
















































































































































































































































































Figure 4.9 : The Compaction Procedure - Fatigue Wheel Tracking Slabs
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V. It appeared that the use of a kneading compaction device significantly
effected the results of the modified asphalt mixtures tested at UCB or possibly

specimens were damaged in transit between Houston and Berkeley.

The relationships obtained in this chapter are limited by the number of tests

performed. Consequently, it is recommended that further studies with a larger

set of materials be conducted to extend this work.
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CHAPTER 8

Simplified Test Procedures

8.0 INTRODUCTION

During the test program, two simplified test procedures were used in order to
study the results in comparison to the more fundamental trapezoidal bending
beam fatigue tests. The two procedures were both Indirect Tensile Tests in
which vertical load is applied which produces a horizontal tensile stress across
the vertical diameter, Figure 8.1. In the first procedure the Stiffness Modulus
was measured at three temperatures (0, 10 and 20°C). The second procedure
mvolved complete fracture of a specimen during which measurements of
horizontal and vertical deformation were taken. This data was subsequently
reduced and analyzed to determine test parameters. This chapter presents an
analysis of the results obtained and explores the use of simplified test

procedures for the prediction of fatigue performance.
8.1 INDIRECT TENSILE STIFFNESS MODULUS
The Indirect Tensile Stiffness Modulus was measured in a device known as the

Nottingham Asphalt Tester (NAT), (Cooper and Brown, 1989). This device

is illustrated in Figure 8.2.
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Figure 8.1 : Indirect Tension Test
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Figure 8.2 : The NAT Configured for the Indirect Tensile Test
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In this method of stiffness measurement, repeated loading is applied across the
vertical diameter of a cylindrical specimen. This loading produces a complex
bi-axial stress distribution in the specimen as illustrated in Figure 8.3. The
resultant extension of the horizontal diameter is measured and used to estimate
the stiffness assuming that; 1) the specimen is subjected to plane stress, 2) the
material is linear elastic, 3) the material is homogeneous and isotropic, 4)
Poisson's ratio for the material is known and 5) the vertical load is applied as
a line loading. When these conditions are satisfied, the stress conditions in the
specimen are given by the closed form solution of the theory of elasticity

(Hudson et al., 1968).

The maximum and average stresses acting on the x and y axis (using polar

notation) are as follows:

oey(max) = :;t (8.1)
g (max) == 5‘1’: 82)
s = 2ZBE 83)
0o (V) - ;—f (8.4)
where; : P = vertical load

d = specimen diameter

t = specimen thickness
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gy = tangental stress.

o, = radial stress.

Figure 8.3 : Stress across Horizontal and Vertical Diameters
(using polar notation)
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Determination of the stiffness modulus from the theoretical stress distribution
is then calculated by considering the average principal stresses in a small
element subject to bi-axial stress conditions. The horizontal strain of such an
element is defined in Equation 8.5. By substitution the horizontal strain and
displacement are calculated, Equations 8.6 to 8.8, which are then used to
produce the expression which is used for the calculation of the indirect tensile

stiffness modulus (Equation 8.9).

- - 8.5)
€6,(@) s, v s, (

0273 P v P

€q(av) = + (8.6)

& S,dt S,dt

Ak = e fav) d (8.7)

Ah=0'273P+VP (8.8)
St St

_ 2713+ V) P 59

S Aht 89

A Poisson's ratio of 0.35 was assumed at all temperatures. A load rise time
of approximately 0.14 seconds was used with a load of approximately 3.1 kN.
Figure 8.4 shows typical results obtained at the three temperatures tested for
the mixtures containing the two types of binders and aggregates used in the
test development programme. The results for these mixtures indicates a higher
stiffness i1s obtained with the Valley binder compared to the Boscan binder.
This was also the general trend observed in the test development program.

However, when the stiffnesses obtained from the indirect tensile testing are
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Figure 8.4 : Typical Results for Mixtures with Boscan and Valley

Binders, and Texas Chert and Watsonville Aggregate
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compared to those from the trapezoidal fatigue testing it is observed that the
results at 20°C have a lower stiffness in the indirect tensile test but have higher
values at a temperature of 0°C, see Figure 8.5. A bias in the results is
expected due to the different loading speeds and in order to investigate this the
results were initially adjusted to reflect the differences in loading speed. The
adjustment factors are obtained from the use of Van der Poel's nomograph in
conjunction with the Bonnaure et al., (1980) mixture stiffness prediction
method. The stiffnesses were calculated for two loading times and three
temperatures (0°C, 10°C and 20°C). From these stiffnesses, adjustment ratios
were calculated which considered the difference in loading time and
temperature of the test, see Table 8.1. The results adjusted for loading time
only are presented in Figure 8.6 where it can now be seen that a lnear
relationship exists between the trapezoidal stiffness and that measured in
indirect tension. This relationship has a 1* value of 0.79 and is expressed as

follows:-

S, = L78 E* - 9578 8.10)

The fact that such a good relationship exists between the Indirect Tensile Test
and the stiffness measured in the Trapezoidal Fatigue Test suggests that the
simpler Indirect Tensile Test can be used with a reasonable degree of

confidence for stiffness measurement between fairly wide limits.

The above analysis is for the tests which were conducted at two temperatures
0°C and 10°C in the two test types (Indirect Tension and Trapezoidal Bending).

However, Indirect Tensile Stiffness measurements were also obtained at the

-8.8-




Indirect Tensile Stiffness (MPa)

35000

15000

10000

il & O 0 Celsius

Dm/ﬁf‘§/ X 20 Celsins

(|

X
ng
Vay
X

5000 10000 15000 20000 25000 30000 35000
Trapezoidal Stiffness (MPa)

Figure 8.5 : Indirect Tensile Stiffness versus Trapezoidal Stiffness
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Type of Test | Binder Temperature Stiffness (MPa)
0 Voids = 4% | Voids = 8%
Indirect AAK-1 20 3066 1909
Tensile Test | (Boscan) 10 7298 4546
0 13431 8706
AAG-1 20 4496 2801
(Valley) 10 13644 8872
0 24122 17696
Trapezoidal AAK-1 20 7292 4542
Fatigue Test | (Boscan) 0 19851 13975
AAG-1 20 12641 8089
(Valley) 0 30391 23411
Ratio's
Trap /ATT AAG-1 20 2.81 2.88
Trap /ITT AAG-1 0 1.26 1.32
| TrapATT | AAK-1 20 2.38 2.38
Trap. ITT AAK-1 0 1.48 1.61
Trap./ITT AAG-1 0/10 2.22 2.64
Trap./ITT AAG-1 20/10 0.91 0.93
Trap /ITT AAK-1 0/10 2.72 3.07
Trap JITT AAK-1 20/10 1.00 1.00
All Ratio's
Both @ 0°C Both @ 20°C Both @ 0°C Both @ 20°C
AAG-1 AAG-1 AAK-1 AAK-1

1.29 2.845 1.545 2.38

Trap. @ 20°C |

Trap. @ 0°C Trap. @ 20°C Trap. @ O°C
ITT @ 10°C ITT @ 10°C ITT @ 10°C ITT @ 10°C
AAG-1 AAG-1 AAK-1 AAK-1
1.29 2.845 1.545 238

Average Ratio's

Table 8.1 : Calculated Trapezoidal and Indirect Tensile Stiffnesses and
Ratio's using the Bonnaure et al., (1980) method
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Figure 8.6 : Indirect Tensile Stiffness versus Trapezoidal Stiffness -
Adjusted for Speed of Loading
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intermediate temperature of 10°C. It would be more desirable in a simple
testing scheme to use this temperature in place of testing at the low
temperature of 0°C since at temperatures around freezing, condensation can
occur and generally temperature control is more difficult. Adjustment factors
were also derived for this temperature and these are also presented in Table
8.1. The resulting adjusted stiffnesses are plotted in Figure 8.7. It can be seen
from this figure that adjusted data lies in two distinct groups and a relationship
cannot be established when results are adjusted for both loading time and
temperature. It would appear that the stiffness adjustment is less reliable if

both speed of loading and temperature adjustments are combined.

The analysis of fatigue test results in Chapter 6 illustrates that stiffness
modulus plays a key role in the prediction of fatigue performance. To avoid
the preparation of Trapezoidal beams which require extensive specimen
preparation it would be desirable for the purpose of fatigue life prediction to
replace the value of stiffness modulus used with that measured in the Indirect
Tensile Test. However, one limitation of the Indirect Tensile Test is that no
measure of phase angle can be made. Consequently, a method is required to

estimate this.

