Characterising the ductility
and fatigue crack resistance
potential of asphalt mixes
based on the laboratory
direct tensile strength test
L F Walubita, G S Simate, J H Oh

As a means to investigate the applicability of the direct tensile strength (DT) test as a surrogate
fatigue crack test, the ductility and fatigue crack resistance potential of various asphalt (HMA)
mixes were evaluated in the laboratory using the DT test, at ambient temperature (20°C) and
a displacement loading rate of 1,27 mm/min. Various HMA mixes were included in the DT test
program and the results were compared with those of the Overlay Tester, also conducted at
ambient temperature. Up to 23 commonly used Texas HMA mixes with different mix design
characteristics were evaluated and are discussed in this paper. The results indicated that the
mix design volumetrics, such as the asphalt binder content and aggregate gradation, play a
significant role in the ductility and fatigue crack resistance potential of HMA mixes. The denseto fine-graded HMA mixes with high asphalt binder content exhibited better ductility potential
and laboratory fatigue crack resistance than the coarse- and open-graded mixes. Overall, the
DT test was found to be a promising surrogate fatigue crack test for mix design and HMA mix
screening for fatigue crack resistance in the laboratory. Recommendations to improve the test
protocol are included in the paper. However, sample fabrication and test set-up were the two
critical issues found to be associated with the DT test.

INTRODUCTION
Fatigue cracking is one of the major
structural distresses prevalent in today’s
hot-mix asphalt (HMA) pavements.
Ensuring adequate mix fatigue crack
resistance is one way to minimise this
distress. However, mix fatigue crack
resistance, which can be defined as the
measure of HMAs’ ability to withstand
fatigue cracking, is a complex function of
many variables including HMA mix design
characteristics, traffic, pavement structure
and the environment. These factors interact
differently to produce varying effects on
the fatigue performance of HMA mixes
and should be discretely taken into account
when modelling HMA mix fatigue crack
resistance in the laboratory. Figure 1 shows
an example of fatigue cracking on an HMA

Figure 1 Example of fatigue cracking occurring
on the HMA pavement surface in the
wheel paths.

pavement surface manifesting as alligator
cracks in the wheel paths.
Proper laboratory fatigue characterisation
of HMA mixes thus constitutes a fundamental and integral component of HMA design
and analysis to ensure adequate field fatigue
performance. Additionally, mix laboratory
fatigue characterisation is an ideal screening
platform for selecting appropriate materials
and developing suitable HMA mix designs
that are fatigue crack resistant.
However, most existing laboratory test
methods for evaluating mix fatigue resistance, such as the bending beam fatigue
test, are empirical in nature, laborious,
lengthy and often do not characterise the
fundamental material properties of HMA
mixes that are directly related to fatigue
performance (Tayebali et al 1992). Most
often, such empirical test methods not only
fail to produce fatigue crack-resistant HMA
mixes, but are also impractical for routine
mix design applications. The flexural bending beam fatigue test, for instance, is ideal
for scientific or applied research purposes,
but it is not readily applicable for industry
routine purposes or daily mix design
screenings due to the complex nature of the
sample preparation process and the lengthy
test time.
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Figure 2 DT test set-up and loading configuration
Furthermore, some of the cracking tests,
such as the flexural and diametral fatigue
tests, are reported to be associated with high
variability in the test results and poor repeatability. Carl Monismith, in the SHRP study
for instance, reported coefficients of variation
(CoVs) greater than 50% based on a minimum
of 32 replicated specimens (SHRP 1994).
Based on a continuum micro-mechanics
fatigue analysis approach (the Calibrated
Mechanistic approach with Surface Energy
[CMSE] measurements) which was developed at Texas A&M University, the uniaxial
direct tensile strength test (DT test) was
investigated as a surrogate laboratory test for
rapid mix evaluation and routine screening
of HMA mixes for fatigue crack resistance
(Lytton et al 1993, Si 2001, Cheng 2002,
Walubita 2006, Walubita et al 2006). The
research methodology used by Walubita et
al (2006) for developing the CMSE method
involved establishing tentative fatigue
threshold values based on the measured
DT properties, predicting the mix fatigue
life (Nf ) based on the CMSE method, and
then comparing the predicted Nf with the
anticipated traffic loading expressed in terms
of single equivalent axle loads (ESALs).
The material properties for the HMA were
measured and characterised in terms of the
tensile strength (σt) and the tensile strain (εf )
at maximum stress.
During subsequent analyses, the εf parameter was analytically found to be a better
discriminator between fatigue and non-fatigue
crack-resistant HMA mixes in the laboratory
compared with the σt parameter (Walubita
et al 2007). This is the parameter of primary
focus in this study. Although more laboratory
testing and field validation are still warranted,
the proposed εf threshold and CMSE model
for characterising HMA mix fatigue resistance
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are given in Equations 1 and 2 respectively
(Walubita et al 2006, Walubita et al 2007).
εf [TS] ≥ 3 000 με

