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STATEMENT OF PROBLEM 
Cores from MN DOT Research were received for fatigue testing. These cores were 
taken from a MN ROAD test project and identified as foIIows: 
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Cell xf3 Core number 300AC002. Mix was a 50 BIovv Marshall Design 
using 12011 50 and paved in Sept. of 1992 
Cell #4, Core number 400AC001. Mix was a Gyratory Design usinq 
120/150 and paved in Sept of 1992 
Cell #I 7, Core number 17OOACO02. Mix was a '75 Blow IVlarshaIl Design 
using AC-20 and paved in July of 19913 
Cell #18, Core number 1800ACOOl. Mix was a 50 Blow IVlarshaII Design 
using AC-20 and paved in July of I9913 

TESTING PLAN 
The requested work called for the determination of fatigue properties of 1:hese 
rnixes using torsional fatigue procedures. T-his test pro;:edure has been described 
in detail in a previous report to MN DOT and the interested reader Is referred to 
that report'. The initial work request. was to determine the fatigue properties of the 
rnix as near the surface as ipossible. [luring testing we were asked to also 
determine and compare the fatigue properties of the binder lift of each core as 
well. Although that work 'Jvas not part of the original cont:ract, MTE felt the 
information was of sufficient value in understanding the rate of fatigue 
development that we agreed to perform these tests at  no charge to the dt:?partrnent. 

In addition to the torsional fatigue work that was  specified in the contract:, MI-E 
had ;\Is0 stated we would perform high temperature stilfness testing of each mix 
usinq DSR torsional procedures. The determination of the complex moclulus (G *) 
of bctuminous mixes using the Dynamic Shear Rheometer had been validated 
against the SHRP Shear 1-ester (SST) in work performed by MTE in a separate 
project. Details of that validation work and the protocol .for determining the 
rnixti.ire complex modulus versus teniperatuire has been reported to MN [IIOT in a 
separate report. The reader interested i t i  specific: details is referred to that report' I 

To olbtain the test articles frorn each core t.he follovving procedure was followed. 
All cuts made to obtain the final test articles were performed using diamond ! m v  
b I ad es with water -c oo I i n y . 

I .  To obtain test articles for the surface lift approxim~ately 3 rnm were sliced 
from the surface to create a smooth face. A nominal 12-mrri thick slice wa!; 
then cut. From that 12-rrim thick slice a l l  specimens were cut for fatigue arid 
high temperature stiffness testing. 
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2. To obtain test article:; for the binder lift: we identified the demarcation point 

on the cores, showing the separation between the surface and binder I if&. 
The remaininq surface lift thickness was sliced off each core and then a 
nominal 12,-mm thick slice of the binder lift was cut: from each core. This 
represented the upper most portion of the binder lift, Frorn that V - m m  thick 
slice all specimens were cut for fatigue and high temperature stiffness testing. 

Both 3 mm and 6 mrn thick rectanyular prisimatic specirnens were cut lo perform 
the fatigue and high temperature stiffness testing. All specimens once cut weire 
drietl in front of a far1 for approximately I hr to remove surface moisture. They 
\Nere then put in desiccatolr overnight prior to testing. 

Due to confusion in understanding labels, rnany samples were identified by their 
core number rather than their cell number. While this doesn't change the results 
of ariy tests, it does mean that sometimes samples which are being compared 
could be referred to as cell 300 rather than cell 3, or cell -1 700 rather cell 17, etc. 
Hop8efuIly this will not lead to any serious confusion. 

TEST RESULTS-FAlIGUE: TESTING 

The .torsional fatigue results for the surface coime are shown in Figure 1 and ihe 
results for the binder lift are shown in Figure 2. The data plotted in these two1 
Fiqures compares the fatigue results for a l l  4 cells for eaclh respective lift. Figures 
3-i3 show a comparison lor each cell of the surface and binder lift fatigue results for 
each individual cell. The results show marginal differences between the two 
binders and the different mix design procetlures. F:igure 1 shows that the K2, or 
slope, values of the Cycles to Failure (NI )  veirsus Microstrain plots are virtually 
identical. This means that the fatigue resistance of each mix to changes in stkin 
changes at  nearly the same rate for a l l  of the mixes. The plot of the mix lrom Cell 
17, t.he 75 blow Marshall 13esign, lies a bit lower on the graph, which moans its 
overall fatigue resistance is slightly lower than the other rriixes. Directionally this 
result rnakes since as  one woi ld expect the 75 blow mix to be lower in AC coriI:ent 
than the other mixes and therefore more susceptible to oxidative aging. While the 
directional trend makes sense the actual differences between Cell 17 and the other 
cells is minimal. 