Francken et al., (1974) published results for a series of mixtures covering a
wide range of binders and volumetrics. If the logarithm of stiffness (E*) is
plotted against the phase angle (3), see Figure 8.8, a relationship can be

obtained as follows:-

-8.12-



[1 At same temperature

6 ITT at 10 C
7~~~
g o8
VRO
W%”
a
'ﬂé o000
HEE
5 N
© 10000 o
In s
= g
: aiee
K2
§ oo
= £
=
1000
1000 10000 100000
Trapezoidal Stiffness (MPa)

Figure 8.7 : Indirect Tensile Stiffness versus Trapezoidal Stiffness -
Adjusted using S, = 1.78 E" - 957.8
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& = 299.7 - 285 log E* (8.11)

Using this relationship the phase angle is calculated for the stiffness measured
in the Indirect Tensile Test. This is compared to measured values from the
Trapezoidal Fatigue Test in Figure 8.9. This data has been used with the
method detailed in Chapter 6 for prediction of the fatigue life to the NI
condition for a number of mixtures. The results for this prediction are
compared to the predicted results from the Trapezoidal Fatigue Test in Figure
8.10. It can be observed that while the stiffness from the Indirect Tensile Test
does explain a significant amount of the variability, a bias does exist with
longer lives being obtained. The relationship between the two methods of life

prediction is as follows:-

log Nl = 0.78 log NIy, + 1763 (8.12)

Thus, the use of stiffness values from the Indirect Tensile Test appears to be
promising. From the limited data collected during this study, a large amount
of variability in fatigue life can be explained by using a prediction method in
which the Indirect Tensile Stiffness is used. However, problems were
encountered in the area of time-temperature adjustments. The use of loading
time adjustments appears more robust than trying to shift data for the effects

of both loading time and temperature.
82 INDIRECT TENSILE FRACTURE TEST

The results from the Indirect Tensile Fracture Test were analyzed to determine

the tensile strength and the work done to reach failure (see Equations 5.43 and
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5.45). A third parameter, the Poisson's ratio could not be calculated
successfully due to the low resolution of the LVDT's measuring the horizontal
deformation. The results, for the three temperatures , are presented in Table

8.2 and plotted in Figures 8.11 and 8.12.

The results indicate greater variability at 20°C compared to 0°C and 10°C. The
tensile strength was found to be higher at lower temperatures for most of the

mixtures. However, this was not the case for the energy to failure.

83  RANKINGS USING INDIRECT TENSION RESULTS

The ranking of Indirect Tensile Stiffness, Strength and Energy versus
parameters measured in the Slab Test Facility experiments (rankings of mean
life and crack index, see section 7.7) are given in Figure 8.13. It can be
observed that the results from the Indirect Tensile Fracture test, in the form
used here, do not discriminate between the materials in the same manner as did
the Slab Test Facility (no trends in the data were apparent) or the Indirect

Tensile Stiffness test.

84  STRESS STATE IN INDIRECT TENSILE TESTS

The state of stress in an indirect tensile test is significantly more complex than
in a flexural beam test. Sousa et al. (1991) conducted a three dimensional
Finite Element analysis of the specimen shape and concluded that the material

properties would be dependent upon the stress level. This is due to the highly
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Mixture Tensile Stength (kN) Energy to Peak Load (J/mm)

Reference 0°C 10°C 20°C 0°C 10°C 20°C

AAG/RD | 3.028 2.389 1.958 0.301 0.349 0.452

HAAK/RD 3.134 2,726 | 1.483 0.301 0.404 | 0.269

AAM/RD | 3.502 2.451 1.154 0.400 0.467 0.228

AAA/RD - - - - - -

AAC/RD 2911 2.280 1.066 0.404 | 0.434 0.256

[ AAF/RC | 2838 | 2682 | 1.693 | 0215 | 0348 | 0363

2988 | 3.130 | 2642 | 0330 | 0328 | 0.583
3525 | 2977 | 2289 | 0387 | 0388 | 0.598
AAGRB | 2342 - - 0.295 - -
(2.951) | (3.053) | (2.764) { (0.337) | (0.358) | (0.591)

4.554 - 2760 | 0.462 - 0.530
3888 | 2499 | 2086 | 0409 | 0293 | 0471
415-5RB | 2943 | 2427 | 1637 | 0275 | 0362 | 0375
(3.795) | (2.463) | (2.160) | (0.382) | (0.327) | (0.459)

- 1.676 N - 0.537
3546 | 3528 | 2326 | 0352 | 0453 | 0462
416-G/RB| 3598 | 3216 | 2256 | 0381 | 0400 | 0.541
(3.572) | (2.872) | (2.086) | (0.366) | (427) | (0.513)

2892 | 3362 | 3.196 | 0251 | 0322 | 0379
2397 | 2344 | 2854 | 0173 | 0198 | 0333
405-G/RB | 3.068 | 2.608 - 0272 | 0276 -
(2.786) | (2.772) | (3.025) | (0.232) | (0.265) | (0.356)

Table 8.2 : Tensile Strength and Energy to Peak Load in the Indirect
Tensile Splitting Test
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Figure 8.11 : Tensile Strength measured in the Indirect Tensile
Splitting Test
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Figure 8.12 : Energy to Peak Load measured in the Indirect Tensile
Splitting Test
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non-uniform stress distribution in the specimen. In addition, the value of

Poisson's ratio is effected by this variable stress distribution.

The state of stress can be approximated to bi-axial as illustrated earlier. Using
this form of approximation it can be observed that the stress increases to a
very large value in the proximity of the loading strips. In addition, it has been
observed that a relationship exists between the stiffness modulus and the
Poisson's ratio (Sousa et al., 1991; Bouldin et al. 1993; Alavi and Monismith,
1994) and thus the true value for Poisson's ratio (or strain ratio) will be
variable throughout the specimen. Consequently, the assignment of a single
value could produce an incorrect result for the stiffness determination. Thus,
it is considered that the test provides better results at lower temperatures when
the strains are smaller. Recognizing, the problem with an assumed Poisson's
ratio and variable stress/strain across the diameter of the specimen, Roque and
Buttlar (1992) developed a method of measuring strains based upon
measurements made towards the centre of the specimen faces. In this zone,
the variation is significantly less than across the whole specimen. In addition
Roque and Buttlar (1992) combined the analysis with an iterative procedure to
minimize the errors associated with the Poisson's ratio determination. Hugo
and Schreuder (1993) identified similar problems to Roque and Buttlar (1992)
and made recommendations that specimen thicknesses also effect the test

results.
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85 THE RESILIENT MODULUS TEST (ASTM D 4123)

The test method specified in the ASTM standard is somewhat different from
that developed by Cooper and Brown (1989) in that the resilient stain is used
to determine the stiffness modulus rather than the total strain, see Figure 8.14.
The resilient modulus test was extensively evaluated by Tayebali et al. (1994)
who concluded that the use of the resilient stain can cause misleading values
of stiffness modulus, particularly at high temperatures. In this condition, the
resilient strain is small (ie. the specimen deforms only visco-plastically) and
consequently the modulus is very high. This is the opposite trend to that
obtained with bending tests in which the strain response includes elastic,

viscous and plastic strain components.

8.6 EFFECTS OF STRESS PULSE IN INDIRECT TENSILE TEST

An additional factor which needs to be taken into consideration in the
determination of stiffness modulus in the indirect tensile test is the shape of the
stress pulse. Since asphaltic material is visco-elastic with time dependent
properties, the stiffness is also a function of the area under the load time curve.
A greater area under this curve will result in a higher stiffness. Consequently,
care has to be taken when comparing results from tests which produce different
load signals and when using different loading times. Nunn (1995) calculated
the effects of different stress pulse shapes generated by commercially available
equipment and concluded that, for tests conducted with identical times to peak

load, the results could vary by about 20% dependent upon how quickly the
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Horizontal deformation, ASTM Method

Horizontal deformation, Nottingham Method

Notes:

Nottingham Method - 1) A line is constructed between the start (the initial reading)
and the final reading. 2) The horizontal deformation is taken as the distance
between that line and the peak deformation reading. _

ASTM Method - 1) A line is constructed between the maximum horizontal
deformation and the horizontal deformation after a period of time. 2) A line is
dropped from this line to determine the maximum ordinate between the constructed
line and the strain. 3) This ordinate defines the end of the recovery of resilient
strain. 4) The resilent srain is defined as the peak strain minus the strain and the
time when recovery of the resilent strain is complete,

Figure 8.14 : Differences in the Definition of Horizontal Displacement,
Nottingham versus ASTM Method
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load was applied. This obviously is a cause of concern if the results are being
used to substitute for other more fundamental test methods in which the shape

and duration of the load pulse is more accurately defined.