(1)

Nf[CMSE] = SFi(Ni + NP) ≥ Q × Traffic DesignESALs
(2)
where
SF = a laboratory-to-field composite shift
factor ranging approximately between
0,01 and 50 and accounting for HMA
anisotropy, ageing and healing effects
Ni = number of repetitive load cycles to
micro-crack initiation
Np = number of repetitive load cycles to
crack propagation through the HMA
layer thickness (Lytton et al 1993)
In Equation 2, Q is the reliability factor that
accounts for HMA mix characterisation
and for traffic prediction variability and the
anticipated uncertainties in the HMA mix
fatigue performance during service. Traffic
DesignESALs is the total number of traffic
design ESALs (80 kN) estimated over a given
pavement design period, such as 20 years
(Walubita 2006). In Equation 2, both Ni and
Np are functions of HMA material properties
and include the measured tensile stress property, σt (Walubita et al 2006). Full details of
the CMSE fatigue analysis models are published elsewhere (Walubita 2006, Walubita et
al 2006, Ofori-Abebresse 2006).
The results obtained, based on CMSE laboratory testing and subsequent data analyses
with Equations 1 and 2, were promising and
reflected the potential of the DT test as a surrogate fatigue test protocol for evaluating mix
fatigue resistance in the laboratory (Walubita
et al 2006, Walubita et al 2007). Based on the
numerous HMA mixes and laboratory test

conditions considered, the DT test proved to
be rationally much simpler, faster and more
practical than the other test methods that were
evaluated, such as the relaxation modulus,
repeated direct tension, and the bending beam
(Walubita et al 2006, Walubita et al 2007).

STUDY OBJECTIVES
The main objective of the work was to characterise and evaluate the ductility and fatigue
crack resistance potential of various HMA
mixes in the laboratory based on the DT test
at ambient temperature (20°C) and under a
displacement loading rate of 1,27 mm/min.
The second objective was to rank the evaluated HMA mixes in their order of fatigue crack
resistance, based on their ductility potential
(measured in terms of the εf parameter) and
subsequently to compare the DT results with
those of other laboratory cracking-related
tests, such as the Overlay Tester.
Concurrently, the third objective was to
evaluate the DT test protocol and suggest
further improvements for both test simplicity and accuracy of the results. To achieve
these objectives, up to 23 typically used
Texas HMA mixes with different mix design
characteristics were evaluated.
The research methodology included carrying out the direct tensile strength test on the
HMA mixes at ambient temperature (20°C)
and then comparing the results with those
of the Overlay test, also conducted at room
temperature. HMA test specimens were fabricated from different mixes and corresponding
field cores representing various in-service
Texas highways. A statistical review of the DT
test repeatability and variability is also given
in the paper. As this was purely a laboratory
research study, no field data or field validation
of the DT test method is included.
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UNIAXIAL DIRECT TENSILE
STRENGTH TEST

Table 1 HMA mix types evaluated

In this study, the uniaxial direct tensile
strength test (DT test) was used to measure
the HMA tensile strength and tensile strain
at maximum stress as a means of characterising and evaluating the ductility and
fatigue crack resistance potential of HMA
mixes. The DT test parameters consisted of
a continuous axial tensile loading at a displacement rate of 1,27 mm/min. Trial testing
with different displacement loading rates did
not yield favourable results, i.e. the rate was
either too slow or too fast to capture reasonable data and therefore 1,27 mm/min was
selected (Walubita 2006). Figure 2 shows the
laboratory test set-up and loading configuration for the DT test conducted in this study.
For a displacement loading rate of
1,27 mm/min, the DT test duration was at
most 5 minutes. The test was conducted at
ambient (20°C) temperature with a minimum preconditioning time of 2 hours. This
temperature was monitored via a thermocouple probe attached inside a dummy HMA
specimen, placed in the same environmental
temperature chamber as the test specimens.
As shown in Figure 2, the DT specimens
were cylindrically shaped with dimensions
of 100 mm in diameter by 150 mm in height,
gyratory moulded to a target air void level of
7 ± 0,5% (TxDOT 2007). From the test, the
DT output data of importance are the tensile
strength (σt) and tensile strain (εf ) at maximum stress, calculated as shown in Equations
3 and 4 respectively (Walubita 2006).
σt =