F-iquire 2 shows the fatigue plots of the surface lift for a l l  four cells. The f'irst thing 
thk is obvious is the K% value for these plots versus the K2 values for the surface 
lift. The fatigue susceptibilities of a l l  of the Ibinder lift mixes have very similar 
slopt;!~, which are approximately 50% that of the slopes for the surface Iiift cells. 
The K2  value for Cell 4 is 'somewhat hiqher vvhich may be a real result or a testing 
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variability. It is worth noting however that the rank ordering of cells from lowest to 
tiiyhesi: (absolute) value of K2 is the rsanie for both the surface and binder lifts as 
showm in Table 1 below. Given the variable nature of the torsional fatiglue test due 
to the inherent variability in mix uniformity from slice to slice, the K2 trends 
between the surface and binder lifts is quite remarkable. While the differences 
between mixes are subtle, the trends at  least seem to make sense. The 50 blow 
mix (designs have the lowest K2 values, which should relate to higher (xw-all 
binder content and theoretically at least greakr filrn thickness than the niixes from 
the other two cells. VVhcther or not ihe gyratory mix from cell 4 actually had 
lower AC content than the 75 blow Mar&all design from cell  18 should be 
exa n.1 i ned 

TABLE! '1 
K2 value 

binder lift -~ ~. 

12011 50, 50 BLOW -2.36 

AC-20, 50 BLCIW -4.22 -2.58 
MARSHALL ~ 

AC-20, 75 B1.OW -2.62 
MARSHALL 

-4.93 -3.1 1 

-____ ___ - MARS tl A ILL 

-~ .___.___. 

-____ ~. 

_ _____ ~. 

a 

Figures 3-6 show comparative plots of the surface and binder lift fatigue plots for 
each cell. It is easier to see graphically on t.liese plots t h e  reduced fatique 
susceptibility in the binder layers for a l l  C:t?ll!j compared to fatigue susceptibility in 
the surface lifts. 

TEST' RESULTS-COMPLEX STIFFNESS RIIBDVILUS 

Two different procedures \Mere used to determine t.he high temperature stiffnc:!ss 
modulus of the surface and binder layers. The two procedures are 

1.  A step temperature sweep where the specimens ifre tested at a frequency of 
I 0  Hz and a strain of 0.0'1 % over a range of temperatures usually ranginy 
from 30° C to 70" C. This test takes about 5 Firs per sample bur. i t  prodLi:es 
an output where the phase angles between specimens can be readily 
compared. 

2!. A series of temperaiture frequency w e e p s  conducted the temperature range 
of 28" C to 5%" C .  The frequencies used cover the range of 0.C)I 59 Hz to 
15.9 Hz at a strain level of 0.01 !XI. When the test is completed the data ciin 
be combined to gerierate a mastercurve of complex modulus versus 
temperature by using the mathematical principlcs of t.ime temp(; 'r ': d t u re 
superposition (TTS). This test is faster than the step temperature sweep arid 
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it enables a prediction of the stiffness at temperatures as high as 90" C,, 
Generally the direct measurement of mix stiffnes:; at temperature:; above 
70" C is.difficult because the mixes become unstable and crumble. 
Therefore TTS enables one to oblairi reliable test: results in a terriperature 
region that would be otherwise unattairiable. For some rnixes in th i s  study 
(Cells #4 and # I  7 for example) it was difficult to directly measuire mix 
stiffness in excess of 60" C using the step temperalure procedure. Frorn iii 
negative viewpoirrt, the shifting of phase anqle results using TTS produce:; a 
very noisy plot and generally cine I don't like to rely on for purpojse of 
comparing phase ariyle characterist.ict; betvveeri mixes. 