8.7 SUMMARY

The results from this study demonstrated that a good relationship existed
between the stiffness in indirect tension and the cantilever beam method when
the results were compared at the same temperature. When shifting from one
temperature to another, the relationship was found to be poorer. It is suggested
that this could have occurred due to the different binder rheology in the
mixtures which were tested. The results from the indirect tensile splitting tests
proved to be inconclusive due to the lack of sensitivity of the instrumentation.
In addition, several researchers have recently experienced problems interpreting
results from this test. Some improvements to the instrumentation are
recommended along with careful consideration of the problems discussed
above. This test still appears to be promising but a significant amount of work

is required to address the above concerns.
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CHAPTER 9

Fatigue Analysis of Pavements

9.0 INTRODUCTION

This chapter considers methods to analyze pavement structures with respect to
fatigue life prediction. Pavements have traditionally been analyzed with elastic
analysis methods to compute the value of tensile strain at the underside of the
bound pavement layer. This value is then used with a fatigue/life relationship
to estimate the number of load repetitions which can be applied before fatigue
cracking occurs. As part of the work reported herein, several pavements were
tested with a wheel tracking device to determine the fatigue performance.
Thus, if the relationships developed between energy and life are to be used,
these need to validated against the results obtained from pavement analysis.
However, it is not possible to calculate the amount of energy dissipated from
a linear elastic analysis and, consequently, a method which makes use of visco-
elastic pavement analysis has been developed. The use of the visco-elastic
method (with a dissipated energy criteria) is compared to elastic analysis (using
the strain criteria) for those pavements tested in Slab Test Facility (Chapter 7),
and in addition for several other special cases. The computer program (which
incorporates a visco-elastic model) developed by Rowe et al. (1995) uses a
number of Maxwell elements in parallel (Figure 9.1). The program can

contain any number of these elements acting in parallel using an overlay
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Figure 9.1 : Generalized Maxwell Model
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technique (Pande, 1977). Methods currently in existence enable determination
of the parameters for a model of this form from either frequency sweeps or

other forms of repeated loading tests carried out on prepared specimens.
9.1 THE CASE FOR VISCO-ELASTIC ANALYSIS

Hubhtala et al. (1990) reported strains measured in a test track. These showed
that, in the longitudinal direction, compressive strains occur which are followed
by atensile peak and then compressive strains again, whereas, in the transverse
direction, the strain is all tensile (see Figures 9.2 and 9.3). In the transverse
direction, there 1s a residual strain following the passage of the wheel load,
whereas in the longitudinal direction there are differences in the magnitude of
the compressive strain that occurs before and after the tensile peak. If linear
elastic analysis is used, the shape of the resulting strain curves are
symmetrical. Therefore, Huhtala et al. (1990) presented strong evidence to
suggest that linear elastic analysis is not correct in describing the strains (and
indirectly, stresses) in an asphaltic pavement structure under the passage of a
wheel load. However, if a visco-elastic model is employed, non-symmetrical
stress/strain responses can be calculated as illustrated in Figures 9.4 and 9.5 (in
this example, the material model for the asphaltic layers uses two Maxwell
elements in p_afallél); The shapes of the curves in these figures have the same
basic shapé as observed by Huhtala et al. (1990). A further analysis by
Huhtala et al. (1992) illustrated that using asphalt material properties associated
with the Burgers' model (Figure 9.6) the effect of multiple wheel passes on the

strain response could be explained with reasonable accuracy. The Burgers'
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Figure 9.2 : Longitudinal Strains at underside of bound layer (after
Huhtala et al., 1990)
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Figure 9.3 : Transverse Strains at underside of bound layer (after
Huhtala et al., 1990)
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Figure 9.4 : Longitudinal Stresses and Strains Computed from the FE
Model at underside of bound layer
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TRANSVERSE STRESS/STRAIN
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Figure 9.5 : Transverse Stresses and Strains Computed From the FE
Model at underside of bound layer
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Figure 9.6 : Burgers' Visco-Elastic Model

-9.8-



model parameters used by Huhtala et al. (1992) were estimated from a
procedure developed by Gerritsen (1987) which makes use of the binder

stiffness and other mixture properties as given in Equations 9.1 to 9.4.

fog EI = 1.185 + ( 0479 x log §,,, ) - ( 0.072 x VMA ) O.1)
log E2 = 0203 + (1021 x log §,, ) - ( 0.083 x VMA ) 9.2)
fog VI =2.174 - ( 1.634 x log Pen ) 9.3)

log V2 = (0.796 x log E2,,,) — 1.083 (94)
where: E, E, V, and V, are the Burger parameters (E,, V, a Maxwell

element and E,, V, a Kelvin element)

However, 1t should be noted that there is a direct equivalency between the

Burgers' model and two Maxwell elements acting in parallel, as follows:

E, = E, + E, 95)
1 1
Vi=V, V| =+ = (9.6)
()
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1 1
L - EiEu('Vl+T,;](E1+Eu)
=
EE.
(E + E;) ﬁ 9.7)
E, E Vi¥u 1 1
(B +Eg)||w + - EE,| = + —
4] 1,1 Vi Y
i ) .E it N H
ru ;/' Vii
v, - (B +E)”
EE,
E + E, =
El Eﬁ ( f ] + {13 ) (VtVa] 1 1 (9.8)
(B+E) |5+ 52 |- AR
: | 4 V; 1 1 V. V¥,
i i E tE RS i i
"\
where: E, E;, V, and V; are the parameters associated with two

Maxwell elements in parallel

If stress and strain are both calculated then they can be plotted against each
other to obtain hysteresis loops as shown in Figures 9.7 and 9.8. In addition,
the FE code enables direct computation of deviatoric dissipated energy (see
section 9.2) and a typical contour plot of deviatoric dissipated energy following
the passage of a single wheel load is shown in Figure 9.9. The contour plot
shows that peak dissipated energy occurs under the wheel load with high
values also in areas near the edge of the load. With this particular pavement
geometry (250 mm asphalt thickness on a granular base - see Table 9.1)
fatigue cracking will be initiated at the underside of the pavement. The peak
value of a dissipated energy at this location is 38.5 Joules/m’® following the

wheel passage.
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Material Layers and Properties

Layer Thickness (mm) Properties
Hot Rolled Asphalt 40 E; = 406.7 MPa
Wearing Course V; = 7479 MPasec
E;= 12733 MPa
V; = 32.1 MPasec
Hot Rolled Asphalt 60 E; = 355.0 MPa
Basecourse V.= 539.7 MPa.sec
E; = 18350 MPa
V; = 33.0 MPa.sec
Dense Bitumen 150 E;= 5084 MPa
Macadam V; = 7412 MPa.sec
E;=2541.6 MPa
Vi = 33.0 MPasec
Granular Foundation 3,570 E =200 MPa
Loading

Wheel load = 20 kN
Contact Pressure = 600 kPa

Load Pulse Duration = 9.27 milliseconds

Notes: Visco-elastic properties for the asphaltic materials were calculated

using the procedures developed by Gerritsen (1987).

Table 9.1 : Details of Typical 250 mm Thick Pavement
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9.2 FINITE ELEMENT MODEL

The software developed for fatigue life prediction consists of a "core” FE
program which interacts with other programs and subroutines that provide
information on material properties, pavement temperatures and traffic
conditions, Figure 9.10. The greater part of the existing finite element code,
initially drawn upon for program development, is based on work described by
Owen and Hinton (1980) and was coded by Sharrock (1990). The principle

assumptions made in the FE code are described below.

Visco-elastic materials are treated as a special case of visco-elastic-plastic
behaviour, in which the yield stress in the plastic slider element, for the onset
of visco-plasticity, is reduced to zero (see Figure 9.11). Elastic matenal
behaviour is also obtained as a special case, by specifying a very large yield
stress for the plastic element so that visco-plastic flow cannot occur. Linear
isotropic elasticity is assumed for modelling elastic behaviour with Young's

modulus and Poisson's ratio being part of the input.

The total strain is assumed to be separable into elastic and visco-plastic

components and, in terms of strain rates, as follows:

E=¢, +¢, 9.9)

total strain rate

M.
Il

where;

strain rate associated with elastic behaviour

s
il

é = strain rate associated with visco-plastic behaviour
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Newtonian yielding at E,
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Figure 9.11 : Rheological Representation of Model Employed
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The elastic component is assumed to experience the total stress acting and,
therefore, the total stress rate depends on the elastic strain rate by way of the

elasticity matrix D:
6 =D¢ (9.10)

The visco-plastic strain rate is determined from the current state of stress by

the relationship:

&, =¥ [T O ©11)

In Equation 9.11 9dF/dc represents a plastic potential and 7y is a fluidity
(reciprocal of viscosity). The yield function F is that of Von Mises and the

function (F) is given by:

F-o
F(F) = y (9.12)
a
For the case of purely viscous flow, with zero yield stress for plasticity:

FE=-F 9.13)

The resulting viscous strain increment is assumed to be entirely (shear)
deviatoric (no volume change) and proportional to the current deviator stresses.

The mixture "viscosity” is a shear viscosity in these circumstances. This is
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considered to lead to a reasonable approximation of viscous flow with viscous

or visco-elastic material behaviour.

Asphaltic materials cannot be characterized by the basic visco-elastic-plastic
model used in the FE program as shown in Figure 9.11 but require more
complex models to explain their behaviour. A method of obtaining more
realistic material response, in the context of FE modelling, is to build up a
composite action by using a number of different 'overlays’ of simpler materials
each with different characteristics. The material to be analyzed is assumed to
be composed of several layers each of which undergoes the same deformation
(strain compatibility). The total stress field in the material is then obtained by
a summation to which each part of the 'overlay' contributes in proportion to the
fractional weighting allocated in the total material. In a two dimensional
situation, the total thickness is taken to be unity and the weighting for each
material simply equals its thickness in the overlay (Zienkiewicz et al, 1972;
Owen et al., 1974, and Pande et al,, 1977). This concept is illustrated in
Figure 9.12. The current version of the software (PACE Version 1.11, 7/3/95)
uses a plain strain analysis. In order to produce deflections of the same
magnitude as a full 3D analysis, the stiffness of the elastic base layers (sub-
base and sub-grade) are increased by a factor of five!. This adjustment

produces similar values of dissipated energy when using the plain strain

"This factor was determined by conducting both 2D and 3D Finite Element
analysis. The factor of 5 applied to the subbase and sub-grade in the 2D
calculations produced the same value of dissipated energy in the asphaltic

materials that was obtained in the 3D case.
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Unit thickness overlay composed of 4 materials, 2-D situation

Figure 9.12 : 'Overlay' Model
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analysis compared to a 3D analysis.

