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ABSTRACT

The objective of the research is to test the use of 3D printed thermoplastic to
produce fixtures which affix instrumentation to asphalt concrete sanmgdefor Simple
Performance Testing (SPT). The testing is done as part of materials characterization to
obtain properties that will help in future pavement designs. Currently, these fixtures
(mountingstuds) are made of expensive brass and cumbersome to clean with or without
chemicals.

Three types of thermoplastics were utilized to assess the effectpdregnre and
applied stress on the performamée¢he 3D printed studé\sphalt concreteasmples fitted
with thermoplastic studseavetested according to AASHTO & ASTM standards. The
thermoplastics testeate: Polylactic acid (PLA), the most common 3Drdhng material;
Acrylonitrile Butadiene Styren@ABS), a typical 3D printing material which is less rigid
than PLA and has a higher melting temperature; Polycarbonate (PC), a strong, high
temperature 3D printing material.

A high traffic volumeMarshalmix design from the City of Phoenixas obtained
and adaptetb a Superpave mix desigmethodology The mix design islensegraded
with nominal maximum aggregate sizeldbinchand a PG 710 binderSamples were
fabricated and the following tests wegrerformed: ynamic Modulus |E*¢onductecht
five temperatures and six frequenciE®w Numberconductedata high temperaturef

L TOJ and axiakyclic fatiguetest ata moderate temperatucé 1810.



The resultgrom SPT foreach3D printedmaterial wee compared to resultsiog
brass mounting stud¥.alidation or rejection of theonceptwasdetermined from
statistical analysis on the mean and varianaothécted SPTestdata.

The concept of using 3D printed thermoplastic for mounting stud fabrication is a
promisingoption; howeverthe concept should be verified with more extensive research
using a variety of asphalt mixasdoperators to ensure no bias in the repeatability and
reproducibility of test result§.he Polycarbonate (PC) had a stronger layer bonding than

ABS and PLA while printinglt wasrecommendedbr follow up studies
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1. INTRODUCTIONAND OBJECTIVE

Laboratory testing on asphalt concretgatuablefor predicting pavement
performance in the field. The viscoelagtiastic nature of asphalt concrete is very
difficult to model and is still not fully understood. Thés@ plethora of variabte
involved with the prediction of pavement performance; temperature, frequency of
loading, pavement structure, aggregate gradation, choice of bamtkagingre a few of
the varidlesthat must be incorporated inpavemenperformancenodeling.

Years of research has ledalmostuniversaly accepted laboratomgsting
methodology fomasphalt concret&/ariousSimple Performance Testing (SRarptocols
that complementhe Superpave Mix Design methpdere originally developedt
Arizona State University (ASUL,4]. SPT includd several carefully controlled
experiments performed daboratory preparespecimensThe collected data is analyzed
and yield results thatre usd to predict the behavior and performance, both short term
and long term, of asphalt pavements in nearly any climate.

Permanent deformatioegts such aJriaxial Dynamic ModulusAASHTO TP
62-07 and T 34211, Repeated.oadPermanenDeformation AASHTO TP 7913 and
Direct Tension Cyclic Fatigy®AASHTO TP 10714, require specimens to be
instrumented with Linear Variable Differential Transformers (LVDibsaccurately
measure deformation that occurs unither varioudoadingconditions The current
method for affixing LVDT instrumentation to specimemgjuiresgluing of brass
mounting studs taoredspecimens using fave-minute, twepartepoxy. The fixtures are

made of expensive brass and cumbersome to clean with or without chemicals. Utilizing



theemerging technology of additive manufacturing (3D Printing) to produce mounting
studs from thermoplasticeay potentiallyyield comparable result® the current SPT
instrumentation practicesd a fraction of the cost. The rapid manufacturing process
allows more time for experimentation and less time cleaning studs with harmful
chemicals. Additionally, the opportunity to recycle the thermoplastic material after use
suggests a level of sustainability previously not recognizetthéasphalt testing
industy.

Theobjectiveof this researcks to manufacture thermoplastic studs using desktop
3D printers, then perform simple performance testsamnples fitted witt8D printed
studs, as well ahe traditional brass studs. The S#ests include a variety of sin
levels, load frequencies and temperatures.rébelts ar&aompare to ascertain ithere is
a statistical difference between additively manufactured studs and currently used brass
studs. Fothis investigation, a single asphalt rixe and threaypesof thermoplastics
were testedComparison to brass studs was analyzed using statistical hypothesis testing
on the mean and variance of collected SPT, datd comparison of fatigue testing

models.

2. LITERATURE REVIEW

2.1Superpave Mix DesigBystem

The Superpave mix design system is a comprehensive matdedigning
paving mixes tailored to the unique performance requirenngfugncedby the traffic,

environment (climate), and structural section at a particular pavemeif] sitas



designedhlong withperformancebased propertiesollected from a potentiahix, to
determine the most economical asphalt mix design that achieves the performance
requirements that arequiredfrom that locationThe method is valid for virgin or
modified Hot Mix Asphalt (HMA) andacilitatesthe use of recycled materials if desired.
The method is applicable for construction of new surface and base layers, as well as
overlay design. Through materials selection mnixidesign, it directly addresses the
reduction and control of permanent deformation, fatigue cracking, antétoperature
cracking. It also explicitly considers the effects of aging and moisture sensitivity in
promoting or arresting the development adgé three distressgld. The basic workflow

of the design method can be broken down into three sequential categories, volumetric
design, mechanical properties, and finally field control. The first two components are
iterated util the optimal mix has been determined, then field control verifies the mix

design Figurel below outlines the basic workflow of the Superpave mix design method.
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Figurel: Workflow of Superpave Mix Design Methddl]
Superpave is an acronym for SUperior PERforming asphalt PAVHRIerthe

design methods and tools are being implemented by stat@yagenciet® replace the
Marshall and Hveem designethods although some state agencies, such as Phoenix, still
hold tight tothe older design methods. For this reasioa Marshall design obtasd for
this research had to be modified to the equipraadtdesign methodologysed at
Arizona State University.

2.2 Simple Performance Testing

Research completed Mitczak andKaloush atthe University of Maryland and
Arizona State University, led to the development of standardized laboratory testing

procedures for performandmsed mix design. The main objective of the research was to
4



develop testing procedures that accurately correlate laboratory tests to meamidable f
rutting and fatigue cracking behaviors. Three candidate tests and sixteen test parameters
were evaluated using mixtures and performance data from three experimental sites: the
Minnesota Road Project (MnRoad), the Federal Highway (FHWA) Acceleratetingoa
Facility Study (ALF), and the FHWA PerformanBelated Specifications Study
(WesTrack)[3]. The research also outlines development in laboratory specimen
instrumentation techniques and minimum specimen dimensions d¢oéd provide true
measured material responseszliminary recommendations for specific laboratory tests
were defined in Phase Il of a FHWA contract with the University of Marylanceand
outlined inThe National Cooperative Highway Research Project (NEHFSS report,
Simple Performance Tests for Superpave Mix Design, published by the Transportation
Research Board National Research Council in 20p4. The NCHRP 46%eportdefines
SPT as follows:
A test method(s) that accurately and reliably measunesxture response characteristic
or parameter that is highly correlated to the occurrence of pavement distress (e.g.,
cracking and rutting) over a diverse range of traffic and climatic condifiéhs
Consideringthisef i ni ti on, SPT must assess a mixt
permanenteformation and fracture givemiteriaspecific to the location where the
pavement is to be placethe esearcherdetermined her e i s no fAPerfecto
HMA mixtures at varyingegmperatures and loadjrscenarios.
Referencingseveral years of resear@s well agnformation collected from
industry professionals, it was determined that rutfiagguecracking, and thermal

crackingwere the most important distresses to simutat&PT, of these three distresses,



rutting and fatigue crackingere the main focus of concern for pavement design and
testing.From the NCHRP 465 studyiyé laboratoy tests were found to have gotm
excellent correlabn to field measured rutting anlarée laboratory tests were found to
have a fair correlatioto fatigue and thermal cracking.

A summary of these tests are as follows:

For Rutting For Cracking
1 Repeated Shear Permanent 1 Triaxial Compression at
Deformation lower temperatures
1 Triaxial Compressiomt high Indirect Tensile Creep

E

temperatures

Triaxial Creep
Permanent Shear Strain.
Triaxial Repeated Load

Indirect Tensile Strength

= =4 =

Based on the results tife NCHRPestingprogram, the research team
recommendethreetestparameter combinations for further field validation as an SPT for
permanenteformation: (1) the dynamic moduluste®i/s i nG, (deter mined fr
triaxial dynamic modulus tefgt(2) the flow time Ft, deermined from the triaxial static
creeptest; and (3) the flow numbédtn, determined from the triaxial repeated load test.

All combinations exhibit a coefficient of determinatioh,value,of 0.9 or greater for the
combinedcorrelation of the laboratongst results with performance in the MnRoad,
WesTrack, and FHWA ALF experimenid].
2.2.1Dynamic Modulus |E*|
The procedure for sample preparation and testing for the Dynamic Modulus |E*| test
is outlined inthe AASHTOTP6RQ 7, fADetermining the Dynamic M

Asphalt (HMA) O, amd, tfhSet aAnSdTaM oD 3T4e9s7t Met hod f



Modulus of AsphaltG ncr et e Mi xtures. o. The test consi

axial compression stress being applied to a specimen of asphalt concrete at a given
temperature and loading frequency. The resulting recoverable axial strain response of the
specimen is meased and used to calculate dynamic mod{@]isThis test is considered

to be a nordestructive test (NDT) method as the amount of applied stress experienced by
the sample does not exceed lihear visc@lastic limit of the material;however, along

with recoverable strain, the sample does experience a small amount of permanent
deformation as a result of the applied stress.

The test is performed at several temperatures and frequencies. The data collected is
then shifted to fit @igmoidalcurve. The shifted data forms a master curve which allows
the behavior of the asphalt concrete to be predicted at any given temperature and
frequency. Thesigmoidal E*model correlates to rutting, at high temperature and low
frequency of loading, and to fatigue damage, low to-raitje temperature at repeated
high frequency of loading. The samples are instrumented with LVDTs and conditioned i
a temperaturecontrolled chamber until test temperature is achieved at the sample core.
An actuatotoading device inside the chamber applies the stress while the LVDTSs collect
deformationonthe sample.shows the machine setup for running the Dynavioclulus

Test and an instrumented sample fitted with three LVDTSs.

S
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Figure2. MachineSetupFor The Dynamic Modulus Test [10]

Greased Double Membrane

The number of replicates that must be tested depends on the number of LVDTs
used to collect data and the desired level of accuracy. AASHTO standard7TR&2s
AThree replicate specimens should be tested
thanl5%p er cent of t he t [lQ.dablelysaranarizes thenaffectof us ) . 0
estimated accuracy depending on the number of eépcand LVDTs. To achieve an
acceptable level of accuracy op ¢ Phree replicates fitted with three LVDTs were

tested.



Tablel. EstimatedAccuracyAssociatedvith The Numberof Replicates [10].

LVDTs perSpecime| Numberof Specimen EstimatedLimit of Accuracy

+18.0%
+15.0%
+13.4%
+13.1%
+12.0%
+11.5%

Wl Wl Wl N NN
Al W N A WD

The procedure for analysis of raw data collected is given in the AASHTO-TP 62
07 standardil0]. The first step iso analyze the collected stress data. The process is
performed on centered stress data, which is calculated by subtracting average stress.

Equation (1) is used to determine the average stress.

B

” (1)

Where:

A1 OAOACAA OO

£ 2A800BIOEBE DEAAAAAOAU
T . Ol AIABI EEOBRAAAOAU

Equation (2) is used to compute the centered stress by subtracting the average

stress from each measured stress.

noow o (2)

Where:
, #AT ODODAIOH GEAROOA U
A 2A8 OOBIOBBE DEAAAAAOAU
A1 OAOATCABA OO

9



Three stress coefficients are the computed from the centered stress data, -offset, in

phase magnitude, and enftphase magnitude, by using equationsi ().

5 2 3)
o) -B , AT1100 (4)
o) -B , 081 06 (5)

Where:
o) 3 00RABAOGAOEBERARDEOD
A #A1T ORODAIOEBE DEARAADOAU
0 3 OORIODE AIGACT EDICAABEARLDEOD
T & OA N OIRA &R D1 OOXAR DA A
O 4EIADT BE DEAA AL BAAA
" 3 00ARO0G ADEAIORCT EDICAAMBERRLDEOD
Equations (6) and (7) are used to compute the stress magnitude and the stress

phase using the stress coefficients angle.

$'s O 0 (6)
— AOAOA+ (7)

Where:
K's 300ADOI EBOADE
0 3 OORIOBE AIGACT EDNICA kMDA KL OE
0 300RA0OG A£PEAIGACT EDIOAAMBEABLDEOD
— 3 0OBRBAVAGI RACOAAO
Equations (8) and (9) are used to compute an array of predicted centered stresses

and the standard error of applied stress.

10



, 0 o AT100 6 OEFI o (8)

YQ, : (9)

Where:
£ 0 OAABRARYOKOADROIOEHEO AOE
o) 300RBEOAOEMERBDDEOD
o) 3 OORIOME AIGACT EDIOAAMBERALDE O
& O A N OIA £B 11 OO DA A
4 EIADT BEEE DEARA @D GAAA
300RO0G ADPEAIGACT EDIOAABERAALDEOD
3% 30AT APOE ADDPICXMOOAAT O
A #A1 ORODAIOEBE DEARABAAOAU
T . O AIAmI EEOBRAAAOAU
#’s 3 00RDOI EDOADE

—
o: O

The second step is to analyze collected strain data which is corrected for drift
caused by permanent deformation during the test, and centered data based on average
strain for the transducers. Drift estimation is made by ifyemg the slope of local
minimum and maximum values with respect to time by linear regression. The average of

the two slopes is the rate of di@ for transduce j. Equation (10) is used to calculate

average strain.

(10)

Where: A - A o

X | OAOCQCAEBIDAT OBOAAO

X 2A000&BIDAT OBADA AABTOEMAAABDOOAU
T . O AIAm EEOBRAAAOAU

11



Equation (11) is used to compute the centered strain by subtracting the rate of

drift times, loading time, and the averaiein from the measured strain for that

transducer.

T T 00 (11)

Where:
i # AT ODODABIDAT OBADA O TERAADOAU
i 2A000ABIDAT OBAGA O CEMRABDOAU
$ 2A0MEOEHEOOAT OE OA
O 4EIABD) BEEDERRABADOAU
i 1 OAOACAREBIAT OBEOAAO
Three strain coefficients are the computed from the centered strain data, offset, in

phase magnitude, and enftphase magnitude, by using equations {1)4).

B -4
o & (12)
o) -B T%%A 1106 (13)
o) -B %EO BT o (14)

Where:
0 300AEMOAOEMAMERARDEOD
T #AT OPOADAIBIOAT OBADA ABEMRAADOAU
o) 3 OORIEDE AIGACT EDICAABERARDAEOD
1 & OAN OIA &R D] A GDA A
O 4EINOT EEDEAABDGANA
o) 300AGDO ADPEAIOGACT EDIOAAMBERAARLDEOD
Equations (15) and (16) are used to compute the strain tundgrand the strain

phase using the stress coefficients angle.

12



i’ 0 o) (15)

— AOAOAH (16)

Where:
i* 300ROOI EFBOADE
ol 3 OORIED E AIORCT EDIOAAREIRBDAT OBEIABD
6 300AGD AP EAIOACT EAIGDAT OBEDAAOE
— 3 O0OREADACEIADAT OBOABOAAOD
Equations (17) and (18) are used to compute an array of predicted centered strains

and the standard error of strain data for éemhsducer.

7z

THI © o AT1600 6 OEBI 6 (17)

YO . (18)

Where:

THU 0 OAABRARI OB OAEBIDAT OBAGA D O

o) 3 O OIAEBO A OEAREIRBAT OBOAAO

o) 3 0OO0RIEDE AIOACT EDIOAAAEIRBDAT OBOAAO
1 & OA N OIA &B W OFOXHA DA A

O 4 EIADT BFE DEARA @A RAA

o) 300AGDO ADPEAIOGACT EDIOAAREIRDAT OBOAAO
3% 30AT AROEI GO OAEAT OEORBIAA OAAT O
i # AT ORODABDAT OBDOAEMEARABDLOAU

T . O AIAmi EEOBPDRAAMOAU

T 30O0AAECT EAIQ@EDOAT OBOAAO
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Equations (19) (23) are used to calculate the average phase angle, strain
magnitude, standardrer for all m strain transducers, and two uniformity coefficients

representing the variation among transducers.

