m xes.

M x Vari ances 40 “c 25 “C 4 °c
o, 2.640 E12 3.790 E12 5.262 E11
D23 o, 1.432 E10 1.010 E10 1.650 E11
0%, 1.803 E11 6. 021 E11 8.416 E12
CT*, 7.932 E11 4,357 E12 1.029 E10
D24 a2, 7.328 EO9 1.739 E11 2. 750 EO09
o 3.664 E11 4. 756 E11 4,302 E12
o, 6. 449 E11 3.950 E11 1.611 E12
D25 o, 9.404 EO8 3.481 EO8 1.619 E10
o2 7.543 EQ09 9.774 E10 3.220 E11
o 2.291 E11 6. 956 E11
D32 0%, 7.943 EO7 6. 921 EO7
o? 1.538 E10 2.656 E11
o, 5.982 EO7 4.211 E10 2.442 E11
D41 o, 5.765 EO8 5.767 EO9 4.093 E11
o 9. 654 EO09 6.581 E10 3.940 E12
a2, 2. 287 E09 9.412 E10 7.732 E11
D42 o2, 1.231 EO8 3.004 E10 1.688 El
0% 1.426 E10 1. 958 E11 5.853 El12
o2, 1.047 E11 8. 758 E11 4.834 E12
D43 o2, 5.708 EO08 3.397 E11 8.592 E11
o2 2.544 E10 1.425 E11 9.758 E12
a’ 1. 155 E11 1.167 E12 3.159 E12
D44 o2, 7.620 EO9 2.738 E10 1.531 E11
o?, 2.033 E10 1.081 E11 4.836 E12
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Tabl e 11. Cont i nued.

o, 1.220 E10 4,321 E10 1.080 E12
D45 o?, 5.379 EO09 7.524 E10 1.139 E10
0% 2.982 E10 1.904 E11 3.103 E12
o2, 4.562 E11 2.095 E12 4.447 E10
D52 0%, 9.651 EO8 3.796 EO09 1.192 E10
0%, 1.547 E10 1.006 E11 1.712 E12
o2, 5.636 E11 2.409 E12 1.471 E13
D53 o, 3.060 EO09 1. 241 E10 1.522 E11
o2, 5.158 E10 1.265 E11 1.833 E12
0%, 1.566 E11 1.156 E12 6.970 E12
D54 0%, 3.312 EO8 5.707 EQ9 1.147 E11
0%, 6. 865 E09 4.129 E10 9.596 E11
o, 1.473 E10 6.431 E10 1.129 E12
D55 0, 2. 285 EQ9 4.847 E10 3.164 E10
0%, 1. 058 E10 8.850 E10 1.964 E12
o2, 2.524 E10 1.555 E11 4.493 E11
D56 0%, 1.987 EO08 5.204 EO09 2.947 E10
o2 7.070 EO9 3.751 E10 2.561 E12

Figure 10 is a plot of sanple variation (¢%), orientation
variation (6%), and experinental error (¢?%) versus nmean MR It
showed at mean MR less than 6 x 10° kN'nf, sanple variation (0%) has
t he highest variation and at nmean MR greater than 6 x 10° kN nf,
experimental error has the highest variation. Orientation
variation (o%) was significantly |ower throughout the ranges of

mean MR Since the stress applied during resilient nodulus testing

remained practically the sane, deformation is inversely
proportional to the nean MR (m x stiffness). The anount of
deformation in stiff mxes is therefore very snall. The error of

the test equipnent in neasuring deformation at this range

I NCr eases. Therefore, as the nean MR increases, the influence of
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o?, becanme stronger.
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Figure 11 is a plot of o%gy (0w = 04 + 0% + ¢%) versus nean
MR The regression equation o%gy MR“® * 97.3673 was devel oped
data points in the plot. Figure 12, a plot of CV and acceptable
range of two test results versus nean MR, were obtain using the
equation CV = og,qu/MR * 100 and the acceptabl e range of two test
results according to ASTM C 670 = 2.83 * CV.

Fi gure 11 showed s increasin9 with increasin9 nean MR while
Figure 12 showed cv decreasing wth increasing nmean MR The
variation (0%asm) in the test result usi ng the same operator and
machi ne increased with stiffness of the mxes. Wen this variation
was expressed in percent of mean MR (CV 0O,gy/mean MR * 100), it
decreases with stiffness of the mx. Figure 12 also shows that the
maxi mum di ff erence between two repeated test results can be as high
as 35% for mxes with stiffness of 3 x 10° kNnf. As the stiffness
increases to 1.7 x 10'kN/m?, the maxi mum difference of acceptable

range decreased to 22%
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Figure 13, 14, and 15 are plots of resilient nmodulus ratio
versus stress at 25 “C for field mxes wth maxi mum aggregate size
of 25.4, 19.0, 12.7 mm respectively. A straight line was fitted in
each figure. The figures showed a decrease in MR with increasing
| oad. However, and there does not seemto be any correlation
bet ween maxi num aggregate size and the slope of the fitted line

(Table 12) . The slope neasured the sensitivity of MR to stress.

Table 12. Maximum aggregate size and slope of field m xes.