93  VISCO-ELASTIC MATERJAL PROPERTIES

9.3.1 Relaxation properties

A method of analysis has been implemented to obtain a model which will
allow input of parameters associated with a generalized Maxwell model, Figure
9.1. The current version uses properties associated with a four element
Maxwell model for the fatigue life calculations. With 4-10 elements, excellent
fits are obtained for the prediction of frequency sweep data over a wide range
of loading times (Bouldin et al., 1994). The matenal properties are obtained
from a computer program developed by Sharrock (1994) which determines a
discrete relaxation spectrum for input consisting of frequency sweep data. The
data is reduced to four sets of Maxwell parameters which can describe the
complex properties of the material. A comparison between using two Maxwell
units and four Maxwell units to describe a frequency sweep data set is
illustrated in Figures 9.13 and 9.14. It can be seen that if two units are used
then it is only possible to fit the data well at two specified frequencies while

if four are used then a good fit is obtained over two decades of frequency.

9.3.2 Shear frequency sweep data

The SHRP A-003A contractor proposed a method of fatigue prediction based

upon shear frequency sweep data and elastic analysis. Since shear apparatus
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will be generally available it is considered desirable to investigate the use of
this data in a prediction procedure. Relationships were proposed for

conversion of the shear data to flexural data as follows:

S, = 8560 (G ) %1 (* =0.712) (9.14)
S‘:/ = 81.125 (G‘:/) 0.725 (l'2 = 0.512) (9.15)
sin 8; = 1.040 ( sin 3, )0-725 ("= 0.810) (9.16)
where S, = Stiffness modulus, bending beam test.
s, = Loss Stiffness modulus, bending beam test.
G, = Stiffness modulus, shear test.
G, = Loss Stiffness modulus, shear test.
) = Phase lag (subscript indicates type of test).

The shear data were measured using the SHRP Test Method M-003 (Harrigan
et al.,, 1994). This test method requires that the specimen height remains
constant. This results in the application of an axial load in addition to the
applied shear load. The test is conducted at a constant shear strain amplitude

of 100 pe.

In the comparison of shear and flexural data, it can be assumed that the
relationship for the phase angle should pass through the ordinates {0,0) and
(90,90) representing purely elastic and viscous behaviour respectively.

However, the relationship proposed above (Tayebali et al., 1994) is a power
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law which will result, for higher phase angles, in a mathematical error (sin &
> 1) if it is used for conversions. Since, a generalized relationship was needed
for the visco-elastic model, a study was performed to fit a physical relationship
which can be used over the entire range of possible phase angles thus
permitting extrapolation from the original data set. It was considered that the
best description of the data (forcing the relationship through the two ordinates
discussed above) could be obtained using a sine function. An iterative analysis
was performed (minimising the root mean square error) giving the result in
Equation 9.17. This result which has a rms error value of 1.78 degrees
compared to 1.88 degrees for the SHRP equation and 1.85 degrees for a linear

best fit, 1s illustrated in Figure 9.15 along with the other relationships.

8, = B, + 965 ( sin 28;) 9.17)

The flexural and shear stiffnesses are related by a factor of three as illustrated
in Figure 9.16. Shear frequency sweep data were published for each of the six
A-003A Slab Test Facility experiments (see Table 9.2). These results have
been analyzed to determine the Maxwell parameters and are presented in Table
9.3. In addition, to the estimation of parameters at 20°C from that data, it is
also possible to construct master curves, shift these to any desired temperature
and then predict a discrete relaxation spectrum (for four Maxwell elements) at
that temperature. Figure 9.17 illustrates the master curve obtained for mixture
AAG-RD. This has been shifted to temperatures between 4°C and 40°C and

the discrete relaxation spectrum calculated at each temperature. The results for
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Test temp 4°C | Test temp 20°C | Test temp 40°C

Mixture | Freq.

Ref G* 0 G* 0 G* 0
) (MPa) (MPa) (MPa)
AAA-RD 10 41185 {22.0 {15329 | 36.5 162.3 56.2
5 35654 [ 21.8 {11523 | 40.1 120.5 52.8
2 2913.7 1249 | 7823 44.5 83.0 472
1 2418.1 | 275 | 570.5 47.5 65.3 42.4

0.5 1973.1 1309 | 409.7 | 50.0 53.6 39.1
0.2 14573 {35.0 | 257.6 | 523 434 343
0.1 1124.0 | 384 | 182.6 | 52.7 38.2 31.2

AAC-RD| 10 42569 | 14.0 }1636.6 | 29.9 | 221.0 60.4
5 38304 {134 }1329.1 | 31.7 158.3 61.0
2 3349.6 | 144 |10119 | 343 98.2 57.9
1 3052.1 {156 | 8026 | 374 69.4 54.0

0.5 27454 1172 | 6203 | 40.5 52.4 492

0.2 23598 1195 | 4229 | 4438 37.6 43.4

0.1 2073.0 1215 | 3089 | 48.0 31.6 38.6

AAF-RD 10 49394 | 14.0 {27872 | 19.7 563.1 48.6
5 46054 |1 12.0 |2423.1 | 203 396.6 52.3
2 42370 | 11.6 {2026.5 | 223 254.7 56.1
1 3972.4 | 12.1 {17369 | 249 174.7 57.8

0.5 3701.1 | 129 |1457.2 | 28.2 121.0 58.1

0.2 3317.1 | 14.7 {1120.8 | 329 76.0 55.0

0.1 3044.7 159 | 891.2 | 36.6 58.2 511

AAG-RD | 10 3718.1 | 11.6 |2360.7 | 27.6 330.8 65.5
5 37552 | 7.1 [2079.9 | 26.7 | 210.6 67.9
2 3563.5 | 84 [1663.8 | 31.2 113.8 65.6
1 3364.1 | 9.6 |1351.0 | 369 73.4 60.7

0.5 31943 {10.5 [1036.0 | 435 512 544

0.2 28999 | 123 | 6735 | 53.2 37.6 45.2

0.1 27222 113.8 | 448.0 | 60.0 31.6 414

AAK-RD| 10 3226.7 | 14.2 [13469 | 2738 256.3 522
5 2858.8 | 147 {10643 | 31.3 183.9 52.8
2 24975 1176 | 776.1 | 364 117.5 51.7
1 2231.2 | 194 | 5972 | 40.0 86.1 49.9

0.5 1947.6 1214 | 446.7 | 43.0 63.7 46.9

0.2 1613.0 [ 24.8 | 2973 | 463 44.5 427

0.1 1363.9 [ 269 | 2175 | 48.0 37.3 38.7

AAM-RD| 10 5748.5 | 123 24913 | 245 363.2 52.8
5 5080.0 | 11.3 {20109 | 25.6 | 253.2 544
2 4567.2 | 12.3 [1562.8 | 29.7 161.7 54.4
1 42113 | 13.2 | 12564 | 33.1 115.1 53.8

0.5 3825.7 | 146 | 9932 | 36.0 84.4 521

0.2 33849 1164 | 7053 | 40.0 59.2 48.6

0.1 3035.1 | 179 | 5348 | 432 46.4 44.8

Table 9.2 : Shear Frequency Sweep Test Results, RD Aggregate
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Mixture

Maxwell Unit AAA-RD] AAC-RD JAAF-RD] AAG-RD {AAK-RD | AAM-RD

Elastic Modulus, MPa| 1840.0 | 3560.0 {11008.0] 5789.0 2423.0 6476.0
1 {Viscosity, MPa.sec 2789.0 { 5469.0 120562.0f 5980.0 3800.0 10637.0

[Time, sec 1.516 1.536 1.868 1.033 1.568 1.643

Elastic Modulus, MPa| 37140 | 69450 | 9826.0 5359 3686.0 7660.0
2 [Viscosity, MPa.sec 597.3 1113.0 | 2298.0 264.1 681.6 1526.0

Time, sec 0.16079 1 0.16021 }0.23391} 0.49280 } 0.18490 | 0.19921

[Elastic Modulus, MPa| 7030.0 | 5541.0 |11371.0} 16744.0 | 7586.0 11763.0
3 |Viscosity, MPa.sec 301.9 215.5 645.9 1968.0 349.0 625.5

Time, sec 0.04295 | 0.03889 §0.05680] 0.11753 | 0.04600 §{ 0.05318

Flastic Modulus, MPa{204771.0] 80547.0 [158267.0{ 107564.0 | 112800.0 | 148852.0
4 {Viscosity, MPa.sec 188.4 174.7 182.0 260.4 1173 200.0

Time, sec 0.00092 { 0.00217 {0.00115] 0.00242 { 0.00104 | 0.00134

Table 9.3 : Maxwell Parameters Fitted to Shear Frequency Sweep Data
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this analysis are illustrated in Figures 9.18 and 9.19.