— 2 (19)
§s —° (20)
i (21)
- B s’ss’s b
Y — 22)
v (23)

Where:

[ 1 OA ORREEAOIACET AGOIO OAEA T O MR O

i . O AIR@OAT OABAAOO

¥s | OAOAQTGBAETCT EOOAA

A 1 OAOATCAT A A OE AIOI0 OAEAT OMABOAABT O
T EAl Di £ OBEAT O BAMAG O

I

O
5
5 EA i KacmrAAHACA RCOAA

g1 o

The final step in analysis is to calculate overall phase angle, the complex modulus

at a selected frequency. Equations (24) and (25) are used to teathelse parameters.

B (24)

O1 s

an
N
an

(25)
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Where:

—3 0 EADIACAAO x AAT DHDRIBENOAIZED A N M AQOAA O
[ 1 OA OBREEAOIACET AGOIO OAEA T O MOAVAORA O

j 3 OOBEADAPA ACOAAO

5 EA Di EE&EEIRDODEAT O BOARRAG O

5 EZA Di EE&mriAHACE MCOAA

¥s | OAOQTCAAETCT EOOAA

5
51

2.2.3Repeated Load Permandreformation

NCHRP Project 949 recommendthe Flow Number (FN) test as a simple
performance test for the evaluation of rutting in asphalt mixtures. The FN test results
have shown good correlation with rutting under various traffic levels on pavements. A
significant parameter for the evaluationrofting in the field is shear deformation in
asphalt mixtures, and this value can be identified by the Flow Number test. This value is
obtained from the Repeated Load Permanent Deformation (RLPD) lab test as outlined in
the AASHTO TP 7913 standard test dament.

The flow number represents a measure of rutting potential and can be determined
by applying a uniaxial compressive load, using a 0.1s haversine pulse with a 0.9s dwell
time, to a compacted lab specimen. The test is conducted by exposing the specimen to the
repeated compressive load at a specific temperature, determined by the effective
temperature of the location where the asphalt is to be placed. The number of cycles of the
applied load is plotted against the cumulative permanent deformation (straintpancen
yields a graph with three distinct sections, a primary section that describes the shear
deformation accumulated during compaction and initial traffic loads, a secondary section

that mimics the behavior of the asphalt over the majority of the l&#e spa pavement,

15



and a tertiary section that describes the point at which the threshold of shear deformation
is overcome and rutting begins. The flow number is the cycle number that corresponds to
the point where tertiary flow begins.

The test for flow nmber also yields more valuable information about an asphalt
mix. The resilient modulus is also calculated from application of the repeated load
permanent deformation test. The resilient modulus is a measure of the material strength
and is oftenusedsimidal y t o Youngdéds modulus. The resil.i
ratio are two parameters used in linear elastic analysis. The amount of resilient strain is
also a parameter that results from the test for flow number. The resilient strain is the
amount of recosrable axial strain experienced by the material during the rest period of
the loading process. After the sample is loaded the material recovers a portion of the
strain during the rest period. The value is recorded and cumulative percentages are
reported. his parameter shows the elasticity of the sample and corresponds to the field
performance of the asphalt. The permanent strain measured from the flow number and the
recoverable strain provide the strain ratio parameter, which is the ratio of permanent
stran to recoverable strain. This parameter gives an overall view of how the material will
behave, taking into account both forms of strain the material experiences. A higher strain
ratio shows a material does not recover much, which can indicate more potimgial
in the field.

The flow number test is a valuable tool in simple performance testing of asphalt
materials as it provides a great deal of information about the strength and performance of

a complex material. The Francken model is used to detetherfiow number (FN) or

16



tertiary flow. Nonlinear regression analysis is used to fit the model to the test data.
Equation (26) is the model used to describe the behavior of deformation of the material
under a certain number of cycles of the haversineegbpdiad (0.1s of load and 0.9s of
rest period), giving the strain for each cycle of load.

-0 W ®Q° p (26)
Where:
W(N) = Permanent strain at N cycles

N = Number of cycles
a, b, c, & regression coefficients

The intercept, arepresents the permanent strain at N = 1, and the slope, b,
represents the rate of change in permanent strain as a function of the change in loading
cycles (log(N)). An alternative form of the model used to characterize the permanent strain
perload repe i t pnocan bé dérived as shown in Equation (27) and can be expressed by

Equation (28):
— - — (27)

- ¢ G (28)

The first derivative of the permanent strain function will provide the sloffgeof
tangent line to the function at some point N, and shows whether a function is increasing
or decreasing, and by what rate the change is occurring. Zero slope indicates a local
maximum or minimum is defined at that point or that a turning point wasetefA
positive derivative signifies the function is increasing, and a negative derivative signifies
the function is decreasing. Equation (29) shows the first derivative of the strain model:

17



— O ©Q (29)
The second derivate dfe strain function shows where the Flow Number
(inflection point) is given. If the second derivative is positive, it means that the first
derivative is increasing, and that the slope of the tangent line to the function is increasing
as N increases. Thutke second derivative of the strain function will tell when N is a

local maximum or minimum. The second derivative is shown in Equation (30):
— Hao pv 00 (30)
The procedure for performing the RLPD test as outlined id&k&HTO TP 79
13 standard uses and Asphalt Mixture Performance Tester (AMP]T)The test

performed at ASU used a loading frame contained in a tempecanm®lled chamber.

The procedure is outlined as follows:

1. The compaad sample is cut and cored into specimens 100 mm in diameter and

150 mm in height. The specimen is instrumented for performing flow number test.

2. Thermoplastic studs were glued to sample at three positions witaigie
between each on top and bottom. One set of each thermoplastic studs were used to
attach LVDT instrumentation. The performance of each set of studs were

compared to the measured actuator strain.
3. The LVDT instruments were attached to studs withhible of screws.

4. The sample is placed into the universal testing machine and is conditioned at the

required temperature for eight hours.

18



5. Three LVDTG6s are attached to sample t

6. The conditioned sample is tested by applying 0.1s haneepilse with 0.9s dwell

time.

7. A deviatoric stress must be set in such a magnitude that tertiary flow occurs

within 2000 and 10000 number of load cycles.

8. The flow number is determined by the point at which the specimen exhibits
tertiary flow, which is shaadeformation at constant volume. The test procedure

destroys the samples.

Thetest temperature was determined from the averatgy fax pavement surface
temperature where the asphalt is to be placed, termed the effective temperature. For this
researclihe effective temperature was determined to be 122°F (50°C). The amount of
deviatoric stress to be applied to the sample and the corresponding flow number was
estimated based on the Flow Number Prediction Model proposed by Rodezno and

Kaloush[12].

Viscosity and gradation information was found from in the mix design provided by
Southwest Asphalt. The value of deviatoric stress predicted by the model was 457 kPa
and yielded a flow number of approximately 680 cycles. Thetsesuggest the
predictive model was unsuccessful in predicting the flow number, however yielded a
starting point for the applied stress to be used for testing. As a precaution, an applied
stress of 300 kPa was used for testibguation (31) shows the strgth relationship
based on MohCoulomb failure theory.

19
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., OATtvJd- cadAltvI- (31)

Where:

A - AED QET DBEDARABOE
£ - ETDOET DEDABOE
% "Ol QOGN0 Q

I OOA
I OOA

The statistical analysis was based on thegicsmship and degree of interaction of
the different variable. The predictor variables originally selected also included
volumetrics and binder properties for each f]. The following terms are included in
theapproximation of the ¢ and phi parameters.

1 Binder Viscosity at the test temperature, and at 70°F; defined in termsuod A TS

1 Aggregate Gradation (%6R Rss, Roaand Passing 200 sieve)

1 Air Voids (Va%)

1 Binder Content (AC%)

1 Effective Binder Content (h%0)

1 Voids in the Mineral Aggregate (VMA)

1 Voids Filled with Asphalt (VFA)

1 Test Temperature (°F)

The final form of the ¢ and phi models is shown in equations (32) and (33); The final
regression model is shown in Equation (34).

O & WOO Y PTMW TWwD T TY PP CaO O pd Y (32)

% CH Y MUY T8 Xl 0 M XY mMrwYt 1 p'X (33)

DEDV) MYPYumMPTITE Q@ mWyYYt odcloé

T p Yw T8 P ¢ wioé 1 18t p tYC (34)
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Where:
&1 1.-01 AAO
6E OA TABEOHD RE OA
0 A OARRA O EETAC TORA EOA
6 A O BEGAONM OB
0 A OARRA GO REOAE OA
| EGO0 BAT GBAMAAA AT O
(T OEUDO O ORDD
0 A O AR O EFELIT ©OEAOA

NZONO OO R

2.2.4Direct Tension Cyclic Fatigue

The tesimethod for determination of the damage characteristic curve resulting
from the Direct Tension Cyclic Fatigue test are outlined in the AASHTO THRL407
standard. Software used at Arizona State University, called the Viscoelastic Cyclic Data
test and analysisoftware, Asphalt Pavement Hierarchical Analysis TooMaxerials at
Multiple Scales (ALPHAMAT), was developed by Underwqad].

AASHTO TP 10714 summarizes the test as a controlled and repeated cyclic
loading is applied ta cylindrical asphalt concrete specimen until failure. The applied
stress and oBpecimen axial strain response are measured and used to calculate the
necessary quantities. The relationship between the dai8aged the pseudo secant
modulus C) is detemined and expressed as the damage characteristic[gdiv@he
test utilizes a temperatumontrolled chamber kept at 18°C and a Universal Testing
Machine which applies the cyclic compressive and tensile load. The 75mmeatiamet
150mm tall sample is fitted with loading end plates and mounting studs which are glued
with a 5minute twoepart epoxy. The sample is fitted with six LVDTSs, four loasee
styles at 90° apart and two spring style LVDTs at 180° apart; All have a geyjle &

100mm.
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The test first collects dynamic modulus data at one temperature and one frequency
(10Hz) which is used as a linear viscoelastic fingerprint for the cyclic test. The
fingerprint test is performed in the tensicompression mode of loading.mMinimum of
three tests must be completed at different strain levels for each treatment. The first test is
run ato 1t ‘Tt -(microstrains). The following tests are run at microstrain values of either
v 1t -or p T TT;depending on the number of cyctescessary until failuraj() of
the first testTable2 summarizes the choice for miestrain setting for the second and

third tests.

Table2: OnrspecimenStrain Levelsfor SamplesTwo andThree.

Case b2 bs3
500 <Nfl < 1,000 | Ubsli 100 | Ubsli 150
1,000 <Nf1 < 5,000 | Ubsli 50 | Ubsli 100
5,000 <Nf1 < 20,000 | Ubsl +50 | Ubsli 50
20,000 <Nf1 < 100,000| Ubsl + 100| Ubsl + 50
100,000 <Nfl tbsl + 150| Ubsl + 100

The standard procedure for calculating the pseudo strain, pseudo secant
modulus, and damage for fatigue tests are automatically performed using ALPHAMAT
software. The detailed calculation procedure is outlined ubmépllowing equations.

First, it is necessary to determine the E(t) Prony coefficients from the measured dynamic
modulus and phase angle outlined in AASHTO TR}. Next determine the specimen

to-specimen normalization pameter using Equation (35).

Ny S8
00 Y = (35)

22



Where:
WYEET CAODOEADEACEOBO®OE
9%s 6 %! OAOALHROA OAA WOAIEHA O IEMEIAE d GOBDIAOAOADGD
I OEGAT b A OGN G AETAQAOROBDGET AT 1 DBOOAA
AFOTHNOA ol 1
0O0Y $UT AT EACODABGHEIERBGBEGRDPAAET A1 OAIOEBAAIED £ 1
PAOAITHA DA®OE

O's O B — B —— (36)
Where:
5 1T COEQRAONORGABIDEAET CADODEDBI AT O
A 4EI BDAT pA CGBEEHEORBICBAET CAOLOEIT HAOAODOA
5 2 AAOAR & OGN &AN RAIGEXROO A EAET CAODPOET O

AGPDAOEI AT O
b 001 AIUAEEEREIAD O
T ) 37)

Separate the data into two parts. The first part, referred to as data set 1, comprises
the data for the first half of the first loading path (from zero to first peak stress). The
second prt, referred to as data set 2, comprises the rest of the data. 12.5. For data set 1,
average all sensor readings and compute the average strain for all data points using

Equation (38).
- (38)

Where:
R | OAOA@BOIOAEIT
1R ! OAOAZRAAIOD] ARARADOBERAT B IGOES
‘', 3AT QAQGATHCOEGS
Compute the axial stress using Equation (39) for each data point in set 1
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” - (39)

Where:

£ oEOXOIGE 0dO OE

& | oEAIOAMAOAEA T ADAT OKORBAO
O 3bAABARIEDOCES

Compute the reduced time for each data point in data set 1 using Equation (40)
0o — (40)

Where:

® 4EI OAI pA OBEARMATE ORI DAOAOGOOA
O 4EITAACOEINGERGDAOBI AT O

o0 2AAO0ARKA

Compute the pseudo strain for each data point in data set 1 using the state of

variable formulation in Equation (41).
- — - B - (42)

Where:
- 0 OA @WOIOKERAA OB IODAD
% 2AAEAJATAORAODITGEOET AIRAE T OAT
- %l ABAOEAIT 1 BERRO A @O AR AdEcl 1
— 0 OA DNOOAIET OOEIADBDENIUA 1 1A A OA GEdl 1
¢ 4EIQROBDDAEDEMRAT ADOI AOET 1
- 3 0O0AKIN AOEIABRAO G AD GA OA BE OB D EANO A Colyil 1
Yy $00ADEERAAOBGRBODD o
o 2AA0AERRKA
— O - (42)

<
<

- Q - . p Q (43)
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Compute the normalized pseudo secant strain for each data point in data set 1
using Equation (44).

6 — (44)

Compute the change in damadeY for each step using Equation (45).

w

Y'Y — - 6 6 y (45)

Where:

5 0 OAMIAKT HOKOBRO O CIUDAD
6 O0OA®AIAAT AOAOBRROAOCBEDDOAD
Yy  #EAIEQ¥EGA A CQRIBA A B

| #1171 OERDDARCA ADOAT ODOAOAOEARDAT RAT AA
%NOAGQE(] 1
Y — - 0 0 y (46)
Tt
| - P (47)
Where:

¢ - Ag@gEIQIQ 1G] TTRBERAT AAAGEGITOO
Determine the damage at each time step using Equation (48).
Y B YY (48)
Where: ) o o
"y #0101 Ol AGE GAGEMO O @ I@d A b
Yy ) 1 AOAAMIT GVMETAQOIE IOD AROO O | AATOIEEA EDEIAA
O O PpRO O EARD O GAEIIGHD A B
Define the damage at the final point in data set”Yas . Compute the gak

to-peak strain for each sensor and each cycle in data set 2 using Equation (49).
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- _ (49)
WhereA:A e
Q)1 AGGAT OEABYAT ACEBDG N AIAdHA 04T O 00
- OAABT PAABBODOIOAIBRT IET O

| 0AMBDRAALIODI ARAARADOBAT & O @8
| 6 Al ABBAIODI ARAAADOBAT &l O &8

For each cycle in data set 2, average all sensor strains and denote thissts the t

peakto-peak strain amplitude, . Compute the peato-peak stress for each cycle in

data set 2 using Equation (50).
. — (50)

Where: 5
., | OEONIGE OIDO OE
O 0 A A ZEA 10 AAM O OB HAI ADAT Ok G ARO
1 6 Al AAEEA 10 ARM O AOBHAA ADHAT O G ADREO
| 3PAAGAREODGS

Compute the peato-peak pseudo strain for each cycle in data set 2 using
Equation (51).

- - Os (51)

Where:
- OAABDT PAPBADOOAET

Compute the cyclic pseudo secant modulus for each cycle in data set 2 using

Equation (52).