Maxi mum aggregate size Sl ope
25.4 mm -0.0243
19.0 mm -0. 0275
12.7 mm -0. 0228

Figure 16 is a plot of resilient nodulus ratio versus stress
of all field mxes at 25 ‘C.  The slope of the equation is -0.025.
Therefore, a change in stress from 15% of tensile stress to 10% of

tensile stress will increase the neasured MR at 77 degrees F by
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12.53% ([ 10 -15] * -0.025). The slope selected for test results on
field sanples is very simlar to that selected for |aboratory
sanmples (-0.0225). Figure 15 is a plot of resilient nodul us versus
stress of field mxes at 40 ‘C The sl ope of the equation is -
0.0423. A change in stress from 15% of tensile stress to 10% of
tensile stress wll increase the neasured MR at 40 “C by 21.13%
At higher tenperature, the effect of stress on MR is nore
pronounced.

The effect of stress at 4 °c was not anal yzed because of the
lack of air pressure. The maximum stress that could be applied by
the test equipnent was in the range of 5 to 10 % of tensile stress

at 4 ‘C

EFFECT OF STRESS ON M R
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Figure 13. Effect of stress on MR for 25.4 nm aggregate field
mixes.
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CONCLUSIONS AND RECOMMENDATIONS

One source of variation in resilient nmodulus (ASTM D 4123) is
experimental error (d%) . For the variation in resilient nodul us
(ASTM D 4123) to be mnimal, the experinental error (¢%) has to be
m ni mal . It was found the ASTM D 4123 net hod of defornmation
(spring | oaded LVDTS placed in contact with sanple) has the | owest
o2, conpared with two other nethods of defornation neasurenent
(using menbrane between the LVDTIS and sanple)

O her sources of variation in resilient nodulus (ASTM D 4123)
are o and o%. It was found that sanple variation (e%) is the nost
i mportant factor influencing the variation in resilient nodulus for
mx with stiffness less than 6 x 10® kN/m*>. Sanple variation (o%)
is a neasure of wthin |aboratory variability for specinens or
cores taken from the same asphalt m x. Sanpl e variation (o%)
values obtained in this study were typically high, show ng
significant differences in resilient nodulus among sanples of the
same mx. For stiffer mxes (M greater than 6 x 10® kN/m?) with
small deformations, the capability of the test nmachine to
accurately neasure deformati on becones the mgjor factor for the
variation in resilient nodulus (ASTM D 4123). This is reflected by
t he higher value of experinmental error (¢%) for mean MR val ues
greater than 6 x 10° kN/m?.

The acceptable range of two test results (2.83 * CV) is

anot her neasure of the variation in resilient nodulus. This study
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shows that resilient nodulus neasurenent of asphalt m xes by ASTM
D 4123 does not have a high degree of precision. For field mxes,

the acceptable range of two test results ranges from 35% for a mx
stiffness of 3 x 10% xN/m?> and decreases to 22% at a m x stiffness
of 1.7 x 10'kN'nf. For the three |aboratory mnixes whose averaged
stiffness is 2.3 x 10® kN nf(2.1 x 10% 2.7 x 10% and 2.1 x10°
kN/m?), the average acceptable range of two test results is 20.89%
(19.29% 26.98% and 16.41%. As expected the variation of field
‘mxes is higher than |aboratory m xes.

It is not feasible to inprove the precision of ASTM D 4123 or
acceptabl e range by using nore sanples and orientations. The
effect of quadruple the testing effort (from ASTM D 4123
recommended 6 tests with 3 sanples at 2 orientations to 24 tests
with 6 sanples at 4 orientations) were calculated using equation 5.
The acceptable range of two test results were inproved from 19.29%
to 12.26% for Mx A 26.98%to 18.14% for Mx B, and 16.41% to
10.51% for Mx C. The time and sanples required for a significant
anount reduction in variation of resilient nmodulus (ASTM D 4123) is
too |arge.

The anount of stress applied to the sanple during testing has
a significant effect on the neasured resilient nodulus values. It
Is recoomended to characterize asphalt mxes at a standard stress
of 15% of tensile stress. Resilient nodulus at other stresses can
be converted to the standard stress using the relationship obtained
in this study. The regression equations obtained for field and

| aboratory mxes tested at 25 “C are as shown: -
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Field mxes: Y = -0.025X + 1.372
Laboratory mxes: Y = -0.0225X + 1.34

where Y =MR @ X% / MR @ 15% and X= stress as % of tensile stress.
There is no significant difference in the effect of stress on field
and |l aboratory mxes at 25 ‘'C.  The conbi ned equations of field and
| aboratory mxes is Y = -0.0238X + 1.36. Therefore, a change in
stress from15%to 10% of tensile stress at 25 “C will increase the
measured MR by 11.89% [ (10-15) * -0.023785]. For field m xes
tested at 40 “C, the regression obtained was Y = -0.04226 + 1.668.
A change in stress from 15%to 20% of tensile stress wll| decrease
the neasure MR by 21.13% [(20-15) * -0.4226].

This study is limted since only one nmachine and one operator
was used. However, the information obtained is useful in
establishing variation of resilient nodulus values obtained within
any one | aboratory. Further work is needed to include round robin

study using a nunber of |aboratories, test machines, and operators.
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