94  ANALYSIS OF THE STF EXPERIMENT

9.4.1 Visco-elastic analysis

The STF experiment was analyzed by the PACE™ visco-elastic FE analysis
software at the load levels used in the experiment. For each slab, a dissipated
energy contour map was generated. The significant variables used for this

analysis were as follows:

Asphaltic Material:  Properties based upon Shear Frequency Sweep
results as discussed earlier.

Base Support: 10 MPa stiffness rubber mat 92 mm thickness
resting on a steel base with assigned stiffness of

500,000 MPa (ie. very stiff) 4.0 m thickness.

Temperature: Constant with depth, 20°C.
Wheel speed: 2.3 km/hr.

Wheel load: As given in Table 7.1.
Tyre pressure: 380 kPa.

An example of the dissipated energy contour plot (mixture AAF-RD) produced
by the software is presented in Figure 9.20. By inspection it can be seen that

the maximum value of dissipated energy occurs at the underside of the
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asphaltic layer and this was true for all mixtures analyzed in the STF
experiment. This value of dissipated energy was then used with Equation 6.31
to estimate the fatigue life to crack initiation, N1. The maximum value of
dissipated energy and estimated life to the N7 condition for each mixture is

given in Table 9 4.

The FE analysis, generally, ranked the materials in the same order as the
results obtained from the STF experiment with the exception of mixture AAK-
RD (see Figure 9.21). The difference between the calculated lives versus that
measured in the STF (both at the N1 stage) are considered to be a result of rest
periods which occur in the STF. The fatigue relationship used in the
calculations (see Equation 6.30) was based on fatigue testing which contained
no rest periods. Figure 9.22, which presents the data graphically, includes a
line which represents a shift factor of x25 as suggested by Raithby (1972) to
account for rest periods. This line lies in the centre of the data collected. A
regression line (excluding AAK-RD) is also shown and this indicates that the
difference, in the measured and predicted results, is greater for slabs with
longer lives. An alternate interpretation is that different shift factors apply for
short and long fatigue lives. Shift factors based upon this data are illustrated
in Figure 9.23. The mean shift factor for the long fatigue life results (AAA,
AAF, AAK and AAM-RD) was 64 whereas that obtained for the shorter lives
(AAC and AAF-RD) was 6. An alternative approach would be to consider that
the shift factor is a function of the number of load cycles. Due to the lack of
further data it is not possible to determine a more meaningful understanding.

Consequently, it is proposed that in the design solution a shift factor of x25
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Mixture Dissipated Energy (J/m’) NI

AAA-RD 263.68 50 066
AAC-RD 441.52 14 250
AAF-RD 29411 35990
AAG-RD 626.85 7 866
AAK-RD 588.46 8 001
AAM-RD 370.65 21 402

Table 9.4 : Dissipated Energy and Life to NI as Calculated using the
PACE™ Software
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Figure 9.21 : Rankings in the STF Experiment and by using Visco-
Elastic Analysis (PACE™) Software
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should be adopted. This would be, generally, a conservative approach and

considered wise for design.

9.4.2 Comparison with elastic analysis

Using the load data presented in Table 7.1 and mixture stiffness appropriate
for the loading speed of the STF the fatigue life was calculated using strain life
relationships and layered elastic analysis. The strain life relationships were
obtained from analysis of controlled stain fatigue test data obtained by the
University of California (Tayebali, 1992). The stiffness values used along with
the constants for the fatigue equation are given in Table 9.5 along with the

constants used in Equation 9.18.

N, = kI (€)® (5.18)

The results from this analysis are presented in Figure 9.24 which also contains
the results from the earlier analysis. It can be observed that whereas the visco-
elastic procedure under-predicted the fatigue life by a factor of twenty five the
elastic analysis over-predicts by a similar amount. Clearly, some of the
differences could be attributed to the use of controlled strain fatigue data for

the STF condition which is closer to the controlled stress mode of loading®.

Both visco-elastic and elastic analysis appear to rank the data in a similar

* Tests conducted in the controlled strain mode of loading last longer than
those conducted using controlled stress (see Chapter 3). Consequently, when
controlled strain results are used for a pavement which is more representative

of the controlled stress condition an over-prediction of fatigue life can occur.
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Stiffness, E*

Mixture Reference (MPa) k1 k2
AAA-RD 2978.1 3.61e-06 -3.1595
AAC-RD 3700.9 2.18e-07 -3.38268
AAF-RD 7363.2 1.58e-07 -3.3854
AAG-RD 5967.2 3.06e-09 -3.77549
AAK-RD 2977.8 3.33e-10 -4.30375
AAM-RD 5868.6 3.36e-09 -4.04387

Table 9.5 : Mixture Properties used for Elastic Analysis
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manner but this result indicates that considerable care needs to be given to the
choice of controlled stress versus controlled strain fatigue data. The energy
method can, potentially, overcome this problem and use of the test type would

not effect the position of the estimated life to crack initiation.

95 PAVEMENT THICKNESS AND TEMPERATURE

To investigate the effect of stiffness and temperature with the dissipated energy
method a series of calculations where performed for; 1) the STF experiment,
2) a typical thick pavement structure, and 3) a typical thin pavement structure.
All the calculations used mixture AAG-RD at different temperatures. The
visco-elastic material properties are those that were presented earlier in Figure
9.19. In addition, computations were made using the University of Nottingham
design method (Brown et al., 1985) but with the mixture stiffness values
calculated using the Bonnaure nomograph (Bonnaure et al., 1977). The life
calculations use the fatigue relationship developed by Cooper (1976) (no shift
factors, ie. all lives are compared at the N1 condition as defined earlier). The

parameters used for the calculations are presented in Table 9.6.

9.5.1 Anticipated effect of temperature on the STF experiment results

The results obtained for the simulation of the STF at varying temperatures are
presented in Figure 9.25. It can be clearly observed that, in this experiment,
as the stiffness of the asphaltic material drops, the amount of dissipated energy

mcreases and the calculated fatigue life decreases.
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IL Mixture Properties (AAG-RD)

'"Binder Properties (RTFOT used)

See Table 4.1

Volumetrics
» Voids, % 9.9
Volume of Binder, % 11.7
Voids in Mineral Aggregate, % 215
Stiffness at Temperature (°C), MPa
4 16799
8 14004
12 10407
16 7352
20 4935
24 3009
28 1825
32 1050
36-40

outside range of nomograph

Structure Features

Asphalt Layer Thickness, mm

Thin Pavement 50

Thick Pavement 300
|[Foundation Stiffness, MPa 50 and 300
Loading

Axle Dual

Speed of Loading, km/hr 50

Radius of Loaded Area, mm 113

Spacing of wheel centres, mm 376

Table 9.6 : Parameters used in Elastic and Visco-Elastic Comparison

Study
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Figure 9.25 : Results from Visco-Elastic Analysis of the STF
Configuration using various Temperatures for the Material Properties,

Mix AAG-RD
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9.5.2 Effect of temperature on typical thick and thin pavements

The results from the visco-elastic analysis (using the PACE™ software) and
elastic analysis of the "thick” and "thin" pavements with "weak" and "strong"
foundations" are presented in Figure 9.26. It can be observed that in all cases
the fatigue life to crack initiation generally decreases’ with increasing
temperature. The result suggests that a stiffer material performs better in the
prevention of crack initiation for both thin and thick pavement structures.
Figure 9.27 illustrates a comparison between the life calculated by the two
analysis methods including the STF experiment using both PACE™ and UCB
data. It can be observed that the lives calculated for the thick pavement are
relatively close (within % decade for lives 10000 to 10000000). However, the
life calculated for the thin pavement structures by elastic analysis 1is

considerably lower than the life calculated by visco-elastic analysis.

9.5.3 Thick and thin pavements versus the STF results

The results presented in Figure 9.27 show that the fatigue lives calculated for
the thick pavement section have a similar trend line to that obtained for the
STF analysis. This demonstrates that the visco-elastic analysis and elastic
analysis using the Nottingham fatigue relationship (Cooper, 1976) give results

which are similar (differing by about a 2 decade) for relatively thick

'An increase in fatigue life is observed in the temperature range 10-15°C.
This is considered to be due to variability in the accuracy of calculating the

relaxation parameters from the frequency sweep data.
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Figure 9.26 : Predicted Life using Visco-Elastic Analysis Software for
Thick and Thin Pavement Stuctures on Weak and Strong Bases, Mix
AAG-RD
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Notes:Thick = pavement structure 300 mm thick (see Table 9.6).
Thin = pavement structure 50 mm thick (see Table 9.6).
STF = 50 mm pavement tested in the Slab Test Facility
Weak = foundation stiffness of 50 MPa (see Table 9.6).
Stiff = foundation stiffness of 50 MPa (see Table 9.6).
UCB Cont. Strain = Calculations based on data collected at University of California in a
controlled strain experiment.
TANK = Visco-elastic calculations performed using data from tests on materials with no
ageing.
RTFOT = Visco-elastic calculations performed using data from tests on materials after
Rolling Thin Film Oven ageing.

Figure 9.27 : Comparison of Various Structures, Elastic versus Visco-
Elastic Analysis, Mix AAG-RD
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pavement structures. For thinner pavement structures the tensile strain
relationship results in low calculated lives compared to the visco-elastic

analysis.