0° — (52)
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Reduce the number of data points in data set 2 using the filtering scheme, define
this data set as reduced data set 2. Then compute the functional fornj faftioeach

cycle in reduced data set 2 using Equation (53).

T S S S S (53)

Compute the tension amplitude pseudo strair&ah cycle in reduced data set 2
using Equation (54).

- — (54)

Where:
- 4 A1 OXKI B1 EBOGRM@OIOAET

Compute the time within a cycle when tensile loading begin®r each cycle in

reduced data set 2 using Equat{bh).

0 5 (55)

Compute the time within a cycle when tensile loading emd®r each cycle in

reduced data set 2 using Equation (56).

6 —F (56)

Compute the form adjustment factor for each cycle in redudadsda?2 using
Equation (57). Equation (57) should be sol ve
change significantly after the first few cycles, and a constant value may be applied after
this transient period. Values KflL have been tabulated fortyw al val ues of b an

Table3.
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Table3: Compiled K1Valuesfor Typical MaterialandTestConditions.

Alpha
Beta) 4.333| 4.077| 3.857|3.667| 3.500| 3.353| 3.222

10.5] 0.277] 0.285] 0.293/0.300] 0.306] 0.312] 0.318
00| 0263 0.271] 0.27/8/0.285 0.291] 0.297| 0.302
02| 0.256] 0.264] 0.271]0.277] 0.284| 0.289| 0.295
04| 0248 0.256] 0.262/0.269] 0.275] 0.280] 0.286
0.6 0238 0.245] 0.252/0.258 0.264] 0.269| 0.274
0.8 0.225] 0.231] 0.238/0.243] 0.249| 0.254| 0.259
10| 0.189] 0.195 0.200[0.205] 0.209] 0.214| 0.218

o — — I Al®& o 6 Q6 (57)

Compute the average reduced time for each cycle in reduced data set 2 using

Equation (58) or (29) depending on the data acquisition history.

0 _ (58)
Where:
0 4 EIAPOERNA |t OA A
0 4 EIAPOERAT EIADA A
o — — (59)
Where:

O #UAION AAO

Compute the change in damadf&y for each cycle in the reduced data set 2 using
Equation(60). Even with data reduction, a few sequential data points may have positive
gC values. A few of these spurious data points do not negatively affect the overall value

of § but they do complicate the calculation. An efficient method that accounts der the
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spurious data points is to use the piecewise function shown in Equation (61). This

piecewise function can be included in a spreadsheet by usiiftee) f unct i on.

Y'Y — - 6 6 Yo — 0 T (60)

Where:

O 4EARAUMIOK ORIAAT HDORA O BRO O G 1AG AWDAIOA

@ 4 EAUBDIOCK @RIAAT AOAOBROAOET A DAWAIOA
YO 4 EAEAIEQEMAOA COCARAOGRIAR Ox ARAT AWAEIOA O

vy — - 0 0 Yo 0 Lo 61)

Determine the damage at each analysis cycle using Equation (62).
Y oY B YY (62)

Where:
"y #01 Ol AGE GARGEMO O G TAG AUDAIOA
Yy ) 1T AOATAMI GAEIAGATT AT AUWDAIA D OT | AAQIOERAT EOE AT

AT A1 AOBIOR b phD 10 EAAO O AN IGDR b

Combine the damage and pseudo secant modulus from each time step in the first
with the cyclic pseudo secant modaid damage values into a single data set. Determine
the damage characteristic relationship by fitting one of the following equations to the plot

of the pseudo secant modulus and damage from all of the fatigue tests.

o0 Q (63)
Or
0 p &Y (64)

Where:
uhb 4 EAE ODEA €AEABEROO T ATl QRA I
ot 4 EAE ODEA €AERERN @B DAAI
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2.3 Specimennstrumentation

A key aspect ofhe SPT is specimen instrumentation for laboratoryirigst
Instrumentation is combination of smalhterconnectethardwarecomponentsised to
affix LVDTSs to asphalt concretspecimens. LVDTSs are usedaocurately measure
minisculedeformation that occurs testsamples as a result of applied loading. To
collect the most accumtdata while performing tests, and reduce any noise produced
from testing machinery, all pieces of the instrumentation musgbiy installed.Proper
procedures for instrumenting asphalt concrete samapéssimmarizedn the paper:
Specimen Instrumertian Techniques for Permanent Deformation Testing of Asphalt
Mixtures, published in the Journal of Testing and Evaluation in 26DIThe
instrumentation techniques outlined in fragperfacilitate the capture of true test
parameters without restraint or alteration to anticipated stress states

A variety of instrumentation systems can be used to measure strains and
displacement. The systems can be separated into two classifications: local and whole
body [5]. Local systems rasure strain and displacement over a discrete gage length,
while whole body systems measure response of the entire specimen, or the majority of
the entire specimen. Whole body systems are typically comprised of imaging devices
such as optical or Xay. Loal systems are comprised of components that are either in
direct contact with the specimen, such as strain gages, LVDTSs, or fiber optics; or non
contact devices such as lasers and proximity serfsigige 3 below illustrates the

classification for each system
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Strain Measuring
Systems
Whole Body Local
Imaging Point to Point
Optical X ray Contact Non-Contact
| Video Tracking —— Strain Gages | Proximity Sensors
L Interferometric —— LVDTs l-— Lasers
L Fiber Optics

Figure3: Strain Measurement System Classificaffon

No matter the system choskm measurementhere are sources of error
associated with the collection of strain dédestorically, both whole bdy and local
instrumentation havieeen usedbr triaxial tests For soil testing, it was found that whole
body systems result gignificant erroy including seating, alignment, bedding, and
compliance errotswhicharealsotrue fortesting asphalt concrefg]. Unlike soil
samples, sphaltconcretesampledacilitate direct contact instrumentation /s as
they carbeeasily attached to specimeaimsing atwo-part Sminuteepoxyresin
Consideration of errors associated with whole body systems, the ease of application of
direct contact systems, and the benefits associated with the use of (Mighsas
reusability, range of deformation measurement, and the availability of a many shapes and
sizeg, make using affixed LVDT instrumentation an attractive and relativelyclost

option for deformation measurements.
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With direct contact systemsplit collar tamps such as seen Figure 4, have
been the most popularhenconneding LVDTs to samplesndmeasuringaxial strains
Thecollarsare attached to the samples and held in place by spring mechavigch
allow for radialstrain measurementBracelettype devices have also been used fdrala
deformation measurements. However, it has been recognized that significant error due to

the forces required to hold the LVDTs in place results from the use of these devices.

Seale: b 254 mm/(1 in.)

Figure 4: Split Spring CollardJsedto Attach LVDTsTo AsphaltConcreteSampleg5].
A report from the Strategic Highway Research Program (SHRP) recommended
the use of small blocks glued to samgteavoid these errof43]. In accordance with
the SHRP report, and as a part of the extensive research dutlthe previously
mentioned 200ASTM paper new equipment was developedaffix LVDTs
instrumentation t@sphaltconcretesamplesused for permanent deformation teStise

new design consists of brass mounting studs, which are glued to the samples, aluminum
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brackets that hold LVDTs, and frictionless linear bushings used with steel alignment rods
which maintain studalignment during extreme failure conditions. The brackets are
fastened to the mounting studs using 4 x 40lead screwslhe newly designed
instrumentation, as seenkhilgure5, was tested under specific geometric conditions using

several cored and sawed gyratory compacted salfijles

On-Specimen Assembly

‘ Frictionless ]]
Bushing

#— Guiding Rod

LvnT ————————

Mbounting Stud

Hulding » ]

Brackels

Lateral View Longitudinal Cross-Section

Figure5: Redesigned LVDT InstrumentationcludingOn-SpecimenAssembly[5].
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Preliminarypermanent deformaticdestsat high temperature and stress levels
were performedo ascertain the viability of gludatassstuds The testshowedhe glued
brass studs performed well. Secondary tests weferpexd with varying instrumentation
and boundary condition¥he results were analyzed in terms of consistency in the
individual LVDT readings, failure mechanism, and comparison of several permanent
deformation response parametsk Table4 shows the results of the various conditions
tested as part of the researElgure6 displaysthe comparison between clamped samples
and samples with brass stuids each of thdollowing test parameters, slopie)(

cumulative permanent strain, and the number of cycles at which tertiary flow occurred

("O).
Table4: Resultdor VariousTestInstrumentationandBoundaryConditions[5].
Asphalt Flow Permanent
Test Instrumentation and Corrl)tent Air Voids, Intercept Slope, Number Strain,
Preparation Method o ’ % (U x6)1 b EN " | %, at N=600
0 cycles
Studs, Sawed, No Capping 5.2 6.3 977 0.478 420 2.08
Clamps, Sawed, No 5.2 5.7 1678 0.343 850 151
Capping
Studs, fAas i g 5.2 6.1 1158 0.354 600 1.11
Clhamps, fas| g, 5.3 982 0.399 1000 1.26
Capping
Studs, Sawed, No Capping 5.2 6.2 677 0.482 350 1.48
Studs, Sawed, and Capped 5.2 6.5 993 0.320 1000 0.77
S 250 e -
2 1200 2
06 . 3
2 1000 z
= ©
8 s
Q -
& £
s g
5 7]
2 z
5 2
=z ©
3 5
[T ' o
Sawed, Sawed, Sawed, Sawed, Sawed, Sawed,
Studs Clamps Studs Clamps Studs Clamps

Figure6: Comparisorof TestParameter8etweenClampandStud Instrumentation [5].
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As seenn thecharton the left inFigure6 for sawed samples, there is significant
differenceof 0.15 for the slopbetween clamped and studded samples. Previous research
from the same authoshowed that even a 0.05 variatiorslape values can result in
ranking a mixture in different performance categoff@sThe results indicate the use of
studs for instrumentation greatly increases the accuracy of the deformation
measurement3.he center chart &dm Figure6 shows the flow number is increased by a
factor of two for clamed samples. This indicates using clamp instrumentation restrains
the samples from freely defoing and producsinaccurate results. The chart the right
in Figure6 verifies the restraining effect of using clamp instrumentation by recording a
0.5% reductionn the cumulative strain percent at 600 cycles. The final recommendation
from the research, due to the restraining effect of using clamp instrumentation, was to use
mounting stud instrumentation for all permanent deformation tests that utilize a
frictionless alignment rod to maintain stud alignment during extreme failure conditions.

2.4 3D Printing

3D printing refers to a variety of processes that utilize building layers of materials
on the top of a previously built layerBhe additive process abnstruction can be seen in
many applications throughout history. Structures such as block buildings and pyramids
are built by stacking large stone blocks on top of previously laid blocks. Pavement
structures utilize the additive concept for construchipestablishing a strong foundation
layer then placing additional layers, or lifts, on top of the base.|gyen layer cakes are
made using the same concept. Additive construction seems to be the underlying basis for

the creation of nearly everything
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3D printing, more recently known as additive manufacturiegerged as a
prototype manufacturing proceiss1986 with the invention of the stereolithography
(STL)machine. A man named Charles AChucko Hull
lamp companyat the time developed the technology in his kdibring his spare timand
latercreated his own company, 3D SystdBls The STL machine cures photopolymer
with ultraviolet lightlayer by layer until an object is forme8tereolithography laid the
foundation for the development of a variety of remdditivetechnologies used today for
manufacturingShortly after the release of the stereolithography machirk988Scott
Crump developed a new technique to additively mastufa objects, fused deposition
modeling (FDM).FDM uses thermoplastic filament forced througtoanputer controlled
heated extrudeandis laid down on a build platform layer by lay&cott and his wife
founded the company Stratgsbased oriFDM technolay [9]. 3D Systems and Stratasys
became the leaders in the 3D printing industnitfiernextwenty years; Howeverhée
industry quietly developed over that tinie 1989 Carl Deckard, working at the
University of Texaspatented a laser sintering technology which uses powdered substrate
cured by acomputer driven laser, Selective Laser Sintering (SLS). 1989 also saw the
formation of EOS GmbH in Germany, founded by Hans Langer. EOS GmbHefmus
sintering technology asell, but with a focus on metal substrate, termed Direct Metal
Laser Sintering (DMLS]9].

As material science develgpbke ability to 3D print witha wider range of
materialss making the industry expand at a rapid ratee 1990s and early 2000s saw a

flood of development in 3D printing technologies. As the concept of rapidly producing
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items spread, many industry specific machines were developed and marketed all over the
world. Some of the materials currently being utiliZed 3D printing are various types of
metals,sand,ceramics, food, aneivenbiological materialThe technology is used by a

wide variety of industries, from hobbyist to aviation and bey&od.example,fiyou

have flown on a plane in the last ten years, chances are there has been a 3D printed part
incorporated into that planBental implants are created fr@pecially designed 3D

printers andewelry is made with 3D printers designed to work with prezimetals such

as gold, platinum et@dditionally, medical equipment manufacturensovie special
effectscompaniesmachiningshops casting and molding companid¢ise gaming

industriesand moreare utilizing the additive process

In 2005 the desktop 3printer Makerbot, now owned by Stratasys, was
developed by Dr. Gordon as a part of the RepRap project. The RepRap project
delivered the first fully assembled desktop
open source 3D printin@]. Since the RepRap projettiere are countless desktop style
3D printers available at affordable prices and nearly everyone has at least a small amount
of experience working with these devices.

The basic workflow of the 3D printing proseis simple to understand. First, 3D
model data must be obtainéithe model is then imported software that slices it into
predetermined layer heights and is printed. Most 3D printed objects require some post
processing before they are considered anusadpart. 3D modelsan beobtainedn
three waysa model can be developed ustcamputer aided design (CAD) software,

nearly all commercial CAD packages allow for the export of files to a 3D printing format.
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Data can also be obtained using a 3D scafimre are a variety of scanning options
available, from handheld scanners used by hobbyist and reverse engineering industries, to
scanners attached to drones that collect terrain data for surveying and topological
applicationsLastly, the RepRap communityas compiled a large database of open
source models that can be downloaded for, fndéch can be modified or directly 3D
printed.

No matter the method used to obtain a 3D model, all 3D printers work on
dedicated software, either open source or propyiesarit is necessary twave your
model data in a common file format that can be imported into any 3D printing software.
Charles Hull solved this issue with the creation of the stereolithography file format (.stl).
The term fAst aotalgréferstdtioe gypeaoptdtiynology used to additively
produce an objeatsing ultraviolet cured photopolymelsit alsobecame the standard
file extension for files that are interdlo be additively manufacturgd]. When a 3D
model is saved in stereolithography or mat , t he model 6s outer
approximatedusingmillions of planar trianglesvery similar to Triangular Irregular
Networks (TIN), used by mo§AD programswhich areused to represent existing
terrain data

Recently, with the release of various printing technologies and new machinery,
moreadvanced files aregding used to represent 3D models destined to be 3D prikted
few file types worth mentioning are additive manufacturing files (.amfthvtassellate
the outer surface of a modes wel] However, this file type allows for curvature in the

triangles used to tessellate the model surfagerature in the triangldacilitates a more
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accurate representatiof complex 3D models. Additionallyamf filesalso include unit
data to ease scaling issues that can arise when importing and exporting files between
software Object files (.0obj) expand on the same concept by including color data and
allow for full color 3D printsThere are many morddiextensions currently being used,
many of which are pprietary to specific machinery.
Once the model has been imported into the chosen 3D printing software, it is then

sliced horizontally into layers by predetermined height settings and fowio a
dimensional profile for each layer. A toolpath is then generated and the printing can
begin. So, 3D printing is actually still 2D printing, just a series of 2D prints lain atop one
another.

There are currently seven varieties of @hting technologis availableeach
technology has various limitations abenefits[10]:

Stereolithography (SLA)

Material extrusion or Fused Filament Fabrication (FFF)

Material Jetting (MJ)

Powder Bed Fusion (PBF)

Selective Laser SinteringLS) or Direct Metal Laser Sintering (DMLS)
Directed Energy (DE)

Sheet Lamination (SL)

= =4 -4 _-8_-9_-9_-°

Out of the seven varieties of 3D printing, two technologies were available for use at
ASU, SLA and FFF. SLA was the first form of 3D gmg and is a type of vat
photgolymerization. This method uses a UV laser to cure a thin layer of photopolymer
while the printbed lowers or raise$he photopolymers used are not designed to
withstand high temperatures and release toxic fumes when heated, so the use of SLA

printing for the purposes dhis research wasot practicalOn the other hand, material
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extrusion or fused filament fabrication (FFF) forces a thermoplastic filament through a
computer controlled heated extruder. Multiple extruders allow for printing of different
materials simultaneously. The extruders can be moved in different directions, under
computer control, to define the desired printed sh8pme of the thermoplastics used by
FFF have high glass transition temperatures, are very affordable, and are safdi¢p h
which made this technology an attractive option for this research and led to the decision

to use this technology to produce the mounting studs.