Pmax
πr 2

(3)

εf =

ΔL@ΔPmax
L0

(4)

where
σt
= HMA tensile strength (MPa)
Pmax = maximum tensile load at break (kN)
r
= radius of the cylindrically shaped
HMA specimen (mm), e.g. 50 mm in
this study
εf
= tensile strain at Pmax (mm/mm)
ΔL = maximum elongation at Pmax (mm)
L0 = initial distance between the linear
variable displacement transducers
(LVDTs) (mm) centre to centre, which
was 100 mm (Figure 2) in this study.
In terms of the linear-viscoelastic behaviour
of HMA, σt is indicative of the HMA mix
stiffness. The parameter εf, on the other
hand, is indicative of the ductility potential
or flexibility of the HMA mix. Within the
context of the DT test, the εf parameter is
also defined as a parametric measure of the
HMA’s stretchability or potential to elongate

#

Mix type

Binder + aggregate

1

CAM (crack attenuated mix)

Fine graded (9,5 mm nominal maximum aggregate size [NMAS])
with high asphalt binder content (i.e. > 6,0%); considered to be
crack resistant

2

Type F

Fine graded (9,5 mm NMAS)

3

Type D

Dense to fine graded (12,5 mm NMAS)

4

Type C

Dense graded (12,5 or 16 mm NMAS)

5

Type B

Coarse graded (22,4 mm NMAS)

6

Type A

Coarse graded (25 mm NMAS) with moderately low asphalt binder
content; considered to have poor fatigue crack resistance but high
rut resistance

7

PFC (porous friction course)

Permeable (porous) friction course; open graded (19 mm NMAS);
very permeable mix; 10 to 20% air voids

8

SMA (stone mastic asphalt)

Gap graded (12,5 mm NMAS) with high asphalt binder content
(> 6,0%); considered to be both fatigue and rut resistant

9

Superpave (Sup)

Dense graded (12,5 mm NMAS) with relatively high asphalt
binder content (> 5,0%); very impermeable and high fatigue crack
resistance

prior to crack or break failure under tensile
loading. Interpretively, a higher σt value will
generally indicate high stiffness, while a
higher εf value is indicative of a more ductile
or flexible mix. A higher εf value is thus
desired and is theoretically construed to
indicate greater ductility (or flexibility). In
turn, the ductility potential was utilised as
an indicative measure of HMA fatigue crack
resistance.

MATERIALS AND HMA MIX
DESIGN CHARACTERISTICS
Up to 23 different mix designs representing
different HMA mixes used on various inservice Texas highways were evaluated. The
various in-service highways also represent
different field conditions, including traffic
loading and the environment. These inservice highways also present a future opportunity to monitor the performance of these
mixes and validate the DT laboratory results
presented here. A wide spectrum of typically used Texas HMA mixes was evaluated.
These ranged from Texas high asphalt binder
content, fine-graded mix types to moderately
low asphalt binder content, coarse-graded
mix types. In total, nine typical Texas mix
types (with up to 23 different mix designs)
were evaluated; they are listed in Table 1.
This experimental design incorporated
mixes that have historically exhibited satisfactory fatigue crack performance in Texas
(e.g. the CAM mixes) and those with a
known history of poor fatigue crack-resistance performance in Texas (e.g. the Type
A mixes). The mix design characteristics
for the specific mixes are listed in Table 2,
which includes field data from where some of
these mixes have been placed.

A minimum of two replicate specimens
were fabricated and tested for each mix type.
The specimens were moulded from raw
materials directly sourced from the material
suppliers and denoted as lab-mix, plant-mix
hauled from the project site at the time of
construction and denoted as plant-mix, or
cores extracted from in-service highway
pavement structures and denoted as cores.
In general, a minimum of two replicate
specimens is recommended for the DT test.
However, three replicate specimens are preferred (Walubita 2006).