9.6 OTHER COMPARISONS TO ELASTIC ANALYSIS

The document, "An Introduction to the Analytical Design of Pavements - 3rd
Edition," (Brown et al., 1985), which presents the University of Nottingham's
simplified approach to pavement design, has been widely used for performing
pavement design calculations. In order to compare the visco-elastic method
more fully with this method, calculations have been performed using the
pavement details given in the five cases contained in examples 1 and 2 of that
document. The input data for the analysis is summarized in Table 9.7. All
results are compared at the crack initiation stage (i.e. no factors for rest
periods, crack propagation or lateral wander are used) for three pavement

thicknesses (100, 200 and 300 mm).

9.6.1 Example 1 results

Example 1 compares four three layer structures consisting of an asphalt base
material, sub-base and subgrade. No wearing course is used in this example.
A typical example of a dissipated energy contour plot is given in Figure 9.28.
From this figure, it can be observed that the highest value of dissipated energy
1s occurring at the surface and consequently, if this concept is valid, cracking

would be expected to occur at this location first. In the majority of the
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Mixture properties for asphaltic materials

Mixture Type {Binder Content| Void Content Voids in Volume Initial
Mineral Binder {Penetration
Aggregate
Typical hot rolled 7.9 4 218 17.8 50
asphalt wearing
Typical hot rolled 5.7 50 18.1 13.1 50
asphalt base
Typical dense 5 10.0 17.9 7.9 100
bitumen macadam
base
Modified hot 5.0 40 15.7 11.7 50
lirolled asphalt base
Modified dense 4.5 6.0 16.4 10.4 50
bitumen macadam
base

Poisson's ratio

assumed as 0.4 for above mixtures

Binder properties assumed for typical mixes

Initial Properties

Recovered Properties

Penetration Softening Point] Penetration Softening Penetration Index
°C) Point (°C)
50 53.6 325 58.6 -0.2
100 45.7 65.0 50.6 -0.4
Subbase/Subgrade Properties
Subbase Thickness (mm) 200
Subbase Stiffness (MPa) 100
Subbase Poisson's Ratio 0.3
Subgrade Stiffness (MPa)
Example 1 30
Example 2 50
Subgrade Poisson's Ratio 0.4
Design Criteria
umber of Standard Axles (80 kN, Dual)
Example 1 40,000,000
Example 2 10,000,000
yre Pressure (kPa) 500
eel centre spacing (mm) 376
dius of loaded area 113
Speed of traffic (km/hr) 60
esign Temperature for Fatigue (°C)
Example 1 17.3
Example 2 19.6
[Wearing Course Present
Example 1 No
Example 2 | Yes
Note: Example 2 considers only the Modified TIRA Base

Table 9.7 : Design Parameters used in Comparison to University of

Nottingham Method
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calculations performed (with the exception of two 300 mm thick pavements)

the highest value of dissipated energy occurs at the surface.

9.6.2 Example 2 results

Example 2 considers a structure which uses a modified HRA base along with
a traditional 40 mm HRA wearing course. A typical example of a dissipated
energy contour plot for this structure is given in Figure 9.29. It can be
observed that the highest dissipated energy occurs in the less stiff wearing
course material. However, unlike the example 1 result, the increased volume
of binder in a wearing course results in the crack initiation being expected at

the underside of the main structural layer.

9.6.3 Sensitivity to pavement thickness

The results of the visco-elastic analysis are illustrated in Figure 9.30. This
figure illustrates that the HRA base material has the longest computed life.
The results from both analysis techniques are plotted in Figure 9.31. This
illustrates that the life computed from the visco-elastic analysis method is not
as sensitive to pavement thickness compared to the elastic method. However,
it also indicates that similar lives are obtained for the thicker pavement
structure with the exception of that computed for the DBM base containing the
softer 100 pen binder. The lower sensitivity with visco-elastic analysis to

pavement thickness was also observed earlier (see Figure 9.28).
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Figure 9.30 : Results Obtained From Visco-Elastic Analysis,
Examples 1 and 2
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9.7 SUMMARY

Various structures have been analyzed using the visco-elastic analysis
technique. The analysis required the derivation of visco-elastic material
properties from frequency sweep data and from a prediction method. These

results were compared to conventional elastic analysis.

The relaxation properties of an asphaltic material can be fitted by a four
Maxwell element model to achieve a good fit of properties over a two decade
range of frequencies. The fit of a two element model is, in comparison, very
poor. An improved method for converting shear frequency sweep data to
flexural data was developed. This method will enable the use of shear
frequency data collected by devices which should be available during the
implementation of the SHRP research program. Data from shear testing was
used to develop relaxation times for a mix in 4°C steps between 4°C and 40°C.
In addition, relaxation times at 20°C were obtained for all RD aggregate

mixtures.

Visco-elastic analysis of pavements containing aggregate RD produced a
similar ranking to the performance obtained in the STF. The results were
shifted by a factor of approximately x25 from the actual lives. This difference
is considered to be a function of rest periods. The results from controlled

strain fatigue testing and elastic analysis over predicted the fatigue life.

Analysis performed for a pavement with mix AAG-RD at various temperatures
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indicated that as temperature is increased, life decreases. This result is

consistent with fatigue calculations by other techniques.

Analysis of pavements with different section thicknesses suggest that the visco-

elastic plain strain analysis is not as sensitive to pavement thickness compared

to elastic analysis.
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CHAPTER 10

Prediction of Fatigue Life

10.0 INTRODUCTION

Fatigue performance predicted by using the energy dissipated (work done) in
asphaltic materials under loading (with the damage being proportional to the
cumulative dissipated energy) is similar to that used in the Shell Pavement
Design Method (Shell International Petroleum Company, 1978). Some
additional features are made possible by the method described, including a
direct calculation of dissipated energy from the FE analysis and incorporation
of an improved model for determining pavement life from the consideration of
dissipated energy. This chapter presents a method of fatigue prediction that

uses the concept of dissipated energy.
10.1 FATIGUE LIFE CALCULATION AND CUMULATIVEDAMAGE

For the analysis of real pavement structures (as opposed to laboratory pilot
scale trails) consideration is needed of variable temperature gradients with
depth, multiple applications of different axle loads and variation of traffic

throughout the pavement life.

-10.1-



10.1.1 Traffic variations

The principle variation in traffic occurs on a daily basis. The traffic flow is
generally low at night and then increases for day time hours. Peaks in vehicle
traffic occur at the beginning and the end of the working day, although,
commercial vehicle traffic (significant to fatigue damage) remains fairly
constant throughout the working day. Brown et al. (1985) proposed the use
of a trapezoidal variation of traffic over a twenty-four hour period, as
illustrated in Figure 10.1, based on real data from the Transport and Road
Research Laboratory (Croney, 1977). For simplicity a step function is
proposed for use with the Finite Element Model as illustrated in Figure 10.2.
The variation of traffic with time of year can be assumed to remain fairly

constant and, consequently, this is not considered in the proposed method.

Variations of axle type and spacing between axles has been investigated by
various workers. Raithby et al. (1972) suggested that the time between
successive wheel loads was generally long enough to be regarded as a
significant rest period. A shift factor of x20 was used in the Nottingham
design method (Brown et al., 1985) to account for rest periods (to adjust
laboratory performance to observed life in pavements) using the results of
Raithby et al. (1972). The basic assumption with this approach is that there
is no complex interaction between successive wheel loads and the effect of an
axle train versus discrete applications of the same number of wheel loads is
equal. However, results published by Hutala et al. (1980) demonstrated that

an interaction does exist when axle trains pass over a pavement structure,
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Figure 10.1 : Traffic Variation through a 24 hour period (after
Croney, 1977 and Brown et al., 1985)
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Figure 10,2 : Simplified Traffic Variation through a 24 hour period
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particulary with respect to the magnitude of the transverse strain. Dissipated
energy can potentially provide a tool to investigate the combined effect of
multiple axle loading but this would require relatively complex 3 dimensional
analysis and significantly longer computation times compared to the 2
dimensional solutions resulting in long computation times for routine

calculations.

The effect of axle loads with different weights has traditionally been
considered by adoption of the theory that damage caused in any loading cycle
is inversely proportional to the fatigue life of the material as discussed in
Chapter 3 (see Equations 3.47 to 3.50). The current PACE™ software (as used
earlier) allows axle loads to be analyzed individually and does not consider a
spectrum of loading. However, equivalency values can be determined for a
given axle by calculating the life for any axle load and comparing this to a

standard axle.

10.1.2 Methods for determining pavement temperature

Since the properties of asphaltic materials are highly temperature dependent (as
discussed in Chapters 2 and 3) detailed consideration is needed of temperature

is needed to account for the effects.

The effect of temperature can be considered in a number of ways.
Sophisticated climatic effect models can be used (Lytton et al., 1990) or,

alternately, use can be made of simplified techniques to predict pavement
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performance. Both these approaches are considered below.

The effect of varying temperatures both diurnally and annually can be obtained
by calculating temperature depth gradients for discrete time periods. The effect
of solar radiation and thermal properties of materials are fairly well established

(Williamson, 1972; Lytton et al., 1990, and Solaimanian et al., 1993).