3. METHODOLOGY

The techniques described in the NCHRP 465 report for Simple Performance
Testing for Superpave Mix Design, and finalized in AASHTO and ASTM Standards,
were utilized forpermanent deformation testsing both brass and thermoplastic studs.
The variation beteen results produced by brasgdsandthe three types of
thermoplastic studaere determined by stafisal analysis of collected data.

3.1Mounting Stud Fabrication

Three types of plastic studs were made using desktop 3D printers, a Da Vinci 1.0
and a CreatorBOT Il Pro Series, with a solid infill and 0.2 mm layer héigktthree
types werePolylactic acid (PLA), the most common 3D printing material; Acrylonitrile
Butadiene Styrene (ABS), a typical 3D printing material which is less rigid than PLA and
has a higher melting temperature; Polycarbonate (PC), a strong, high temperature 3D
printing materialThe test studs were designed using CAD software and exported to a

Stereolithography (stl) formaktigure7Figure7 shows the top and front wieof the stud
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design used for printing. All dimensions are displayed in millimefgseen irFigure

7, apilot hole was incorporated in the design to allow for fasteners which affix Linear
Variable Displacement Transformer (LVDT) instrumentation to the specimens. The pilot
hole was honed and 4 x 40 threads were added to each stud as a post processing
technique. No additional post processing was applied to the test studs before testing.

Figure8 shows a brass stud and e&D printed thermoplastic stud

Figure7: DesignFor 3D Printed ThermoplastidViountingStuds NTS

Figure8. Mounting Studs, Left to Right: Brass, PLA, ABS, PC

3.2Test Sample Preparation

All asphalt samples were prepared according to ASTM and AASHTO standards.
The Superpave mix design method was utilized to determine aggregate gradation and
optimal binder content. A highiolume Marshal mix design for the City of Phoeniged
by theSouthwest Asphalplant,was redesigned using thBuperpave mix design as part

of an ASU project using recycled asphalt pavement (RAP) for the CiBhoknix[11].
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The mix desigwas used for all samples. The mix design is dgmaded with nominal
maximum aggregate size #finch; Detailed information for the mix designd sample
preparations shown in Appendix A. The aggregate and hydrated lime used for sample
preparation were also obtained fréime Southwest Asphaftlant The binder used is a
PG7010 and was obtained from Western Oil Company.

The ideal gradation was determined from sieve analysis and the optimal binder
content of 5% was identified from volumetric calculatiansl test trialsThree samples
were compacted for air void calibration. The optimal air voids for each specimen was
targetedo be@® b 1@ P To achieve the target air voids in each sanpipieas
determined thatT712grams ofthe asphalt mixture need be added to the ggtory mold
for compaction7300 grams were prepared for each sample to account for material lost
during the mixing process.

After compactiorof 180mm talland150mm diameter gyratory plugest
specimensvere cored to a diameter of 100nfon Triaxial Dynamic Modulus tests and
Repeated Load Permanent Deformation testd, 75mndiameter for Direct Tension
Cyclic Fatigue tests. All cored specimens were then sawed at each end to produce
150mm tall specimens.

Brass studs were used for control instrumentadimfto provide a comparison for
the 3 D printedstudmaterials. Variation of stud placement was conducted to ascertain the
optimal stud locations to produce consistent resudts lastic studs in the same location

as the brass studs, plastic studeatly adjacent to the brass studsyvas determined for
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Triaxial teststhat adjacent stud placement facilitated the rawsilar homogenous
material within the gage length of 100mm on each sample.

3.3LaboratoryTests

Three laboratory tests for asphalt concrete that utilize LVDT instrumentagicn
identified earlier and discussed as part ofdingple performance test§he data collected
from these testare intended to beorrelatel torutting and fatigue crackingf pavemerd
in the field.The following three tests were performed using both brass and three types of
thermoplastic mounting studs:

1 Dynamic ModulugE*|, AASHTO TP 6207 - This was considered as@wl stress

application the test was conductadlfive temperatureand six frequencies:

TemperatureXd) Frequency (Hz)

0O pTt o 25

o 18 o 10

O ¢ o 5

o oW o1

O L8 o 05
o 0.1

1 Repeated Load Permanent Deformation, Flow NunBiEy, AASHTO TP 7913
- This was consideregls a Iigh stress applicatioB0O0KPa), and it was
conductedat a high temperaturef v THJ

1 Axial Cyclic FatigueTest, AASHTP TP 10714 - This test was considered to
include \aried compressive and tensile forces at constant stress leveés with

moderate temperatu(@&8J0).
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4. DATA ANALYSIS AND RESULTS

4.1 Dynamic Modulus |E*|

The purpose of performing the Dynamic Modulus experiment was to examine the
effect oftest conditions, such aange otemperaturg, on theperformance of the
thermoplastic stud3.he collected data for the dynamic modulus tests for gaeof
mounting stud asfitted to a predicted master curve that conforms to a sigmoidal
function by shifting the collectediatafor each temperature and frequencg i ngs Excel 6
Solver functionand by converting the temperature to a reduced time.\Eduation
(65)is a ratio of time and reduced tint&quation (66) was used talculatethelogarithm
of reduced time factors based on optimized coefficievitgsh is used to plot the-axis
of the master curve charts. Equatioi)(®& the sigmoidal function used to plot the master
curves. Equation @ calculated thetandard error of estimaf8e) As an indication of
the quality of the data, the Se value is divibgdhe standard deviatid®y) of the data.
Equation (®) is the regression equatiosed to show how well the plotted data fits the

predicted curve.

Y = (65)

Where:
14 2AA0AEKA
O 4 EIiMA
O 2AA0ARA

0£1QY &Y &Y © (66)
Where:
, 1T c4  , TicEA A OGRA

N A~ N

Y ICEQATPAORIOOA
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dohy / POEI AIURABEEAEAT OO0
DEYVs @ @ — (67)
Where:

0D¢é &8s B3ECI IAEANADBEI
Y 1 CEQATDAORIOOA

w st By
vy =X° (68)
€ n
Where:
YQ 30AT APGABOOET AOA
YO 3NOAGOMEIAAABROAET O
¢ . O AIRBAOGAET OO
n . O AIA@ACOADIOIEODOAT OO
¢ n SACOAMOAAAT I
Y p — — (69)

Where:
Y 3 NOAGRAOA®OEIN 1
YQ 30AT ADGAEOOEIT AOA
Yo 30AT AAOEAOGEIT 1
t . OI AABAGAEI OO
n . O AIA@ACOADICIEODOAT OO
E N SACOAMOAAAT I
The following tables and charts correspond toaveragedatafor master curve
formationfrom thethree replicatesand a comparison of the master curves for all stud

types Detailed information for each replicate can be found in Appendix C.

Brass
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Table5: AverageDatafor the Creationof Master Curvdor BrassStuds

METAL (Brass)
Ti mp, Temp, |Frequency| E*_ - psi Log fE* Time, t |Log Time Lt_)g Red| Pred ng E*| Pred . E* Error Erorn2
C °F Hz ksi psi s s Time, t, psi psi
-10.0 14 °F 25 4945.11 4.95E+06 6.6942 0.04 -1.39794 | -6.1986 6.7042 5.06E+06 -0.0100 0.0001
-10.0 14 °F 10 4821.0544 |  4.82E+06 6.6831 0.1 -1 -5.8007 6.6832 4.82E+06 -0.0001 0.0000
-10.0 14 °F 5 4737.7061 |  4.74E+06 6.6756 0.2 -0.69897 | -5.4997 6.6660 4.63E+06 0.0096 0.0001
-10.0 14 °F 1 4420.7019 | 4.42E+06 6.6455 1 0 -4.8007 6.6209 4.18E+06 0.0246 0.0006
-10.0 14 °F 05 4282.1425 | 4.28E+06 6.6317 2 0.30103 | -4.4997 6.5991 3.97E+06 0.0325 0.0011
-10.0 14 °F 0.1 3958.3216 |  3.96E+06 6.5975 10 1 -3.8007 6.5423 3.49E+06 0.0552 0.0030
4.4 40 °F 25 3243.2372 | 3.24E+06 6.5110 0.04 -1.39794 | -3.8828 6.5495 3.54E+06 -0.0385 0.0015
4.4 40 °F 10 3047.0978 |  3.05E+06 6.4839 0.1 -1 -3.4849 6.5136 3.26E+06 -0.0297 0.0009
4.4 40 °F 5 2901.2382 |  2.90E+06 6.4626 0.2 -0.69897 | -3.1838 6.4842 3.05E+06 -0.0216 0.0005
4.4 40 °F 1 2502.0944 |  2.50E+06 6.3983 1 0 -2.4849 6.4079 2.56E+06 -0.0096 0.0001
4.4 40 °F 0.5 2352.5121 |  2.35E+06 6.3715 2 0.30103 | -2.1838 6.3713 2.35E+06 0.0003 0.0000
4.4 40 °F 0.1 1087.0654 |  1.99E+06 6.2982 10 1 -1.4849 6.2768 1.89E+06 0.0214 0.0005
211 70 °F 25 1730.832 1.73E+06 6.2383 0.04 -1.39794 | -1.3979 6.2640 1.84E+06 -0.0258 0.0007
21.1 70 °F 10 1493.0185 |  1.49E+06 6.1741 0.1 -1 -1.0000 6.2028 1.60E+06 -0.0287 0.0008
211 70 °F 5 1331.7849 |  1.33E+06 6.1244 0.2 -0.69897 | -0.6990 6.1531 1.42E+06 -0.0286 0.0008
211 70 °F 1 992.83166 |  9.93E+05 5.9969 1 0 0.0000 6.0259 1.06E+06 -0.0290 0.0008
21.1 70 °F 0.5 867.5674 8.68E+05 5.9383 2 0.30103 | 0.3010 5.9657 9.24E+05 -0.0274 0.0008
211 70°F 0.1 610.02873 |  6.10E+05 5.7854 10 1 1.0000 5.8130 6.50E+05 -0.0277 0.0008
38.7 100 °F 25 779.96461 |  7.80E+05 5.8921 0.04 -1.39794 | 0.8942 5.8374 6.88E+05 0.0547 0.0030
38.7 100 °F 10 627.09483 | 6.27E+05 5.7973 0.1 -1 1.2921 5.7436 5.54E+05 0.0537 0.0029
38.7 100 °F 5 524.21473 | 5.24E+05 5.7195 0.2 -0.69897 | 1.5931 5.6686 4.66E+05 0.0509 0.0026
38.7 100 °F 1 326.28656 |  3.26E+05 5.5136 1 0 2.2921 5.4802 3.02E+05 0.0334 0.0011
38.7 100 °F 05 258.11883 |  2.58E+05 5.4118 2 0.30103 | 2.5931 5.3931 2.47E+05 0.0187 0.0004
38.7 100 °F 0.1 142.42706 |  1.42E+05 5.1536 10 1 3.2921 5.1769 1.50E+05 -0.0233 0.0005
54.4 130 °F 25 193.72207 1.94E+05 5.2872 0.04 -1.39794 | 2.9800 5.2758 1.89E+05 0.0114 0.0001
54.4 130 °F 10 136.86728 |  1.37E+05 5.1363 0.1 -1 3.3779 5.1491 1.41E+05 -0.0128 0.0002
54.4 130 °F 5 105.97424 | 1.06E+05 5.0252 0.2 -0.69897 | 3.6789 5.0492 1.12E+05 -0.0240 0.0006
54.4 130 °F 1 57.289907 |  5.73E+04 4.7581 1 0 4.3779 4.8050 6.38E+04 -0.0469 0.0022
54.4 130 °F 0.5 45.590196 |  4.56E+04 4.6589 2 0.30103 | 4.6789 4.6949 4.95E+04 -0.0360 0.0013
54.4 130 °F 0.1 30.506271 |  3.05E+04 4.4844 10 1 5.3779 4.4294 2.69E+04 0.0550 0.0030
EE 0.0017 | 0.0308
Unbiased Biased

Table6: OriginalandOptimizedCoefficientParameter$or BrassStuds

Parameter

Starting Values

Final Values

d

4.0702

0.4954

2.5636

6.4118

-0.9307

-1.8366

0.4992

0.2555

0.0002

0.0001

-0.1072

-0.0950

O T|vw |T|o

6.5581

6.1095
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Table7: Reducedlime Valuesfor EachTestTemperaturdor BrassStuds

Temp., F | Log a(T)
T1°F| 14.0 | 4.8007
T2°F| 40.0 | 2.4849
T3°F| 70.0 | 0.0000
T4 °F | 100.0| -2.2921
T5°F | 130.0| -4.3779

Table8: Predicted Master Curd@atafor BrassStuds

Log Red Time, | Reduced Frequency, Predicted E

tr fr Log E* psi .

psi
-8 8 6.7776 5,991,998
-7 7 6.7408 5,505,704
-6 6 6.6940 4,942 913
-5 5 6.6345 4,310,690
-4 4 6.5595 3,626,358
-3 3 6.4652 2,918,832
-2 2 6.3478 2,227,161
-1 1 6.2028 1,595,006
0 0 6.0259 1,061,340
1 -1 5.8130 650,184
2 -2 5.5613 364,194
3 -3 5.2696 186,020
4 -4 4.9391 86,917
5 -5 4.5745 37,545
6 -6 4.1838 15,270
7 -7 3.7779 5,997
8 -8 3.3695 2,341
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Table9: RegressioiParameter$or BrassStud Curve Fit

Log Reduced Time, s

n 30
p 8
n-p 22
n-1 29
Z S H 0.0308
Se |0.0374
Sy |0.6669
Se/Sy| 0.0561
R? |0.9976
1.0E+08
i —Predicte
i o 14 °F
1.0E+07 + A 40 °F
: e = o 70°F
Aaa
| A, A 100 °F
1.0E+06 } —X @ 130 °F
- i i,
= Ba
[ - DEH .
1.0E+05
: Y
1.0E+04 \
1.0E+03 —
-10 5 0 5 10

Figure 8. Initial Master Curvior BrassStuds

48




E* psi

1.0E+08 ¢

1.0E+07 |

1.0E+06 | %
1.0E+05 || ——Average N

Master Curve for Brass Studs

O

Se/Sy = 0.10(
R2,q = 0.9924

O 14 °F
[ A 40°F “‘\
1.0E+04 + © 70°F
F A 100 °F \
- O 130 °F
1.0E+03 b/—mHm——m—rrr———————
-10 -5 0 _ 5 10
Log Reduced Time, s
Figure9: Final Master Curvéor BrassStuds
Manual Shifting Log
6.00 4.8007
4.00
S
S 2.00
©
L
@ 0.00
:‘,—E)-z.oo
-4.00
0,0 20.0 40.0 60.0 80.0 1000 1200  140.0
-6.00

Temperature

Figure9: ManualShift Log for BrassStuds
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PLA