The results shown in Figures 7-1 4 show overlays of 2 or more complex modulus 
versus temperature results for both lifts 01 each cell. Thew are shown as pair:; of' 
Figures on each page for each cell. Therefore on Page '1 3 the stiffness pilots for the 
surface mix of cell 4 are in t.he top Figure (7) and the stiffness plots for thlc binder 
rnix of cell 4 are in the bottorn Figure (8). As you look through the pacles 
comparing surface and binder lift stiffness plots you will notice that stiifness plots 
for the surface lifts of each cell exhibited very good agreernent betweein multiple 
tests. The comparative stiffness results for the binder lifts of each cell, however, 
are more variable. The binder lift stiffness plots of cells 3, 4 and 17 all show a 
variation between rnultiple tests. For cell 1'7 I was able to obtain 2 tests that 
overlapped and therefore decided to use one of those data traces when comparing 
the st:iffness modulus values of different cells. For the o1:hcltr cells I made the 
arbit.rary decision to use the G" versus Temp plot which yielded the highest value 
of G c  at 50" C when performing comparative analysis between cells. 

Figures 15-1 8 show stiffneiss plots for each clell comparincj the surface and binder 
lifts, Ulith the exception of cell 3 where one of the stiffri;?ss tests for the binder 
overlays the stiffness test for the surface, the binder lift exhibits a lower stiffness 
than the surface lift for the same mix. These sl-iffness comparisons between lifts 
should be made within the 50" C to 55" C temperature range. That teanperal.ure 
range covers the pavement temperature at which one coulld expect ruttinq to occur 
at the MN ROAD 1oc:aticrn. This conclusiion is based on determining the: pavemeint 
temperature at a 50-rnm depth using the data and rnost recent algorithrn from the 
LTPF database. Table 2 below show!; a comiparison between the surface and 
b i nd 1:: r I i ft stiffness \/a I ues. 



TABLE: 2 
Nominal Surface G* value 

Expreswtd at 1 o7 

~ 

than binder 

~ 

Pascalls 

8.348 I 50.4% I 

. . . -  __ 
'I 0.06 __ 

'I 2!. 5 5 
Note 1 : This value could also be considered as 0% since one of the binder stiffness traces 

I =-I- _I 

55" c 
Cell 4'1 8 

for cell #3 was nearly iclctntical to the surface stiffness trace. 

Thew are several aspects of Table 2 that I would like to discuss. With thif:? 
exception of cell #3  a l l  of the other cells show a !50% 01' greater' increase in the 
stiffness modulus for the more highly aged surface lift tl-ia'n for the protected (at 
least from oxygeri and sunlight) binder lift. I have arranged the data in Table 2 sol 
that the G" values for the surface lift increasle frorn lowest to hiyhest. You will 
r-iotic:e ,that this is also the same rank order for the (7 values fo; the binder lift:, 
Ther'e is no way the stiffness testing of the binder lift coiild have been inf:luenced 
by tt-ie results of the surface lift:. All of the stiffness testing of the surface lifts had  
been completed by the time the specimens were cut for the binder lift stiffness 
testing. It makes sense that the 120/'150 mix:es (cells # 3  and #4) would be lower in 
stiffness than the AC-20 rnixes (cells # I 7  and ff18). If cell #4 was lower in A(: 
content than cel l  # 3  due to the gyratory rnix design, oriff: might expect thtc:? mix to 
be stiffer and also one might expect the surface mix to age to a greater e.xtent than 
the 50 blow Marshall design. In the case of cell #/'I 7 the 75-blow mix desiyn rniqht 
account for a higher aging ratio between the surface arid the binder lift, lbui orie 
wou'ld expect the (presumably) higher f iC content of c~?llI #I 8 to have ii lower 
stiffness than cell #I  7 .  Without knowing more details reyardincj the actidal % 
biturnen in each mix, the air voids in each mix for each I'/ft, and whether all lifts of 
a given cell were paved t,he same day with the same mix; it is difficult to speculate 
much further on t.he implications of the data trends. 