LABORATORY TEST RESULTS
AND ANALYSIS
The average DT laboratory test results are
listed in Table 3 and include the air voids
(AV), the temperature, the maximum tensile
load at failure (Pmax), the tensile strength at
failure (σt), the tensile strain (εf ) at maximum
stress, and the coefficient of variation (CoV).
If εf ≥ 3 000 με is used as the threshold as
proposed in Equation 1, Table 3 would suggest
that only the following mixes exhibit potential
for adequate fatigue crack resistance: Type
D_05, Type F_01, Type F_02, CAM, SMA,
Smoothseal Type B, and all the Superpave
mixes _01 to _07. These results are also
consistent with the mix design characteristics
shown in Table 2, which indicate relatively
higher asphalt binder content – over 5,0% –
for these mixes with an aggregate gradation
of either fine, dense or gap graded. In fact, the
asphalt binder content for the Type F, CAM
and Smoothseal Type B mixes, which exhibit
the greatest ductility based on the greater
magnitudes of εf values, is over 6,0%. These
results therefore suggest that asphalt binder
content plays a very significant role in the

Journal of the South African Institution of Civil Engineering • Volume 52 Number 2 October 2010

33

Table 2 HMA mix-design characteristics
#

Mix type

Binder + aggregate

Specimen
type

Gt (VMA)

DOP

Hwy

County (district)

1

Type A

4,6% PG 70–22 + limestone

Plant-mix

–

–

–

–

2

Type Ba

4,5% PG 64–22 + limestone

Field core

2,475 (14,3%)

06/15/06

SH 114

Wise (Fort Worth)

3

Type Bb

4,5% PG 64–22 + limestone

Plant-mix

2,475 (14,3%)

06/15/06

SH 114

Wise (Fort Worth

4

Type C_01

4,7% PG 70–22 + igneous

Plant-mix

–

–

–

(Houston)

5

Type C_02

4,6% PG 64–22 + limestone

Lab-mix

2,419

–

US 290 & SH 47

(Bryan)

6

Type D_01

4,3% PG 76–22 + igneous

Plant-mix

2,443

07/30/07

US 90

Lavaca (Yoakum)

7

Type D_02

5,4% PG 76–22 + igneous

Plant-mix

–

–

–

(Fort Worth)

8

Type D_03

4,8% PG 70–22 + limestone

Plant-mix

2,483

07/07/07

SH 59

Montague (Wichita Falls)

9

Type D_04

5,3% PG 76–22 + igneous

Plant-mix

2,474

07/11/07

SH 146

Harris (Houston)

10

Type D_05

5,1% PG 70–22 + granite

Plant-mix

2,471

–

FM 1960

Harris (Houston)

11

Type F_01

6,8% PG 64–22 + granite + 7% crumb rubber

Plant-mix

2,398 (18,8%)

02/08/07

Pumphrey Street

(Fort Worth)

12

Type F_02

6,8% PG 64–22 + granite + 3% latex

Plant-mix

2,394

02/08/07

Pumphrey Street

(Fort Worth)

13

CAM

7,8% PG 76–22 + limestone

Plant-mix

2,448

07/19/07

IH 35

Bell (Waco)

14

PFC

5,9% PG 76–22 + igneous

Plant-mix

2,592

–

IH 35

(San Antonio)

15

SMA

7,0% PG 76–22 + igneous

Plant-mix

2,585

07/30/07

IH 35

Frio (San Antonio)

16

Smoothseal Type B

8,9% PG 76–22S + gravel/limestone

Plant-mix

2,379 (17,8%)

–

–

Ohio

17

Sup_01

5,9% PG 70–22S + gravel + 1,5% lime

Plant-mix

2,364 (15,3%)

06/20/07

IH 35

Webby (Laredo)

18

Sup_02

5,6% PG 76–22S + gravel + 1% lime

Lab-mix

2,410 (15,9%)

–

US 59

(Yoakum)

19

Sup_03

5,3% PG 64–22 + gravel + 1% lime

Lab-mix

2,425 (15,5%)

–

–

–

20

Sup_04

5,8% PG 64–22 + gravel + 1% lime

Lab-mix

–

–

–

–

21

Sup_05

6,1% PG 76–22S + gravel + 1% lime

Lab-mix

–

–

–

–

22

Sup_06

5,5% PG 76–22TR + gravel + 1% lime

Lab-mix

2,411 (15,3%)

–

–

–

23

Sup_07

6,0% PG 76–22TR + gravel + 1% lime

Lab-mix

–

–

–

–

Legend: Gt = maximum specific gravity (Rice); VMA = voids filled with mineral aggregates; DOP = date of placement; Hwy = highway
*Note that the asphalt binder content in column 3 predominantly represents asphalt binder extractions from the plant-mix and/or field cores using the Troxler Ignition Oven test.

ductility and fatigue crack resistance potential
of HMA mixes. This is clearly evident when
comparing the Superpave mixes. Figure 3 is
a comparative illustration of the average εf
values for each mix type plotted against the εf
≥ 3 000 με threshold.
Figure 3 clearly shows that all the Type
A, Type B, Type C and PFC mixes and most
of the Type D mixes evaluated in this study
did not meet the εf ≥ 3 000 με threshold and
would, therefore, be judged as having inadequate laboratory fatigue crack resistance
based on this DT criterion. Theoretically
and with respect to the anticipated in-service
performance, these results suggest that these
mixes could have potential for exhibiting
fatigue crack-related distresses in the field
over time.