Table10: AverageDatafor The Creationof Master Curvdor PLA Studs

PLA
T?, mp, | Temp, |Frequency E*_ Ex psi Log E* Time, t |Log Time LQQ Red| Pred ng E*| Pred _ E* Error Error"2
C °F Hz ksi psi S 5 Time, t, psi psi
-10.0 14 °F 25 5820.5095 |  5.82E+06 6.7650 0.04 -1.39794 | -6.7890 6.7722 5.92E+06 -0.0073 0.0001
-10.0 14 °F 10 5545.5179 |  5.55E+06 6.7439 0.1 -1 -6.3910 6.7544 5.68E+06 -0.0105 0.0001
-10.0 14 °F 5 5472.5156 |  5.47E+06 6.7382 0.2 -0.69897 | -6.0900 6.7397 5.49E+06 -0.0015 0.0000
-10.0 14 °F 1 5112.2418 |  5.11E+06 6.7086 1 0 -5.3910 6.7011 5.02E+06 0.0075 0.0001
-10.0 14 °F 0.5 4944.2398 | 4.94E+06 6.6941 2 0.30103 | -5.0900 6.6824 4.81E+06 0.0117 0.0001
-10.0 14 °F 0.1 4532.1392 | 4.53E+06 6.6563 10 1 -4.3910 6.6333 4.30E+06 0.0230 0.0005
4.4 40 °F 25 4014.1128 | 4.01E+06 6.6036 0.04 -1.39794 | -4.1115 6.6112 4.09E+06 -0.0076 0.0001
4.4 40 °F 10 3766.9685 |  3.77E+06 6.5760 0.1 -1 -3.7136 6.5773 3.78E+06 -0.0013 0.0000
4.4 40 °F 5 3583.6801 |  3.58E+06 6.5543 0.2 -0.69897 | -3.4125 6.5494 3.54E+06 0.0049 0.0000
4.4 40 °F 1 3075.6219 | 3.08E+06 6.4879 1 0 -2.7136 6.4768 3.00E+06 0.0111 0.0001
4.4 40 °F 0.5 2883.0602 |  2.88E+06 6.4599 2 0.30103 | -2.4125 6.4418 2.77E+06 0.0180 0.0003
4.4 40 °F 0.1 2456.5042 | 2.46E+06 6.3903 10 1 -1.7136 6.3511 2.24E+06 0.0392 0.0015
211 70°F 25 1798.2262 |  1.80E+06 6.2548 0.04 -1.39794 | -1.3979 6.3054 2.02E+06 -0.0505 0.0026
211 70°F 10 1599.4762 |  1.60E+06 6.2040 0.1 -1 -1.0000 6.2432 1.75E+06 -0.0393 0.0015
21.1 70 °F 5 1442.352 1.44E+06 6.1591 0.2 -0.69897 | -0.6990 6.1927 1.56E+06 -0.0337 0.0011
21.1 70 °F 1 1062.8849 |  1.06E+06 6.0265 1 0 0.0000 6.0629 1.16E+06 -0.0364 0.0013
211 70 °F 0.5 941.4883 9.41E+05 5.9738 2 0.30103 | 0.3010 6.0013 1.00E+06 -0.0275 0.0008
211 70 °F 0.1 666.98021 |  6.67E+05 5.8241 10 1 1.0000 5.8443 6.99E+05 -0.0202 0.0004
38.7 100 °F 25 808.00524 |  8.08E+05 5.9074 0.04 -1.39794 | 0.9210 5.8630 7.30E+05 0.0444 0.0020
38.7 100 °F 10 642.90395 |  6.43E+05 5.8081 0.1 -1 1.3189 5.7658 5.83E+05 0.0423 0.0018
38.7 100 °F 5 535.2376 5.35E+05 5.7285 0.2 -0.69897 | 1.6200 5.6878 4.87E+05 0.0408 0.0017
38.7 100 °F 1 330.87943 |  3.31E+05 5.5197 1 0 2.3189 5.4912 3.10E+05 0.0285 0.0008
38.7 100 °F 05 260.72951 | 2.61E+05 5.4162 2 0.30103 | 2.6200 5.3998 2.51E+05 0.0164 0.0003
38.7 100 °F 0.1 144.50593 |  1.45E+05 5.1599 10 1 3.3189 5.1723 1.49E+05 -0.0124 0.0002
54.4 130 °F 25 224.08331 | 2.24E+05 5.3504 0.04 -1.39794 | 2.8318 5.3331 2.15E+05 0.0173 0.0003
54.4 130 °F 10 158.81632 |  1.59E+05 5.2009 0.1 -1 3.2297 5.2025 1.59E+05 -0.0016 0.0000
54.4 130 °F 5 121.05817 |  1.21E+05 5.0830 0.2 -0.69897 | 3.5307 5.0991 1.26E+05 -0.0162 0.0003
54.4 130 °F 1 62.656303 |  6.27E+04 4.7970 1 0 4.2297 4.8448 6.99E+04 -0.0478 0.0023
54.4 130 °F 0.5 49.167793 | 4.92E+04 4.6917 2 0.30103 | 4.5307 4.7293 5.36E+04 -0.0377 0.0014
54.4 130 °F 0.1 31.279805 |  3.13E+04 4.4953 10 1 5.2297 4.4493 2.81E+04 0.0460 0.0021
EE 0.0000 | 0.0237
Unbiased Biased

Table11: OriginalandOptimizedCoefficientParametersor PLA Studs

Parameter

Starting Values

Final Values

d

4.0702

0.0932

2.5636

6.8474

-0.9307

-1.9172

0.4992

0.2597

0.0002

0.0002

-0.1072

-0.1150

O[Tk |T|D

6.5581

6.9574
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Table12 Reducedlime Valuesfor EachTestTemperaturdor PLA Studs

Temp., F | Log a(T)
T1°F| 14.0| 5.3910
T2°F| 40.0 | 2.7136
T3°F| 70.0 | 0.0000
T4 °F | 100.0| -2.3189
T5°F | 130.0| -4.2297

Tablel13: Predicted Master Curd@atafor PLA Studs

Log Red Time, | Reduced Frequency, Predicted =

tr fr Log E*  psi .

pSi
-8 8 6.8169 6,559,299
-7 7 6.7810 6,039,611
-6 6 6.7351 5,433,668
- 5 6.6765 4,747,761
-4 4 6.6020 3,099,678
3 3 6.5079 3,220,675
-2 2 6.3899 2,454,368
1 1 6.2432 1,750,836
Q 0 6.0629 1,155,898
1 -1 5.8443 698,677
2 -2 5.5835 383,309
3 -3 50787 189,991
4 -4 4.9305 85215
S -5 4.5431 34.920
6 -6 4.1044 13.317
! -7 3.6861 4.854
8 -8 3.2422 1.747
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Table14: RegressiofParametergor PLA Stud Curve Fit

n 30
p 8
n-p 22
n-1 29
F S B 0.0237
Se |0.0328
Sy |0.6836
Se/Sy| 0.0480
R? |0.9983

E* psi

1.0E+08 1

1.0E+07 ¢

1.0E+06 |

1.0E+05

1.0E+04

1.0E+03 b——n— R — ‘
-10 5 0 5 10

Log Reduced Time, s

FigurelO: Initial Master Curvdor PLA Studs
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Master Curve for PLA Studs

1.0E+08 ¢
; Se/Sy = 0.05 lE»
- RZag; = 0.9975
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1.0E+06
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i 1 OE+05 | | ——Average
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| A 40°F '\
1.0E+04 4 © 70°F
- A 100 °F
| O 130°F
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-10 - 10
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Figure11: Final Master Curvéor PLA Studs
Manual Shifting Log
5.3910
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_ 4.00
S
S 2.00
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)]
-4.00
-6.00
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
Temperature

Figure12 ManualShifting Log for PLA Studs
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ABS

Table15: AverageDatafor The Creationof Master Curvdor ABS Studs

Table16: OriginalandOptimizedCoefficientParametergor ABS Studs

Parameter

Starting Values

Final Values

d

4.0702

1.3922

2.5636

5.5780

-0.9307

-1.6752

0.4992

0.2761

0.0002

0.0002

-0.1072

-0.1137

O T|vw |T|o

6.5581

6.8852
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ABS
Ti mp, | Temp, [Frequency| E*_ * psi Log E* Time, t |Log Time L(_)g Red| Pred ng E*| Pred . E* Error Error2
C °F Hz ksi psi s S Time, t, psi psi
-10.0 14 °F 25 6673.0896 | 6673089.634 | 6.824327 0.04 -1.39794 | -6.734513 | 6.812131692 6.49E+06 0.0122 0.0001
-10.0 14 °F 10 6286.274 | 6286273.987 |6.7983933 0.1 -1 -6.336573 | 6.794349169 6.23E+06 0.0040 0.0000
-10.0 14 °F 5 6071.038 | 6071037.983 | 6.783263 0.2 -0.69897 | -6.035543 | 6.779626655 6.02E+06 0.0036 0.0000
-10.0 14 °F 1 5579.215 | 5579215.014 |6.7465731 1 0 -5.336573 | 6.740722567 5.50E+06 0.0059 0.0000
-10.0 14 °F 0.5 5370.2156 | 5370215.633 | 6.7299917 2 0.30103 | -5.035543 | 6.721718217 5.27E+06 0.0083 0.0001
-10.0 14 °F 0.1 4908.1737 | 4908173.746 | 6.6909199 10 1 -4.336573 | 6.671650943 4.70E+06 0.0193 0.0004
4.4 40 °F 25 4195.4583 | 4195458.301 |6.6227794| 0.04 -1.39794 | -4.085704 | 6.651461006 4.48E+06 -0.0287 0.0008
4.4 40 °F 10 3985.0569 | 3985056.889 | 6.6004345 0.1 -1 -3.687764 | 6.616787753 4.14E+06 -0.0164 0.0003
4.4 40 °F 5 3760.5385 | 3760538.471 | 6.57525 0.2 -0.69897 | -3.386734 | 6.588254938 3.87E+06 -0.0130 0.0002
4.4 40 °F 1 3253.4865 | 3253486.539 | 6.512349 1 0 -2.687764 | 6.513605302 3.26E+06 -0.0013 0.0000
4.4 40 °F 0.5 3045.4057 | 3045405.731 | 6.4836452 2 0.30103 | -2.386734 | 6.477528822 3.00E+06 0.0061 0.0000
4.4 40 °F 0.1 2580.2214 | 2580221.359 | 6.411657 10 1 -1.687764 | 6.383683932 2.42E+06 0.0280 0.0008
211 70 °F 25 2047.8362 | 2047836.169 |6.3112952| 0.04 -1.39794 | -1.397939 | 6.340339966 2.19E+06 -0.0290 0.0008
211 70°F 10 1786.8649 | 1786864.932 |6.2520917 0.1 -1 -0.999999 | 6.276292958 1.89E+06 -0.0242 0.0006
21.1 70 °F 5 1609.242 | 1609242.049 |6.2066214 0.2 -0.69897 | -0.698969 | 6.224199318 1.68E+06 -0.0176 0.0003
21.1 70 °F 1 1191.9685 | 1191968.477 |6.0762648 1 0 5.538E-07 | 6.090452634 1.23E+06 -0.0142 0.0002
211 70 °F 0.5 1040.5491 | 1040549.078 | 6.0172626 2 0.30103 | 0.3010305 | 6.027102459 1.06E+06 -0.0098 0.0001
211 70 °F 0.1 735.38968 | 735389.6776 |5.8665175 10 1 1.0000006 | 5.866096049 7.35E+05 0.0004 0.0000
38.7 100 °F 25 829.27744 | 829277.44 59186999 0.04 -1.39794 |0.9028489 | 5.889656233 7.76E+05 0.0290 0.0008
38.7 100 °F 10 670.17104 | 670171.0414 |5.8261857 0.1 -1 1.3007889 | 5.790709194 6.18E+05 0.0355 0.0013
38.7 100 °F 5 556.55815 | 556558.1466 | 5.7455105 0.2 -0.69897 | 1.6018189 | 5.711558276 5.15E+05 0.0340 0.0012
38.7 100 °F 1 337.74455 | 337744.5459 |5.5285883 1 0 2.3007889 | 5.513614227 3.26E+05 0.0150 0.0002
38.7 100 °F 0.5 267.01448 | 267014.4757 |5.4265348 2 0.30103 | 2.6018189 | 5.422412705 2.64E+05 0.0041 0.0000
38.7 100 °F 0.1 148.22857 | 148228.5682 |5.1709319 10 1 3.3007889 | 5.197658199 1.58E+05 -0.0267 0.0007
54.4 130 °F 25 241.92295 | 241922.947 |5.3836771 0.04 -1.39794 | 2.8032773 | 5.359451145 2.29E+05 0.0242 0.0006
54.4 130 °F 10 168.29212 | 168292.122 | 5.2260638 0.1 -1 3.2012173 | 5.230732865 1.70E+05 -0.0047 0.0000
54.4 130 °F 5 128.60013 | 128600.1277 |5.1092414 0.2 -0.69897 | 3.5022473 | 5.129729486 1.35E+05 -0.0205 0.0004
54.4 130 °F 1 70.246611 | 70246.61111 |4.8466254 1 0 4.2012173 | 4.884470978 7.66E+04 -0.0378 0.0014
54.4 130 °F 0.5 55.065995 | 55065.99453 | 4.7408835 2 0.30103 |4.5022473 | 4.774861365 5.95E+04 -0.0340 0.0012
54.4 130 °F 0.1 36.404472 | 36404.47224 |4.5611547 10 1 5.2012173 | 4.513399932 3.26E+04 0.0478 0.0023
FE -0.0005 0.0149
Unbiased Biased




Tablel7: Reducedlime Valuesfor EachTestTemperaturdor ABS Studs

Temp., F | Log a(T)
T1°F| 14.0 | 5.3366
T2°F| 40.0 | 2.6878
T3°F| 70.0 | 0.0000
T4 °F | 100.0| -2.3008
T5°F | 130.0| -4.2012

Tablel18: Predicted Master Cund@atafor ABS Studs

Log Red Time, | Reduced Frequency, Predicted E

tr fr Log E* psi .

psi
-8 8 6.8578 7,208,032
-7 7 6.8230 6,652,909
-6 6 6.7778 5,995,312
-5 5 6.7194 5,240,560
-4 4 6.6443 4,408,332
-3 3 6.5485 3,535,639
-2 2 6.4274 2,675,555
-1 1 6.2763 1,889,266
0 0 6.0905 1,231,552
1 -1 5.8661 734,677
2 -2 5.6012 399,207
3 -3 5.2965 197,936
4 -4 4.9565 90,467
5 -5 4.5895 38,859
6 -6 4.2075 16,124
7 -7 3.8244 6,675
8 -8 3.4546 2,849
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Table19: RegressiofParametergor ABS Stud CurveFit

n 30
p 8
n-p 22
n-1 29
F S B 0.0149
Se |0.0260
Sy [0.6840
Se/Sy| 0.0380
R? |0.9989

E* psi

1.0E+08
1.0E+07
- []ED
\DEDIEE o
A,
| g E A
1.0E+06 +
- AAA
- D A
By A
1.0E+05 | == Predicte n —>
| @ 14 °F = ;
- A 40 °F \
10E+04+ o 70°F
A 100 °F \
- @ 130 °F
1.0E+03 —
-10 -5 0 5

Log Reduced Time, s

10

Figurel13: Initial Master Curvdor ABS Studs

56




Master Curve for ABS Studs
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Figure14: Final Master Curvéor ABS Studs
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Figurel5: ManualShifting Log for ABS Studs
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Table20: AverageDatafor The Creationof Master Curvdor PC Studs