The llast comparison that I will wake between the stiffness values of these mixes is 
shown in Figures 19 XC 20. Fiyure 19 is a1 cornparison b'el:ween the surface lifl 
stiffness moduli of all the cells. An examination of Figuire 19 shows the stiffness 
rnodulus of cell #3  is  noticeably lower than the stiffness rnodulus for cell #4.. 
tiowever, the G* values for cells #I '7 and #'18 very neairly overlap. Figure 20 is ii 
comparison between .the binder lift stiffness moduli of al l  the cells. An 
examination of Fiqure 20 shows relatively lit:tle difference between the st.iffness 
results of cells #3'and #4 arid also little difference betvveen the stiffness results for 
cells .#I 7 and #I 8, althouclh there is sorne difference evident between the  AG20 
binder lift mixes. These r&ults indicate that the aging of the surface lifts tended lo 
have more of an impact on the softer 1 %O/l El0 mixes ariid as I discussed earlier the 
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qyratory mix desigri of cell #4 in particular. While there is some difference 
hetween the AC-20 mixes, it is very slight. The stiffness results of the t:)iinder lifts 
tend to group into 2 levcls dependent: on the bintlers used in the respective nIi)(e:j. 

CONCLUSION STATEMENT 

The iresults of our analysis of these cell data re-enforce Sorne beliefs about mix 
aginq characteristics, but. also call others into question. It is clear that the mixes in 
the ilrotected binder lifts have lower fatigue susceptibiliities than do the wrface 
rnixes. The K2 values of the fatigue plot slopes for the binder lift mixes are 
approximately 5C% those of the surface lift mixes. Hovvever the vertic:aI position 
of both sets of mixes on the fatigue plot qraph are quite low which mearirj in 
essence that the fatigue life one can expect from either t he  12011 50 rnix6.s or from 
the AC-20 mixes is  about the same. To make my point I have shown in Figure 2'1 
the same fatigue plot from Figure 1 with the addition of the faticjue result::; of tmth 
the EI and 10 day IDT aged PG 58-28 mix from the earlieir repoked MN iROAl1 
stud!/. As a result of this extra data this plot has become quite busy, but a close 
examination shows that there is  very little difference between the fatigue properties 
of any of these mixes. Keeping in mind the differences in binder grade and mix 
type between the PG 58-28 mix and the four MN ROAD cells, one could make a 
rough estimate that 8 years of field aqinq c .  is roughly mocleled by somewhere 
between 5 and 10 days of' rnix aging at 85" C. This relationship should probably 
be studied in a more systematic fashion vvith a single bitider and mix syskm. 

The stiffness modulus testing of the mixes also led to sotrie expected a s  \AEII as 
unexpected conclusions. The surface lifts for all cells tended to be stiffer than tt-ie 
bind'er lifts. Obviously, thle test method is capable of rrileasuriny the variation in 
rnix stiffness due to binder type and aging condition. Tihe fact that the stiffness 
values of the surface lift mixes ranked in the same order' a:; the binder lift: mixes 
vvas :;ornewhat surprisinq as there is no obvious reason why between the two 
'I 2011 50 cells and the tv\/o A(:-20 cells this should have been the case. The 
percent of aging expressed1 as the % increase of stiffness modulus of the surface 
rnix over the binder mix proved to be about 50% or qreater in three inst8ances. 
\IVhile the increase in stiffness due to aging w a s  expected this amount w a s  more 
than this author t-lad anticilpated. As a follovv-up to this lwork some effort should be 
made to relate binder content and air voids to the 1.rencl:; that these 4 mixes 
showed in this study. If recovered binder propert& are available for cornpanion 
corer; that data should also be examined and related to these test resu1t.s. 
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HIGH TEMPERATURE STlFFNE!iS MODULUS TESVJ 
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Mastercurve MN CORES, 1700 AC002, AC-20 75 BLOW! BINDER TOP 0.5" #I 
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Note Predefined Fit 
Model Log Y Polynomial 

c t rr'^' 
I I L IUI 09844 
4 Coefficients 
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