A method was developed using numerical procedures developed by Sharrock
(1991) for calculating temperature-depth gradients. In Sharrock's method,
rigorous analysis of climatic effects is performed which uses a FE heat flow
model to generate 24 temperature-depth profiles, one for each hour of the day.
The calculations are repeated for twelve periods corresponding to each of the
twelve months of the year giving a total of 288 temperature depth gradients.

The gradients are expressed in an exponential form as follows:

T, = A, eb‘+A2 e 24 4, ey 4, e %4 A eb5+A68b6 (10.1)

where, A, to A, and b, to b, are curve fitting parameters.

Use of the above equation enables the calculation of pavement temperature at

Gauss points in the Finite Element model.

Sharrock's procedure (Sharrock, 1991) uses an energy balance calculation with
boundary conditions that consist of a heat transfer coefficient used in

conjunction with air temperature, together with a radiation flux at the upper
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surface and a fixed temperature at 1 m depth, equal to the average monthly air
temperature. The computation is started at dawn, assuming a constant
temperature with depth for simplicity. The heat flow equations are integrated
by an explicit time stepping procedure, whilst, simultaneously, the heat transfer
conditions at the surface are varied with time according to the predetermined
patterns of air temperature together with direct and diffuse radiation. After 24
hours the temperature-depth variation found at this time is treated as a new
estimate of the starting conditions and the time stepping process is repeated for
another 24 hours. In this way, successive approximations to the initial
boundary conditions are obtained. When the initial and final states of the 24
hour period match closely, the desired solution for the period has been

determined. The radiation at the surface is obtained as follows:-

Day - A mean value of solar constant of 1362 W/m’ is assumed, i.e. the
radiation intensity normal to the Sun's direction above the earth's atmosphere.
This is taken to vary seasonally by +/- 3.5% due to the varying radius of the
Earth's orbit. Generally accepted published information on the proportion of
the radiation reaching the ground is assumed, dependent on the elevation of the
Sun, the height ;bove sea level and cloud cover (Sharrock, 1991). An

absorbtivity of 0.9 is taken for the asphaltic materials.

Night - A constant re-radiation of 120 W/m’ to space is assumed. This is
developed and terminated linearly during the first hour and last hour of
darkness respectively, to give a pattern continuous with the daytime radiation

input.
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An approximate daily variation of air temperature for each month is
constructed from average daily maximum and minimum temperatures, with an
allowance of plus and minus a number of standard deviations to cover the
required proportion of the extremes, varying linearly with maximum and
minimum temperature over the year. Together with the computed surface
temperature, this defines the remaining surface heat transfer, using a heat

transfer coefficient of 23 W/m?*/°C.

Williamson (1972) conducted an extensive evaluation of the thermal properties
for soils and asphaltic materials. In tests, he observed that the thermal
conductivity for soils ranges between 0.518 to 2.742 W/m.°K with density
being a major factor. For asphaltic mixtures, the thermal conductivity is a
function of the thermal properties of the component materials. The binder
component generally has fairly consistent properties typically ranging between
0.1360 to 0.1657 W/m.°’K. However, the rock component has significant

variability with typical values as follows:

Basalt 2.093 W/m.°’K
Rhyolite 2.093 W/m.°K
Granite 2.637 W/m.’K
Limestone 3.140 W/m.°K
Quartzite 3.433 W/m.°K

The conductivity of the mixture can be approximated using the geometric mean

equation, as follows:
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K. =K~ x K:” x K:’ (10.2)

where: V., V,and V, are volumes of stone, binder and air respectively.
K, K, and K, are conductivities of the stone, binder and air

respectively.

Using a thermal conductivity for air voids of 0.024 W/m.°K and a mean value
for the asphalt of 0.1509 W/m.°K, the conductivity can be considered as a

function of the volumetrics and the aggregate type, as follows:

V-" I/ Va »
K, = K,° x 0.1509" x 0.024 (10.3)
For a typical dense asphalt mixture (air voids 7% and binder volume 11%) the
range of conductivity expected for mixtures would lie between 1.146 and 1.720
W/m.°K. Since, this property is often unknown, a value of 1.5 W/m.°K has
been adopted as a default value. Other typical thermal properties are assumed

for the asphaltic mixture as follows:

Mass Density ( p ) 2400 kg/m’

Specific Heat ( ¢,) 960 Jkg.°K

The above properties are used to obtain diffusivity, as follows:-

x Ko (10.4)

=(pxcp)

Thus, the default value used in the FE heat flow calculations for diffusivity is
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6.51 x 107 m%s.

The heat flow calculation is done iteratively, employing the previously
mentioned FE method. A typical example of calculated pavement temperature
depth gradients is illustrated in Figure 10.3. It should be noted that the
calculation of pavement temperature is not an exact science since the cloud

cover, geographical location and thermal properties of materials all vary.

Various researchers have, using sophisticated models as described above,
developed simplified methods for obtaining pavement temperatures. The
Asphalt Institute method (Witczak, 1972) converts the mean monthly air

temperature (MMAT) to mean monthly pavement temperature (MMPT) as

follows:
N 1 34 105
MMPT = MMAT | 1 + - +6 (105)
(z+4)] (z+4)
where; MMPT and MMAT are measured in degrees Farenheight,
and z is one third of the depth of asphalt in inches

The sensitivity of this equation to pavement thickness is relatively small
(Brunton, et al.,, 1984) and thus a simplified relationship was proposed as

follows:

MMPT = 1.15 MMAT + 3.17 (10.6)
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Figure 10.3 : A Typical Example of Calculated Pavement Temperature
Depth Gradients
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where; MMPT and MMAT are measured in degrees Celsius,

If soil properties remain fairly constant over the year, this equation can be
further simplified to reflect an equivalent annual pavement temperature for

fatigue calculations (EAPT,,), as follows:

EAPTfa = AAPT + 11 (10.7)
where:
1 m=12
AAPT = — Y MMPT (10.8)
12 m=1

(Note: EAPT,, is in degrees Celsius)

Thus, depending upon the amount of temperature data available, two different
approaches can be made to obtain the appropriate temperatures for performing
the calculations. Either, a very detailed approach with calculated temperature
depth gradients, or altenatively, a simplified approach with a single
temperature assigned to the asphaltic layer based on mean monthly and annual
pavement temperatures can be used. Often, the last of the two approaches has

to be used because of the lack of good temperature data for a given location.

10.2 PROPOSED PAVEMENT DESIGN METHOD

Based upon consideration of pavement temperature data and material property
relationships a tentative method is outlined for calculating fatigue life of road

pavements. Due to ongoing development work with the PACE™ software the
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calculation procedures have not currently been fully tested or validated.
However, based on the work presented earlier in this thesis the following

procedure is proposed:

1) Using the temperature depth gradients determine the pavement
temperature at one third depth (Witczak, 1972) of the bound asphaltic layer.
This temperature is used to describe the effective fatigue temperature for the
asphaltic layers for a one hour period in a single month of the year. Using the
temperature depth information from the model described earlier a total of 288

records are available (12 months x 24 one hour periods).

it) The visco-elastic properties are obtained from frequency sweep data.
This data is analyzed to obtain a master of properties and shift factors. The
temperature range is split into five equal increments and relaxation properties
(see section 9.3) are calculated for the upper and lower temperature of each
increment. For example, if the total range is -10°C to +40°C then calculations

are performed at -10, 0, 10, 20, 30 and 40°C.

111) Calculate the dissipated energy contours in the pavement structure for
each temperature obtained in step ii) which covers the highest to lowest

expected.

v) Calculate the fatigue life at each of the six temperatures, from the
global relationship discussed earlier (see Equation 6.30) or using individual

material relationships developed from fatigue testing, if these are available.
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V) Calculate the damage under a single axle load at each of the six

temperatures, 7, assuming Miners' linear damage rule to be valid:

(10.9)

vi) Determine a relationship between damage versus temperature.

vii)) For each month, using the relationship between damage and
temperature, calculate the mean damage for the month. This is done by

considering the traffic and temperature in 24, one hour increments, ie.:

t=24
f P(9) D, dt
t=1
_ (10.10)
" t=24
[ PO a
t=1
where; P(®) is the proportion of traffic in hour ¢

viii))  Assuming a uniform flow of traffic over the year, calculate the yearly
traffic weighted mean damage from the following:
12

m=12
D=L f D, dm (10.11)
m=1

1X) Using the relationship established earlier between temperature and
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damage under a standard axle load, it is possible to equate the yearly traffic

‘weighted mean damage to temperature and material properties. However, this

is not necessary since life can be computed from:

NI = (10.12)

Sy =

If inadequate temperature data is available for a analysis in the manner
outlined above, an alternate to the method outlined above 1s to consider the use
of Equation 10.7 to define the pavement temperature and to perform a single

calculation at this temperature, to define the fatigue life.