PC
TF; mp, Temp, |Frequency| E*‘ £+ - Log E* Time, t |Log Time LQg Red| Pred ng E*| Pred . E* Error Eror2
C oF Hz ksi psi s s Time, t, psi psi
-10.0 14 °F 25 6411.2482 | 6411248.171 |6.8069426 [ 0.04 -1.39794 | -6.702316 | 6.790365381 6.17E+06 0.0166 0.0003
-10.0 14 °F 10 5965.6197 | 5965619.721 | 6.7756556 0.1 -1 -6.304376 | 6.777086742 5.99E+06 -0.0014 0.0000
-10.0 14 °F 5 5785.8454 | 5785845.445 | 6.7623668 0.2 -0.69897 | -6.003346 | 6.76587998 5.83E+06 -0.0035 0.0000
-10.0 14 °F 1 5364.2933 | 5364293.259 | 6.7295125 1 0 -5.304376 | 6.73542778 5.44E+06 -0.0059 0.0000
-10.0 14 °F 0.5 5184.3739 | 5184373.945 |6.7146963 2 0.30103 | -5.003346 | 6.720150055 5.25E+06 -0.0055 0.0000
-10.0 14 °F 0.1 4763.5469 | 4763546.948 |6.6779304 10 1 -4.304376 | 6.678787914 4.77E+06 -0.0009 0.0000
4.4 40 °F 25 4617.4939 | 4617493.946 |6.6644063 [ 0.04 -1.39794 | -4.082293 | 6.663720537 4.61E+06 0.0007 0.0000
4.4 40 °F 10 4365.1283 | 4365128.282 | 6.639997 0.1 -1 -3.684353 | 6.634114491 4.31E+06 0.0059 0.0000
4.4 40 °F 5 4138.9419 | 4138941.93 |6.6168893 0.2 -0.69897 | -3.383323 | 6.609312628 4.07E+06 0.0076 0.0001
4.4 40 °F 1 3526.375 | 3526375.043 |6.5473285 1 0 -2.684353 | 6.54275837 3.49E+06 0.0046 0.0000
4.4 40 °F 0.5 3318.3184 | 3318318.408 |6.5209181 2 0.30103 |-2.383323 | 6.509823166 3.23E+06 0.0111 0.0001
4.4 40 °F 0.1 2838.171 | 2838170.976 |6.4530386 10 1 -1.684353 | 6.42214189 2.64E+06 0.0309 0.0010
21.1 70 °F 25 2183.9783 | 2183978.259 |6.3392483 [ 0.04 -1.39794 | -1.39794 | 6.381290248 2.41E+06 -0.0420 0.0018
21.1 70 °F 10 1968.3797 | 1968379.661 |6.2941089 0.1 -1 -1 6.319378829 2.09E+06 -0.0253 0.0006
21.1 70 °F 5 1730.6628 | 1730662.809 |6.2382125 0.2 -0.69897 | -0.69897 | 6.268355037 1.86E+06 -0.0301 0.0009
21.1 70 °F 1 1312.8091 | 1312809.086 |6.1182016 1 0 3.847E-07 | 6.135092249 1.36E+06 -0.0169 0.0003
21.1 70 °F 0.5 1151.092 | 1151092.008 | 6.06111 2 0.30103 |0.3010304 | 6.071045088 1.18E+06 -0.0099 0.0001
21.1 70 °F 0.1 815.9098 | 815909.7952 |5.9116421 10 1 1.0000004 | 5.90634349 8.06E+05 0.0053 0.0000
38.7 100 °F 25 880.45159 | 880451.5886 |5.9447055[ 0.04 -1.39794 | 0.9314577 | 5.923490104 8.38E+05 0.0212 0.0005
38.7 100 °F 10 700.82235 | 700822.3501 | 5.8456079 0.1 -1 1.3293977 | 5.820934165 6.62E+05 0.0247 0.0006
38.7 100 °F 5 579.71584 | 579715.8388 |5.7632152 0.2 -0.69897 | 1.6304277 | 5.738578743 5.48E+05 0.0246 0.0006
38.7 100 °F 1 354.61727 | 354617.2694 |5.5497599 1 0 2.3293977 | 5.532212371 3.41E+05 0.0175 0.0003
38.7 100 °F 0.5 276.29689 | 276296.8909 | 5.441376 2 0.30103 |2.6304277 | 5.437279913 2.74E+05 0.0041 0.0000
38.7 100 °F 0.1 154.03008 | 154030.0778 |5.1876055 10 1 3.3293977 | 5.204860645 1.60E+05 -0.0173 0.0003
54.4 130 °OF 25 238.87715 | 238877.1545 |5.3781746[ 0.04 -1.39794 |2.8923112| 5.352029073 2.25E+05 0.0261 0.0007
54.4 130 °OF 10 166.06821 | 166068.21 | 5.2202865 0.1 -1 3.2902512 | 5.21826648 1.65E+05 0.0020 0.0000
54.4 130 °OF 5 124.22482 | 124224.8226 |5.0942084 0.2 -0.69897 |3.5912812 | 5.114179676 1.30E+05 -0.0200 0.0004
54.4 130 °OF 1 67.660105 | 67660.10478 | 4.8303327 1 0 4.2902512 | 4.865556318 7.34E+04 -0.0352 0.0012
54.4 130 °OF 0.5 53.083812 | 53083.81211 |4.7249621 2 0.30103 |4.5912812 | 4.756682004 5.71E+04 -0.0317 0.0010
54.4 130 °OF 0.1 35.171651 | 35171.65147 |4.5461928 10 1 5.2902512 | 4.503551242 3.19E+04 0.0426 0.0018
EE -0.0001 | 0.0127
Unbiased Biased

Table21: OriginalandOptimizedCoefficientParametergor PC Studs

Parameter

Starting Values

Final Values

d

4.0702

2.4949

2.5636

4.3924

-0.9307

-1.5768

0.4992

0.3304

0.0002

0.0002

-0.1072

-0.1116

O T |T|®

6.5581

6.8275
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Table22: Reducedlime Valuesfor EachTestTemperaturdor PC Studs

Table23: Predicted Master Cunfer PC Studs

Temp., F | Log a(T)
T1°F| 14.0 | 5.3044
T2°F| 40.0 | 2.6844
T3°F| 70.0 | 0.0000
T4 °F | 100.0| -2.3294
T5°F | 130.0] -4.2903

Log Red Time, | Reduced Frequency, Predicted .

tr fr Log E* E .

psi
-8 8 6.8237 6,663,060
-7 7 6.7993 6,298,879
-6 6 6.7657 5,831,085
-5 5 6.7200 5,247,739
-4 4 6.6579 4,548,622
-3 3 6.5745 3,753,626
-2 2 6.4638 2,909,168
-1 1 6.3194 2,086,310
0 0 6.1351 1,364,873
1 -1 5.9063 806,016
2 -2 5.6320 428,567
3 -3 5.3163 207,161
4 -4 4.9697 93,267
5 -5 4.6084 40,592
6 -6 4.2516 17,848
7 -7 3.9174 8,267
8 -8 3.6196 4,165
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Table24: RegressiofParametergor PC Stud Curve Fit

Log Reduced Time, s

n 30
p 8
n-p 22
n-1 29
Z S H 0.0127
Se |0.0240
Sy |0.6899
Se/Sy| 0.0348
R? |0.9991
1.0E+08
- - Predicted
I 0 14 °F
1.0E+07 ¢ A 40 °F
: A X © 70°F
I A A 100 °F
1.0E+06 + O 130 °F
— i A i
0
o o A
il OE+0 [ = m
(]
1.0E+04 + \
1.0E+03 —
-10 0 5 10
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Figurel6: Initial Master Curvdor PC Studs




Master Curve for PC Studs
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Figurel?: Final Master Curvéor PC Studs
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Figure18: ManualShifting Logfor PC Studs
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To form abasis for comparisobetween brass and thermoplastic mounting studs
the difference in performance of the brass studs between replicates was investigated.
Figure19 Shaws the master curves for each of the Brass replicates as well as the average
of all three. It can be seen that a certain amount of variability is common between asphalt

concrete replicates of the same treatment.

METAL (BRASYS)
1.0E+08 ¢
i Average (I)Rep_l- CB1
Se/Sy = 0.1000Se/Sy = 0.070[L
1.0E+07 7 R2,4 = 0.9924 |R%,; = 0.9963
| Rep. 2- CB3
Se/Sy = 0.208
7 R%,, = 0.9671
a0 Rep. 3 CB10 IL
2 : Se/Sy = 0.055
] i R,y = 0.9977
oL.0E+05 +
Q g
- Average METAL
1.0E+04 | CB1 METAL
| — - - CB3 METAL
z CB10 METAL
10403 }—/—— " @ |
0 ° 0 5 10
Log Reduced Time, s

Figure19. Comparison Between Brass Replicdtas|E*|
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Log-Log Master Curve

1.0E+07

.. ] — METAL (Brass)
: PLA
1.0E+06 PC
- [
~ 1.0E+05 }
o METAL ABS
§’ Se/Sy = 0.0561|[Se/Sy = 0.038(
1 0E+04 AR%q = 0.9976 ||R%, = 0.9989
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|Se/Sy = 0.048Q|Se/Sy = 0.034$
L OE+03 R2,; = 0.9983 |[R2,4; = 0.9991 |

-10 -5 0 _ 5 10
Log Reduced Time, s

Figure20: Log-Log Master Curve

Thelog-log master curve ifrigure20 shows nearly similar master curves for
each stud type. Slight variation in the curves can be seen at negative reduced time values
which corresponds to lower temperatures. The greatest var@n be seen at reduced
time values larger than five which corresponds to higher temperatures. A more
informative presentation of the data can be seéfgure21, a semilog master curve.

As seen irFigure21 all stud types have very similaf values. The Se/Sy ratios
suggest that all thermoplastic studs perforegaally or letter tharthe brass studs in
terms of model fit and accuracy of data. All studs had nearly the same modulus at
reduced time values greater than zero, which corresponds to higher temperatures. The

variation in the master curves is most notable at reduced time d&szdto seconds and
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is most extreme at the lowest reduced time. Reduced time values less than zero
correspond to colder temperatures and yield a higher value for dynamic modulus.

The use oABS studs yielded the highest modulus, followed by PC and PLA
which produced very similar moduli. The PLA studs produced results closest to that of
the brass studs at all temperatures, suggesting a good candidate for replacement studs.
For ambient temperatures, the PC studs produces a higher modulus than all other studs
and had a more pronounced curvature along its length. The performance of the PC studs
also suggests a good candidate for replacement studs. The ABS studs produced a curve
that constantly diverted from the brass curve, suggesting they are not a goodooption

replace brass studs.

Comparison of Master Curves for All Stud Types
8.0E+06 T
! METAL
7.0E+06 | N
OE+06 1 s Se/Sy = 0.100]
6.0E+06 |
; PLA
5.0E+06 Se/Sy = 0.057k
T 4 oEs06 | R?,6.=0.9975
E ' ; \ ABS
i palles : [R?5¢.=0.9979
2.0E+06 ' PC
i ' Se/Sy = 0.045
1.0E+06 | — - . ABS 3 R2,, =0.9984
0.0E+00 t=mmmmerer . e —
-10 -5 0 _ 5 10
Log Reduced Time, s

Figure21. Comparison of Master Curves for All Stud Types
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4.2 Repeated Load Permanent Deformation

The purpose of performing theePeated.oadPermanent deformatiotest was to
examine the effect of high straamd temperaturen the thermoplastic stud$iree
replicates weralsotested Each replicate was instrumented with all three types of
thermoplastic studs, one type for each LVDT, totaling three LVDTs. Tam s&sults
were compared to the strain generated by the actuator of the loading Aé\seeples
were tested gt ¢ ¢ b & J &hd using a deviator stress3ff0 kPaThe chosen
temperature was based on the maximum averatpy pavement temperatuie the
location in which the mix was intended to be placed. The deviatoric stress chosen was
based upon Rode z rql2]ptsen gdjusted haset upapecvicuo d e |
researclstudyby Arredondaat Arizona State Universit This studyused the same
controlmix designwith identical parameters such as air voids, binder content, and
aggregate gradation. Several control samples were tested and it was found that a deviator
stress of approximately 300 kPa produced a flow number between 10800énkbading
cycles.

Figure22 - 26 show the averageccumulated strain percentagecumulated
strain slope, measured straind 2¢ derivative strainand predicted strand 2¢
derivative predicted curves for the average of all three replicates, for each stud type and
theactuatovalue Studies by Kaloush showed that thespecimen LVDTs and actuator

yield the same flow number value for the asphalt mixture.
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Parameters of Flow Number for PLA Studs
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Figure22: Parameters of Flow Number for PLA Studs
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Figure23: Parameters of Flow Number for ABS Studs
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Parameters of Flow Number for PC Studs
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Figure24: Parameters of Flow Number for PC Studs
35 Parameters of Flow Number from the Load ActuatorO 0045
" | === FN-Actuator-Average '
I . 1 0.004
. 3 =+ -Umeasured o
K o . i o
3\/2 5 Upredicted : 1295 .2 0'003573
L4 T' o ] e 1 0,003 £~
© | © dUmeasured P - T2
w2 —dL"Jpredictecf - {1 0.0025% &
I ' - SE
©15 | : _ 1 0.002 5 E
= “ 1 000152 L
| ' IS
3 1 ' 3
g ' . 1 0.001 §
L 4 ° <
0.5 17 % { 0.0005
0 | ! 1 ! ! 0
0 1000 2000 3000 4000
Cycles, N

Figure25: Parameters of Flow Number from the Load Actuator
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A comparison between accumulator strain measurements for all replicates can be

seen inFigure26. It can be seetinat variability exists between replicates of the same

treatment.
2t Average Accumulated Strain % for Actuator Replicates
12315~ 1295
< 30 12071 - 1583
c25 | !
9 ' ”a’
h 2| I g
ge} |
[} |
T 15 ¢ ' -
> Ll=—""
E 1 b
3 " o CB5-Actuator
Q === CB6-Actuator
d |
<05 ¢ v ] CB14-Actuator
0 , ol | = Actuator Average
0 500 1000 1500 2000 2500 3000 3500
Cycles, N

Figure26. Accumulator Strains % for Each Replicate

Figure27 shows the werage accumulated strain percentage of all three replicates,
for each stud type, as well as the average accumulated strain percentage recorded from
the actuator of the loading devidss seen irFigure27, the flownumberfor each stud
type are very similar. The highest variation ocatrthe end ofhe tertiary section which
corresponds to extreme shear deformattogure 28 showsthe average for thgercent
strain ratio, permanent strain divided by the recoverable s8amilar to the flow

numbercurves, the strain ratio for each stud type produiceitas results an the primary
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section of the curve. The strain ratio begins to diverge from each other while in the
secondary section. The tertiary section displays the highest variation in the strain ratios.

Charts corresponding to values recorded llareplicates can be found in Appendix

Average Accumulated Strain % for Each Stud Type
35
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c ,
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Figure27:. Average Flow Curvéor All Stud Types
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Figure28: Average Strain Ration fakll Stud Types
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The similar performance of each thermoplastic sughests theare able to
withstand high strain during permanent deformation testimttat high temperature. To
furtherexplore the validity of the suggested conclussgiatistical hypothesis tests were
performed on several parameters relating to the flomber results. The details of the
hypothesis testing can be seen in the Statistical Analysis selaible25 - 28 show
initial statistical data related to theWaumber results. A value to note in the following
tables is the coefficient of vatian (CV). The CV value is found by dividing the standard

deviation by the average value an@idecent initial estimate of the variability of a data

set.
Table25: Parameterdeasured from the Flow Number Curve for Replicate 1
. Axial Axial
Flow Resilient o °
StudType Number | Modulus at Pgrmanerllt Res[llent Uop !
(Cycles) | Failure (psi) Stralp at Failure St_raln at (%)
Up (% Fail ur

CB5-Actuator 1207 95640 1.14 0.04 26.00
CB5-PLA 1135 131842 0.94 0.03 29.28
CB5-ABS 1319 85662 1.32 0.05 26.92
CB5-PC 1359 80967 1.30 0.05 24.94
Average 1271 99490 1.18 0.04 27.05

STD DEV 119 28116 0.214 0.011 2
CV% 9.4% 28.3% 18.1% 24.3% 8.0%
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Table26. ParameterMeasured from the Flow Number Curve for Replicate 2

Flow Resilient Axial Ax_igl 0
Stud Type Number | Modulus at Pgrmanent ReS|.I|ent Uop /
(Cycles) | Failure (psi) Stralp at Failure St_raln at (%)
Up (% Fail ur

CB6-Actuator 1583 113891 1.27 0.04 34.22
CB6-PLA 1463 130734 1.17 0.03 36.69
CB6-ABS 1631 107121 1.31 0.04 32.73
CB6-PC 1727 106044 1.35 0.04 33.75
Average 1607 114633 1.28 0.04 34.39

STD DEV 134 13954 0.092 0.005 2
CV% 8.3% 12.2% 7.2% 12.4% 6.0%

Table27: ParameterMeasured from the Flow Number Curve for Replicate 3

Flow Resilient Axial AX_‘?" o
Stud Type Number | Modulus at Perm.anent Res[llent Uop !
(Cycles) | Failure (psi) St_ram at St_r ain at (%)
FailuregFail ur
CB14-Actuator 1231 133228 1.39 0.03 43.47
CB14PLA 1143 96467 1.58 0.04 35.86
CB14ABS 1327 240424 1.21 0.02 67.22
CB14PC 1303 103269 1.40 0.04 34.12
Average 1258 146720 1.40 0.03 45.74
STD DEV 100 81221 0.184 0.014 19
CV% 8.0% 55.4% 13.2% 41.4% 40.7%
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Table28. ParameterMeasured from the Flow Number Curve for the Average of all

Replicates
Stud Flow Resilient Axial_ Permz_inent Axia_ll Resili_ent 0 o/
Type Number quulus a.t Stralg atFailure Stran;l at Failure (%)
(Cycles) Failure (psi) Up ( %) Ur (%
Actuator 1295 113821 1.26 0.04 33.62
PLA 1255 119444 1.25 0.04 34.67
ABS 1319 137462 1.23 0.04 34.16
PC 1359 97397 1.31 0.04 29.46
Average 1311 118101 1.26 0.04 32.76
STODEV 52 20066 0.040 0.005 3
CV% 4.0% 17.0% 3.2% 12.4% 8.8%

4.3Direct Tension Cyclic Fatigue

The purpose of performing the Direct Tension Cyclic Fatigue test was to
determine the effect of high stress and strain levels on the 3D printed stud$fatking
compressive and tensile forcéaur samples for each stud type were tested for Direct
Tension Cyclic Fatiguel'hree samples for each stud type were used to form pseudo
secant modulus versus damage maqaeld strain verses number of load repetitmn t
failure curvesTwo samples for PLA studs yielded sufficient data to use for modelling
purposesFigure29 shows the material integrity (C) verses damage (S) curves created
from the modeling process fall stud types. Failure curves for each thermoplastic stud
compared with brass studs can benfbin Appendix CFigure30 shows the strain level
at the 108 cycle verses the number of load repetitions to failurafistud type. Figure
3171 34 show comparisons failure curvedetween brass studs and each type of

thermoplastic st
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All stud types with the exception of PLA perform&chilarly in terms of damage
responseln terms of failure curveghe ABS studs were almost identical to the brass
studs, followed closely by tHeLA studs, then thBC studsilt is difficult to determine
any variation in performance of thermoplastic studs based solely on the damage models
and failure curvesThe failure curves ifrigure31i 34 are a better indicator of the true
response. It can be seen tR& studs showed slight variation from brassls: However,

PLA was the only stud type thelearly showedignificantvariation. Ideally, the same
mix should produce curves that overlap. It is uncertain if the studs were responsible for
any variation or if thelifference inhomogeneity of the sam@es the main source of

variation.Figure34 shows a bar chart of the average mist@in recorded for each stud

type.
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Figure29: DamageCurve forAll Stud Types
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Number of Load Repetitions to Failure
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Figure30: Number of Load Repetitions to Failure for All Stud Types

Comparison of Failure Curves for Brass and PLA
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Figure31: Comparison of Failure Curves for Brass and PLA
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Comparison of Failure Curves for Brass and ABS
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Figure32: Comparisorof Failure Curves for Brass and ABS

Comparison of Failure Curves for Brass and PC
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Figure33: Comparison of Failure Curves for Brass and PC
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Average Microstrain from Failure Curves
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Figure34: Average Macrostrains from Failure Curves

Figure35 showsthe failure curves for each brass LVDT. It can be seen that

variability exists even between replicates that use the same stud type

Failure Curves for Brass LVDT
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Figure35. Failure Curves$or Each Brass LVDT
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5. STATISTICAL ANALYSIS
To determine the variation between brass studs and the various types of
thermoplastic studs testefinalysis of Variance (ANOVA) antlypothesis tests were
performed for the mean and variance of the colledibd. ANOVA test determines if
there is a significant difference between a control treatment and additional treatments and
was performed to validate the results of hypothesis teStheyhypothesis was formed
from the assumption that the mean value of tlasdstud resulis equal to the mean
value of each type of thermoplastic stud. Equations (70) and (71) were used to accept or
reject the null hypothesis. By rejecting the null hypothesid, acceptinghe alterative
hypothesis, the means values maoéequal must be accepted. The same process was
performed for the variance of collected data. For analysis of both the mean and the
variance, the confidence level, ( for full acceptance of the null hypothesis was
identified when possible.
o (70)
od,' (71)
The criteria for rejection of the null hypothesis was adopted from the book,
Engineering Statistics, written by A.H Bowke
in Febr | 4d9gble2989 68 Bble30s how t he rejection criter

hypot hesmesant eaesntd ovmri ance respectively.
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Table29: RejectionCriteria for theHypothesisThat theMeans offTwo Normal
Distributions ardequalWhen STD Deus Unknown & Not Necessarilyequal.

Notation for the Hypothesis
H:* ‘

Criteria for Rejection
DS 07y if we wish to reject wheh

is not equal to .

0 0y if we wish to reject wheh

0 0 , if we wish to reject when

TestStatistic
o o
nY "Y

€ €

0

Formula for Obtaining the Degree of
Freedom,

Y Y

Table30: RejectionCriteria for theHypothesisThat theStandardDeviations ofTwo
Normal Distributions areequal

Notation forHypothesis

Or ” ”

Test Statistic

w o
. B =% oY
O - o~/
B w w Y

€ P

Criteria for Rejection

O pT‘QQ i or
O pT‘Qq i if
We wish to reject whep is not equal to

Method for Choosing Sample Sizes
The OC Curve depends on —.

Choose a value of for which we wish to
reject the hypothesis with given high
probability. Enter figures corresponding
OC curves (not shown) to find the
requred sample size.

The modeling process for analysis of the Direct Tension Cyclic Fatigue test

combines all replicates for a stud type into a single cungastwage and failure curves
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were developed for each LVDT, for three samples per stud type, in order to perform

hypothesis test Table31 shows the statistical inputs used for hypothesis testing.

Table31: Statistical Inputs for Hypothesis Testing

INPUTS
|E*| & Fn Fatigue
REPLICATES n= 3 12
TREATMENTS a= 4 4
DoF 2 11
ni+l1 = 4 13

5.1 Dynamic Modulus

5.1.1 ANOVAfor Dynamic Modulus

The results for ANOVA analysis are outlinedTiable32. The results show no
significant difference for extreme temperatures and a significant differencetarate
temperatures.

Table32. ANOVA Results for Dynamidodulus

ANOVA on Dynamic Modulus |E*|
Temperatures (°C)

Frequency M2) ™15 744 | 211 | 378 | 544
25 NS S S S NS

10 NS S S S NS

5 NS S S S NS

1 NS S S S NS

0.5 NS S S S NS

0.1 NS S S S NS

NS= Not Significant S= Significant
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5.12 Mean
The average values for each frequency and every temperature were calculated
using the first momengquation (72) The complete data sets for all statistical analysis

can be found in Appendix D.

(72)

Table33 summarize the results of the average values for |E*|, Log |E*|, and Log

Reduced Time (s).

Table33: Sample of Averag¥ alues forHypothesisTesting at 14°F

Temp. | Freq.

E*| (psi Log|E* Log Reduced Time (s
P | ¢ IE*| (psi) glE" g ©)

METAL | PLA | ABS | PC | METAL PLA ABS PC METAL PLA ABS PC

25 4945 5821 | 6673 | 7419 | 3.6934 | 3.7622| 3.8213| 3.8623| -5.9687 6.2189 | 6.5441| 6.6189

10 4957 5537 | 6286 | 7080 | 3.6946 | 3.7405| 3.7950| 3.8394| -5.3855 56788 | 6.1462 | 6.2209

5 4738 5473 | 6071 | 7180 | 3.6747 | 3.7359| 3.7807 | 3.8407| -5.2697 55199 | 5.8451| 5.9199

14

1 4421 5112 | 5579 | 6356 | 3.6447 | 3.7057 | 3.7444 | 3.7930| -4.5708 4.8209 | 5.1462 | 5.2209

0.5 4282 4944 | 5370 | 6077 | 3.6308 | 3.6912| 3.7280| 3.7746| -4.2697 45199 | 4.8451| 4.9199

0.1 3958 4532 | 4908 | 5232 | 3.5966 | 3.6535| 3.6891| 3.7151| -3.5708 38209 | 4.1462 | 4.2209

The variance for each frequency and every temperature were calculated using the

second momenEquation(73) below.

Y —B @ (73)
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and Log Reduced Time (s).

Table34 below summarizes the calculated values of variance for |E*|, Log |E*|,

Table34: Sample ofCalculatedvarianceValues forHypothesisTestingat 14°F

Temp. | Freq. |E*| (psi) Log |E*| Log Reduced Time (s)

CFR) | M) "GETAL | PLA | ABS PC | METAL | PLA | ABS | PC | METAL | PLA | ABS | PC
25 | 133797 | 665571 931270| 3221157 0.0010| 0.0035| 0.0040| 0.0103| 0.1405| 0.2038 | 0.8326| 0.2867
10 | 153103 | 384140| 911224 | 3876224| 0.0012| 0.0024| 0.0045| 0.0134| 0.1919| 0.2341| 0.8326| 0.2867

14 | 5 | 145081 | 474168| 623225| 5931261| 0.0012| 0.0030 | 0.0033 | 0.0193| 0.1405| 0.2038| 0.8326 | 0.2867
1 | 114364 | 512174 444602 | 3038135 0.0011| 0.0038| 0.0028 | 0.0129| 0.1405| 0.2038 | 0.8326 | 0.2867
05 | 108253 | 487534 | 384347| 2467791| 0.0011| 0.0038| 0.0026 | 0.0115| 0.1405| 0.2038 | 0.8326| 0.2867

Following the hypothesis test procedure is outline@ldhle29, the test statistic

was calculated according Eguation (74¥or every frequencyt each temperature.

Where:

%]
U
3
3
)

frequencyatp 1 J &

I OA OIAEIAT A@WAAOI AT O

!oAOMEMOAonQQEoAAlé

OOET EAANE ATGRAA |
%OOElggéEﬁw@mlvon@@EO

T EAAOQAO

Table35 shows a samplihe calculated values for the test statistic for every

Oi AIABAOADI
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Table35: Sample ofCalculatedTestStatisticsfor 14°F

Temp. Freq. |E*| (psi) Log| E*| Log Reducedime (s)

CF) (H2) t1 t2 t3 t1 t2 t3 t1 t2 t3
25 1.7822 3.1271 2.7519 1.7822 3.1271 2.7519 0.7384 1.0103 1.7229
10 1.3272 2.2934 2.0779 1.3272 2.2934 2.0779 0.7783 1.3016 2.0913
5 1.6344 2.7340 2.0105 1.6344 2.7340 2.0105 0.7384 1.0103 1.7229
H 1 1.5182 2.7733 2.1744 1.5182 2.7733 2.1744 0.7384 1.0103 1.7229
0.5 1.4909 2.7592 2.2178 1.4909 2.7592 2.2178 0.7384 1.0103 1.7229
0.1 1.4084 2.6666 2.6976 1.4084 2.6666 2.6976 0.7384 1.0103 1.7229

The degree of freedom was calculated accordirtggteation (75pelow for every

frequency for each temperature.

Where:
3 %0

V)
OEl EADE ATGEA 1
OET &
Oi AIABAOoO&DPI EAAOAOD
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Table36 summarizes thealculatedvaluesfor the degree of freedoatp 1 J &

Table36: CalculatedDegree ofFreedomatp 1Q

|E*| (psi) Log |E*| Log Reduced Time (s)
Temp. (°F) Freq. (Hz)
Dofl Dof2 Dof3 Dofl Dof2 Dof3 Dofl Dof2 Dof3
25 3.5457 | 3.1261 | 2.3317 | 4.1595 | 3.9063 | 2.7819 | 5.7382 | 3.3123 | 5.1607
10 4.7514 3.3072 2.3155 5.2215 3.9902 27177 5.9225 3.7511 5.6981
5 4.2382 | 3.7666 | 2.1956 | 4.6938 | 4.5027 | 2.4856 | 5.7382 | 3.3123 | 5.1607
H 1 3.7015 3.9301 2.3007 4.0858 4.6470 2.6568 5.7382 3.3123 5.1607
0.5 3.6929 | 4.0876 | 2.3503 | 4.0782 | 4.7918 | 2.7403 | 5.7382 | 3.3123 | 5.1607
0.1 4.0079 | 4.5681 | 3.1703 | 4.3853 | 5.2335 | 3.9902 | 5.7382 | 3.3123 | 5.1607
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To evaluate the tabulated value in which to compare the test statistig,,
must be used to locate the valuaistandardableof values For the hypothesis test on
the mean, the degree of freedom was calculated@nelsponds to varying values for
each test. The tabulated solusdrom the Ttablethat wereused to compare the test

statistic are summarized Trable37.

Table37: Tabulated TtableVal ues fS5patpt@ = 0. 0
|[E*| (psi) Log |E*| Log Reduced Time (s)
Temp. Freq.
(°F) (Hz) tTable 1 | tTable 2 | t Table 3 tTalble tT;bIe thbIe tTalbIe tTe;ble th:asbIe
25 2.9604 3.1308 3.9311 2.7433 2.8140 3.4265 2.4795 3.0552 2.5511
10 2.6220 3.0573 3.9493 25435 | 2.7800 | 3.4984 | 2.4566 | 2.8771 | 2.4844
5 2.7272 2.8708 4.0838 2.6338 | 2.6729 | 3.7587 | 2.4795 | 3.0552 | 2.5511
H 1 2.8972 2.8044 3.9659 2.7584 | 2.6434 | 3.5667 | 2.4795 | 3.0552 | 2.5511
0.5 2.9007 2.7580 3.9104 2.7600 2.6137 3.4731 2.4795 3.0552 2.5511
0.1 2.7744 2.6595 3.1129 2.6970 2.5420 2.7800 2.4795 3.0552 2.5511
The criteria for rejecting the hypothe&sy, ‘ * is as follows. If thenull
hypothesis is rejectethe alternativédd,* ‘ must be acceptedquation(76) was

used to accept or reject the null hypothesis.
s 05 (76)
Table38 summaizes the results of the hypothesis test for comparison of the mean
of each treatment against the control treatment for all scenarios testeekn in the
table the results of the hyfhesis tests are inconclusive. All temperatures and frequencies

accepted the null hypothesis for |E*| and Log reduced time, while many values rejected

for Log |E?|.
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Table38: Results oHypothesisTests for theMean of theControl Treatment to

AlternativeTreatments.
|E*| (psi) Log |E*| Log Reduced Time (s)
Frequency Hz | Temp °F Hox =yt | Ho= py2 | o= py3 H:px = H:px = H:px = H:px = H:ipx = H:px =
: i : pyl Ly2 py3 gyl Ly2 uy3

25 14 °F Accept Accept Accept Accept Reject Accept Accept Accept Accept
10 14 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
5 14 °F Accept Accept Accept Accept Reject Accept Accept Accept Accept
1 14 °F Accept Accept Accept Accept Reject Accept Accept Accept Accept
0.5 14 °F Accept Accept Accept Accept Reject Accept Accept Accept Accept
0.1 14 °F Accept Accept Accept Accept Reject Accept Accept Accept Accept
25 40 °F Reject Reject Reject Reject Reject Reject Accept Accept Accept
10 40 °F Reject Reject Reject Reject Reject Reject Accept Accept Accept
5 40 °F Reject Reject Reject Reject Reject Reject Accept Accept Accept
1 40 °F Reject Reject Reject Reject Reject Reject Accept Accept Accept
0.5 40 °F Reject Reject Reject Reject Reject Reject Accept Accept Accept
0.1 40 °F Reject Reject Reject Reject Reject Reject Accept Accept Accept
25 70 °F Accept Accept Reject Accept Accept Reject Accept Accept Accept
10 70 °F Accept Accept Reject Accept Accept Reject Accept Accept Accept
5 70 °F Accept Accept Reject Accept Accept Reject Accept Accept Accept
1 70 °F Accept Accept Accept Accept Accept Reject Accept Accept Accept
0.5 70 °F Accept Accept Accept Accept Accept Reject Accept Accept Accept
0.1 70 °F Accept Accept Accept Accept Accept Reject Accept Accept Accept
25 100 °F Accept Reject Reject Accept Reject Reject Accept Accept Accept
10 100 °F Accept Reject Reject Accept Reject Reject Accept Accept Accept
5 100 °F Accept Reject Reject Accept Reject Reject Accept Accept Accept
1 100 °F Accept Accept Reject Accept Accept Reject Accept Accept Accept
0.5 100 °F Accept Accept Reject Accept Accept Reject Accept Accept Accept
0.1 100 °F Accept Accept Reject Accept Accept Reject Accept Accept Accept
25 130 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
10 130 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
5 130 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
1 130 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
0.5 130 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
0.1 130 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
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5.13 Variance

Following the test procedure for hypothesis testing for the variance as outlined in
Table30, average values and variances foundlable33 & 34 respectively were used
for calculations. The fstatistic used for hypothesis testing was calculated for all

scenarios usingquation (77pelow.