It is important to consider the cumulative damage and the interaction between
vehicle loading/temperature must be considered. In addition, factors have to
be introduced into the design to allow for crack propagation and the probability

of survival. Thus the fatigue life is calculated as follows:

logN,, = log NI +log A, + log A ., +log A, + log A, (10.13)
where; N1 = life to crack initiation (as defined by Equation
6.30),
A, = life adjustment associated with rest periods,
A inder = life adjustment due to lateral wander,
A, = life adjustment associated with crack propagation,

and A,, = life adjustment associated with achieving the

required probability of survival.
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The work conducted herein has not been sufficient to evaluate most of the
above parameters and, consequently, use has been made of parameters from

other work. The values proposed for the parameters are as follows:

A, %25 based on comparison of the STF crack initiation results (see Figure
9.21). This figure is also similar to the x20 used in earlier work

(Brown et al., 1985).

A, maer 1.1 as used by Brown et al., 1985.

A x20 based upon van Dijk et al. (1977) and used in the Nottingham

prop

design method.

Lros  <0.135 to obtain a 95% probability of survival based upon the standard

error of fatigue results observed in the STF.

The above values give a total shift factor of 74.25 to give a 95% probability
of survival. This value is very close to the factor of 77 adopted in the
Nottingham method to obtain life to the critical condition (defined as the first

appearance of cracking).

10.3 SUMMARY

Based upon consideration of dissipated energy, a pavement design method has

been outlined which enables either a detailed evaluation of temperature effects
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or, as an alternative, a relatively simplistic single design temperature can be
adopted with one FE. calculation performed. These methods require
implementation in the F.E. code and further validation prior to adoption. In
particular a comparison of 2 dimensional F.E. analysis versus 3 dimensional
is needed. Also, no information is currently available on the possible loss of
accuracy in using a single temperature versus the more detailed approach. This

aspect should be investigated.

-10.17-






CHAPTER 11

Conclusions and Recommendations

11.0 INTRODUCTION

In order to investigate the behaviour of asphaltic materials with regard to their
fatigue performance in relation to the concept of dissipated energy, a program

of work was conducted which had three major components;

1) Laboratory testing of materials to determine material relationships for

fatigue performance with a particular emphasis on dissipated energy.

2) Development of material relationships for obtaining visco-elastic

properties of asphaltic materials.

3) The investigation of analysis techniques to compute dissipated energy

in pavement structures and comparison with elastic analysis techniques.
In addition, small scale pavement trials were evaluated in order to compare the

data obtained from the analysis with validation tests and an assessment was

made of the Indirect Tensile Test as a simplified method of testing.
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11.1 FATIGUE TESTING

Based upon the results of trapezoidal flexural beam fatigue testing, several

significant conclusions can be drawn:

i. A parameter "a" has been defined (see Equation 6.8) which is
dependant upon the initial rheology of the mixture and describes the damage
to the mixture in terms of the relationship between the phase angle and the
extensional complex modulus during an individual fatigue test. The
relationships obtained from individual fatigue tests for extensional complex
modulus versus phase angle can be considered to pass through a common point
(a "focus"), which has enabled the development of a prediction procedure for

"a" (see Figure 6.12).

ii. A method has been developed which allows the definition of a failure
criterion based on a crack initiation point, NI. The NI criterion allows a
comparison of materials at equal states of damage and avoids arbitrary
definition of failure. It is concluded that this point is better defined in a

controlled stress fatigue test than in controlled strain.

i A method has been developed to predict fatigue life to crack initiation,
NI1. Parameters which significantly affect the performance of a given mixture
are the initial dissipated energy, w,, volume of binder, ¥b and the work ratio

parameter, Yy,, as described in Equation 6.30.
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1v. The volume of binder has been shown to significantly effect the
parameter "4" in the relationship between cumulative dissipated energy (W)
and the number of load cycles (V) (W = AN?) and if a simple volumetric
correction is applied then the scatter in fatigue lines can be reduced

considerably.

V. A procedure has been developed to define a work ratio, ,,, which is
based upon the rheology of the mixture and a mode of loading factor, I', which
can be used for the prediction of fatigue life. This allows the prediction of
fatigue life for either controlled stress or strain conditions and also, more
importantly, for intermediate modes of loading that exist in real pavement

structures.

11.2 SLAB TEST FACILITY RESULTS

Eighteen slabs of asphalt/modified asphalt - aggregate mixtures were tested in
the Slab Test Facility to determine their performance with respect to fatigue
cracking. From the analysis of the test results, the following conclusions can

be drawn:-

L The fatigue life to the VI condition was difficult to evaluate due to the

crack pattern that occurred in the slabs being tested.

il. The results indicated that variability is relatively large with the standard

deviations for the log of life when normalised to a constant value of strain
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between 0.116 and 0.810.

111 The asphalt/modified asphalt - aggregate mixtures have been ranked
according to their performance. The rankings obtained were similar to those
based on the measurement of stiffness and of fatigue performance using

dissipated energy.

1v. The 4 point beam fatigue results obtained at the University of
California at Berkeley for mixtures manufactured using rolling wheel

compaction correlated well with those obtained using the trapezoidal beam test.

\A It appeared that the use of a kneading compaction device (at South
Western Laboratories) or other unknown factors significantly effected the
results of the modified asphalt mixtures shipped to, and tested at the University

of California at Berkeley.

11.3 EVALUATION OF SIMPLIFIED TEST PROCEDURES

Testing of specimens in indirect tension for stiffness and tensile strength was

conducted and from this work the following conclusions can be drawn:-

1) A good relationship existed between the stiffness in indirect tension and
the cantilever beam method when the results were compared at the same
temperature. When shifting from one temperature to another, using the

Bonnaure et al. (1980) method, the relationship was found to be poorer. It is
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suggested that this could have occurred due to the different binder rheology in

the mixtures tested.

i) Using a relationship between phase angle and stiffness modulus,
developed from data collected by Francken et al. (1974), an estimation of
dissipated energy was made of the fatigue life to the NI condition. This
demonstrated that the stiffness in indirect tension could account for a large

amount of the variability in life.

ii1) The results from the indirect tensile splitting tests proved to be

inconclusive due to the lack of sensitivity of the instrumentation used.

114 VISCO-ELASTIC ANALYSIS OF PAVEMENT STRUCTURES

Various structures have been analyzed using a visco-elastic analysis technique.
The analysis required the deviation of visco-elastic material properties from
frequency sweep data. These results were compared to analysis from
conventional elastic analysis and from these the following conclusions can be

drawn:-

1) The relaxation properties of an asphaltic material can be fitted by a four
Maxwell element model with good accuracy over a two decade range of

frequencies. The fit of a two element model is, in comparison, very poor.

11) An improved method for converting shear frequency sweep data to
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flexural data was developed. This method will enable the use of shear
frequency data collected by devices which should be available during the

implementation of the SHRP research program.

iii)  Visco-elastic analysis of pavements containing aggregate RD produced
a similar ranking to that observed in the STF. The results were shifted by a
factor of approximately x25 from the actual lives. This difference is

considered to be a function of rest periods.

iv)  The results from controlled strain fatigue testing and elastic analysis

over predicted the fatigue life.

V) Analysis performed for a pavement with mix AAG-RD at various
temperatures indicated that as temperature increased life reduced. This result

is consistent with fatigue predictions by other techniques.

vi) Analysis of pavements with different section thicknesses suggest that
the visco-elastic plain strain analysis is not as sensitive to pavement thickness

as compared to elastic analysis.

11.5 RECOMMENDATIONS FOR FURTHER WORK

While this work has contributed to the understanding of the fatigue process
using the concept of dissipated energy the results of the work presented in this

thesis is limited to a relatively small data set and limited implementation of
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the calculation procedures. For example, the trapezoidal fatigue testing was
conducted at only three temperatures. Consequently, to verify material
relationships and to implement the calculation procedures further work is

proposed as detailed below.

11.5.1 Laboratory Fatigue Testing

Further work i1s required to verify that the parameter "a" (which describes the
stiffness loss in a fatigue test - see Section 6.2.2) can be adequately predicted
from the initial mixture stiffness and phase angle. This work should extend
the data set to encompass larger variations in mixture volumetrics and test
temperatures. Further work should also consider improvements to the
definition of mixture stiffness. This parameter was observed to change very
rapidly at the beginning of laboratory fatigue tests. Since it is used in the
prediction equations, any errors in its estimation will effect the calculated

fatigue life.

The estimation of crack growth parameters needs to be considered by
conducting tests which measure fracture properties. The effect of rest periods
and healing should be evaluated with both forms of fatigue testing. This

would enable more accurate consideration of the crack propagation phase.

11.5.2 Pilot Scale Testing

A sernes of tests should be conducted using identical materials to those used
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in the laboratory fatigue testing. These mixtures should be evaluated to obtain
master curves of stiffness using axial, flexural and shear modes of loading to
enable evaluation of the interrelationships in an efficient manner. This work
would probably be best conducted in the Nottingham Pavement Test Facility
(PTF) since more realistic structures can be built than in the Nottingham Slab
Test Facility (STF). The PTF also allows the effects of lateral wheel

distribution and rest periods to be evaluated.

11.5.3 Visco-Elastic Analysis

This works needs to be extended to explore the potential of visco-elastic

analysis over other analysis techniques. In particular, the work should include

the following:

1. The implementation of a 3 dimensional method to produce a more

realistic loading arrangement.

1. The use of an automated calculation procedure to sum damage

associated with each season as discussed in Chapter 10.

111, Further validation of the dissipated energy technique against pavements

of known performance is needed to extend the results presented in Chapter 9.
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