”n B -
O — — (77)
B -
The criteria for rejecting the hypothe&iy ,, , Is as follows. If the
hypothesis is rejected the alternative, ,, » must be accepted. Equation (78) was

used to determine acceptance or rejection of the null hypothesis.

O —— o0 Oy (78)

—h h
Table39 summarizes the calculated values for thes$t statistiatp 1 Jd&dall

six frequenciesComplete tabular results for hypothesis tests can be found in Appendix

D.
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Table39: Sample ofCalculated Fstatistics forHypothesisTesting

Teo|r:np Frei'uzency |E*| (psi) Log |E*| Log Reduced Time (s)
F1 F2 F3 F1 F2 F3 F1 F2 F3

14 °F 25 0.2010| 0.1437| 0.0415] 0.2931| 0.2536| 0.0987 | 0.6893| 0.1687| 0.4899
14 °F 10 0.3986| 0.1680| 0.0395| 0.5057| 0.2664| 0.0905| 0.8200| 0.2305| 0.6694
14 °F 5 0.3060| 0.2328| 0.0245( 0.3872| 0.3515| 0.0609| 0.6893| 0.1687 | 0.4899
14 °F 1 0.2233]| 0.2572| 0.0376| 0.2814| 0.3782] 0.0827| 0.6893( 0.1687| 0.4899
14 °F 0.5 0.2220| 0.2817| 0.0439( 0.2802| 0.4067| 0.0933| 0.6893( 0.1687| 0.4899
14 °F 0.1 0.2692| 0.3634| 0.1496( 0.3308| 0.5088| 0.2664 | 0.6893( 0.1687| 0.4899

Since the degree of freedom is the same for each treatment the tabular value
corresponding to each frequency and temperature is the same value ferersio
tested Table40 summarizes the valuédentifiedfor each scenario. The results for the

hypothesis test on the variaratgp 1 Js&ummarized ifable4l.

Table40: TabularValue for the Rest

F Table |E*|
F(a/2,nx1,ny-1) = F(a/2,nyl,nx1)
39.0000
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Table41: Results oHypothesisTesting orVariance

. Log Reduced Time
IE*] (psi) Log|E*| J
(s)
o o o o o o H: G~ o H: a7
Frequenc | Temp H: un"2 H: u”™2 H: u”™2 H: u~]H: u”~2] H: u” _ H: u~” X =
[} SAVN A ] A = A A = A - - CAUN -

y Hz F ur2y 1 uan2y 2 ur2y 3 u un2y u an2y u an2y
25 14 °F Accept Accept Accept Accept Accept Accept Accept Accept | Accept
10 14 °F Accept Accept Accept Accept Accept Accept | Accept Accept | Accept
5 14 °F Accept Accept Reject Accept Accept Accept Accept Accept Accept

1 14 °F Accept Accept Accept Accept Accept Accept Accept Accept Accept
0.5 14 °F Accept Accept Accept Accept Accept Accept | Accept Accept | Accept
0.1 14 °F Accept Accept Accept Accept Accept Accept | Accept Accept | Accept

With the exception obne frequencemperature combination, tiaeceptance of
the null hypothesis veriftethat each button style is able to perform similarly to brass
studs Tests were performed with increasing confidence levels until full acceptance could
be achieved, if possible. In addition to the previously presented 95% confidence level,
tests were performed using confidence levels of 98%, 99%, and 99.9% 3t &elew
summarizes the results for 99.9% confidence levels for testing the mean, which still did
not yield full acceptance. There are no values for a higher confidence level, therefore the
values inTable42 are to be considered the final values for the mean testing. The

hypothesis test for variance yielded full acceptance at a 98% confidence level.

Table42: F-statistic for FullAcceptance at 99.9%onfidence

F Table 99.9%

F(a/2,nx1,ny-1) = F(a/2,nyl,nx1)

999.0000
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Table43: Results foFull Acceptance oflypothesisTests on the Mean and Variance of
|E*| Dataatp 1'Q

Mean Test at 99.9% Confidence Variance Test 88% Confidence
Frequenc| Temp | H: G~ 23y H: 07~ 2] H: G~2y H: G~ H: G~2] H: G072
y Hz oF ar2y 1l Gar2vy ar2y3d = an anr2y 0”2y 3
25 14 °F Accept Accept Accept Accept Accept Accept
10 14 °F Accept Accept Accept Accept Accept Accept
5 14 °F Accept Accept Accept Accept Accept Accept
1 14 °F Accept Accept Accept Accept Accept Accept
0.5 14 °F Accept Accept Accept Accept Accept Accept
0.1 14 °F Accept Accept Accept Accept Accept Accept

The values for |E*| were fully accepted by the null hypothesis for the mean at a
99.9% confidence level. The variance values fully accepted the null hypothesis at a 98%
confidence level. Full acceptance of the null hypothesis verifies that each buttois styl

able to perform similarly to brass studs.

5.2Repeated Load Permanent Deformation

The process for hypothesis testing for the results of the Repeated Load Permanent
Deformation tests is identical to that of Dynamic modu&eeTable2971 30for the
rejection criteria of the null hypothesis. Equations ({72J8) were used for the
determination of all parameters used for statistical analysis. The parameter & teste
results of the Repeated Load Permanent Deformation tests were; flow number (Cycles),
resilient Modulus (psi), axial permanent Strain at failure (%), axial resilient strain at
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failure (%), and strain ratio (%). The following tables show the restitteedypothesis
tests.

5.2.1 ANOVA for Flow Number

The results for ANOVA analysis performed on Flow Number results can be seen
in Table44. The results show no significant difference in the performance of the
mounting studs for each parameter tested.

Table44. ANOVA Results for Flow Number

ANOVA for Flow Number
Parameters
Flow Axial Permanent 0o/
Number Resilient Modulus Strain at Axial Resilient Strain ((yf:)
(Cycles) at Failure (psi) (%) at Failur
NS NS NS NS NS

NS= Not Significant S= Significant

5.22 Mean
Table45 - 46 summarize the results of the average valuasances, and test

statistic values odll test parameters for the Repeated Load Permanent Deformatgn tes

Table45: Sample ofAverageValues forHypothesisTesting on Flow NumbdParameters

Parameter ACTUATOR PLA ABS PC
Flow Number (Cycles) 1340 1247 1426 1463
Resilient Modulus at Failure (psi 104766 131288 144402 96760
Axial Permanent Strain at Failurg

Up (%) 1.2670 1.2297 1.2793 1.3487
Axi al Resilient

(%) 0.0377 0.0360 0.0357 0.0443
Up/ Ur ( %) 34.5617 33.9441 | 42.2885 | 30.9381
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Table46. Sample ofCalculatedvarianceValues forHypothesisTestingon Flow

NumberParameters
Parameter ACTUATOR PLA ABS PC
Flow Number (Cycles) 44309 35008 31637 53056
(F;Zf')'“em Modulus at Failure  ,ga41 3305 | 606556252 7030281592 188990182
Axial Permanent Strain at 0.0153 01050 | 0.0036 | 0.0026
Failure Up (
Axial Resilient Strain at 0.00004 | 0.00005 | 0.00025 | 0.00004
Failure Ur (
Op/ Ur ( %) 76.3788 16.4765 | 474.6960 | 26.9966

Table47. Sample ofCalculatedTestStatisticsand Degree of Freedofor Flow Number

Parameters

Parameter t'1 t'2 t'3 Dofl Dof2 Dof3
Flow Number (Cycles) 0.5740| 0.5363| 0.6809| 5.8915| 5.7833| 5.9360
(F;Zf')'“em Modulus at Failure | 1 5gg41 7917 0.5328| 5.9078| 2.5530] 4.6929
Axial Permanent Strain at 0.1864| 0.1555| 1.0586| 3.1377| 3.8020| 3.3263
Failure Up (%)

el R(eso'/';‘)am Strain at Failure 3143 0.2032| 1.2856| 5.8498| 3.1200 5.9221
Up/ Or ( %) 0.1110| 0.5701| 0.6173| 3.6490| 3.2547| 4.5136

To evaluate the tabulated value in which to compare the test statistig, ,

must be usetb locate the value in a standard table of values. For the hypothesis test on

the mean, the degree of freedom was calculated and corresponds to varying values for

each test. The tabulated solutions from thafle that vereused to compare the test

statstic are summarized ihable48. The results of the hypothesis test for Flow Number

parameters are summarizedTiable49. Full acceptance of the null hypothesis verifies

that each button style is able to perform similarly to brass.studs
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f dJUsed f0r Flow NMumieBarameters

Table48: Tabulated TtableVa | u e s
Parameter t'l t'2 t'3
Flow Number (Cycles) 3.1671| 3.1911| 3.1572
Resilient Modulus at Failure (psi) 3.1635| 5.6245| 3.4823
EALFE t SNXYI ySy il {|44317]3.9042|4.2819
' EALFE wS&aAf ASy®) {|3.1764]4.4457|3.1603
B LK & N &2 0 4.0257| 4.3388| 3.5508

Table49: Results oHypothesisTests for theMean ofFlow NumberParameters

Parameter Hipx1 = pyl | H:px2 = py2 | H: px3 = py3
Flow Number (Cycles) Accept Accept Accept
Resilient Modulus at Failure (psi) Accept Accept Accept
LEALFE t SNXYIySyi Accept Accept Accept
lEALFE wSaAatASyld Accept Accept Accept
5 LK ¥ NJ 62 0 Accept Accept Accept

5.23 Variance

Table50 summarizes the calculated values for thedt statistidor all tested

parametersComplete tabular results for hypothesis tests can be found in Appendix D.

Table50: Sample ofCalculated Fstatistics forHypothesisTestingon Flow Number

Parameters
Parameter F1 F2 F3
Flow Number (Cycles) 1.2657 | 1.4005| 0.8351
Resilient Modulus at Failure (psi) 0.8051 | 0.0695| 2.5838
Axial Permanent Strain& a i | ur ¢ 0.1452| 4.2015| 5.8613
Axi al Resilient S| 0.75694| 0.14286| 0.81955
Up/ Ur (%) 4.6356 | 0.1609 | 2.8292
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Since the degree of freedom is the same for each treatment the tabular value
corresponding to each frequency and temperature is the same value for each scenario
tested.Table51 summarizes the values identified for each scenario. The results for the

hypothesis testt 95% confidence for all parameterssusnmarized iTable52.

Table51: TabularValue for the Reston Flow NumbeParameters

F Table |E*|
F(a/2,nx1,ny-1) = F(a/2,nyl,nx1)
39.0000

Table52: Results oHypothesisTesting onVvariancefor Flow Number Parameters

Parameter H: 0" 2x H: 0" 2x H: 0"2x 3
Flow Number (Cycles) Accept Accept Accept
(ITDZ?)IHGHI Modulus at Failurg Accept Accept Accept

Axial Permanent Strain at

ClAf dzNB s LI & Accept Accept Accept
Axial Resilient Strain at

ClAf @B “ NJ Accept Accept Accept
5 LIk s NJ &0 Accept Accept Accept
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Table53: Results fofFull Acceptance oflypothesisTests on the Mean and Variance of
Flow Number Parameters

Mean Test at 95% Variance Test at 95%

Parameter Confidence _ Confid?nce _
Huxl | Hpx2 | Hpx3 | H: u”~ | H: u”~| H: u”
=pyl | =wy2 | =py3 | = G*j= G~ = 4n

Flow Number (Cycles)

Resilient Modulus at Failure
(psi)

Axial Permanen$train at
ClAf dzZNB s L) &

Axial Resilient Strain at
Cl Af dzZNB s NJ o

5 LIK & NJ 0% 0

As seen inTable53 all parameters accepted the null hypothesis at a 95%
confidence level. The results confirm that there is no statistical difference in the mean
and variance values for all parameters testad.cbnclusion is that high strain has no
noticeable effect on the performance of any of the three thermoplastic studs. In terms of

Flow Number, all stud types would perform similarly to the brass studs.

5.3 Axial Cyclic Fatigue
The ANOVA results for Axial Cyclic Fatigue is summarizediable54. The

results show no significant difference in the various treatments for each parameter tested.
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Table54. ANOVA Results for Axial Cyclic Fatigue

ANOVA for Axial Cyclic Fatigue

Parameters
Strain
@ |Stan@|Stran@ | Nf @ 10 (T(Iom g/ Clez) 0 (T(Iom g/ y e3) 9 Siope
10000 | 100000 | 1000000 | (100th Cycle)
NS NS NS NS NS NS NS

NS= Not Significant S= Significant

For hypothesis testing on fatigue model results a damage curve and failure curve

were developed for each LVDTor three samples per stud tyg&ne mean and variances

of several parameters were tested. The results do not show a clear pattern and can be

considered inconclusiv&igure36 shows a plot of the failure curves developed for each

LVDT. Table55shows the results for each parameter tested. From hypothesis results it is

difficult to isolate he variability of the performance of the mounting studs from other

sources of variability inherent to asphalt concrete mixes and testing procedures.
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Failure Curves for Each LVDT

1000 -
@ ]
o
>
o
e
5
o 100 §
F>J 1 —LVDT 1 BRASS - = LVDT 2 BRASS
a - - LVDT 3 BRASS LVDT 4 BRASS
s ] e LVDT 1 PLA — —LVDT 2 PLA
s 10 — - -LVDT 3 PLA LVDT 4 PLA
n 1 ----- LVDT 1 ABS - - -LVDT 2 ABS
— - -LVDT 3 ABS LVDT 4 ABS
--------- LVDT 1 PC - --LVDT 2PC
1 — - -LVDT 3 PC LVDT 4 PC
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Nf
Figure36. Failure Curves for Each LVDT
Table55. Hypothesis Results for Axial Cyclic Fatigue
Mean | alpha= 0.01 Variance alpha = 0.02
PARAMETERS H:px1 = pyl H:px2 = py2 H:px3 = py3H:62x = 6"2y1 H::;iiz H::;f; -
Strain @ 10000 Reject :
Strain @ 100000 Reject
Strain (@ 1000000 Reject
Nf @ 100 pg (100th Cycle) | Reject Reject Reject
Nf @ 200 pe (100th Cycle) Reject Reject
Nf @ 300 pe (100th Cycle) Reject Reject
Slope
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6. DISCUSSION
6.1 Conclusion

From the results of hypothesis testing on the mean and variance of normally
distributed |E*| datéhere is not a clear trend that can be identified. At a 95% confidence
level all treatments were fully accepted at extréameperaturebut did notaccept the
hypothesis for migdange temperatures. All treatments were fully rejected for all
frequencies at 1O Treatment 1 (PLA) and treatment 2 (ABS) only rejected aQ
while treatment 3 (PC) rejectedatiiQ p 1 1©And for three frequencies (25Hz, 10Hz,
and 5Hz) ak Q0 Theariance(, A O 18t yonly rejectedtreatment 3 (PC) at 5Hz
atp 1°Q otherwise all other tests accepted the hypothesis.

For full acceptancef the null hypothesifor |E*| datafor the mean‘( , analysis
was unable to identify sufficientconfidence. The variancg ( fully accepted thaull
hypothesis gt 1@t 1T corfidence level.

Foranalysis olog |E*|, the mean‘( AO 18t yproduced variable results and
yielded no identifiable pattern. Treatment 3 (PC) produced the most rejection of the
hypothesis which suggests thiect oftemperature is strongest with tisisid type The
variance( A O 18t wielded full acceptance. For the hypothesis tests on Log
Reduced Time (s}he mean‘( w6 8t yyielded 1l acceptance. Similar to
hypothesis tests on Log |E*|, the variance A O 18t yyielded full aceptance.

When consideringesting undea wide range of temperatgr@ne can conclude
from the results of the Dynamic Modulus tests performed that temperature could have a
possible effect on the performance of thermoplastianting studsHowever, more
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