HMA mix ranking
Interpretively, the higher the εf value in
magnitude, the more ductile the mix is and,
theoretically, the greater the potential for
fatigue crack resistance. Based on the εf
values shown in Table 3, the rank order of
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potential for adequate fatigue crack resistance would be the Type F mixes, followed
by the Smoothseal Type B and CAM mixes.
The least fatigue crack resistant would be
the Type A mix. As listed in Table 2, this
mix is typically designed as a coarse-graded
mix (25 mm NMAS) with a moderately low
asphalt binder content (often in the range
of 4,0 to 4,7%) and is predominantly valued
for its rutting resistance functions, typically
being used in high-volume and heavily trucktrafficked highways (Walubita & Scullion
2007). The Type A mix design characteristics, compounded by a poor AV distribution
structure due to the coarser aggregate,
contribute significantly to the poor ductility
and fatigue crack resistance properties of
this mix.
The PFC is a porous mix by design with
high voids content, typically used for its
skid resistance and surface permeability
characteristics. In Texas, PFC mixes are in
fact designed and placed at around 10 to 20%
AV in the field. Therefore, the PFC’s failure
to meet the εf ≥ 3 000 με threshold was not

unexpected. High AV mixes are often highly
susceptible to cracking and have poor fatigue
crack resistance. Fine-graded mixes like the
CAM, Type F and Smoothseal Type B mixes,
which have a closed and more uniform AV
distribution structure, often tend to exhibit
superior fatigue crack resistance properties.

Maximum load and tensile strength
It can be seen from Table 3 that the maximum failure tensile load (Pmax) ranges from
1,9 to 11,3 kN, with an average of 6,1 kN, for
all the mixes evaluated. For the Type D and
Superpave mixes, the average Pmax values
are 8,2 and 5,6 kN respectively. The loading
(Pmax) is generally higher for the Type A, B,
C and D mixes. The lowest values observed
are for the Type F and Smoothseal Type
B mixes at 2,0 and 3,1 kN respectively. A
similar trend was observed for the tensile
strength, with a range of 248 to 1 393 kPa
and an overall average of 762 kPa. The average σt values for the Type F, Smoothseal Type
B, Superpave and Type D mixes are 283, 386,
703 and 1 014 kPa respectively.
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Table 3 DT laboratory test results
#

Mix type

Replicate
specimens

AV
(CoV)

Temp
(CoV)

Pmax
(CoV)

σt
(CoV)

εf
(CoV)

εf ≥ 3 000 με

1

Type A

5

7,5% (10,1%)

20,1°C (1,4%)

9,8 kN (13,8%)

1 136 kPa (17,3%)

1 205 με (29,0%)

Fail

2

Type Ba

2

7,8% (7,8%)

20,5°C (1,4%)

6,3 kN (2,1%)

779 kPa (2,5%)

2 583 με (9,1%)

Fail

3

Type Bb

2

6,6% (9,6%)

20,0°C (1,8%)

9,6 kN (3,1%)

1 165 kPa (3,9%)

2 643 με (11,1%)

Fail

4

Type C_01

2

6,6% (9,2%)

19,5°C (1,82%)

8,7 kN (12,3%)

1 083 kPa (12,2%)

1 887 με (13,7%)

Fail

5

Type C_02

3

7,1% (4,2%)

20,0°C (1,3%)

5,7 kN (2,1%)

725 kPa (2,32%)

1 245 με (8,8%)

Fail

6

Type D_01

4

7,1% (6,1%)

19,9°C (2,7%)

7,5 kN (20,2%)

931 kPa (19,7%)

2 255 με (20,4%)

Fail

7

Type D_02

2

7,0% (7,3%)

20,6°C (1,0%)

8,3 kN (4,4%)

1 024 kPa (4,3%)

2 961 με (11,0%)

Fail

8

Type D_03

2

6,9% (6,5%)

19,4°C (2,6%)

8,7 kN (1,2%)

1 069 kPa (0,9%)

2 332 με (3,9%)

Fail

9

Type D_04

2

6,9% (8,4%)

20,8°C (1,7%)

11,3 kN (16,2%)

1 393 kPa (16,1%)

1 337 με (26,6%)

Fail

10

Type D_05

2

7,3% (3,9%)

21,3°C (1,3%)

5,4 kN (4,6%)

654 kPa (3,1%)

3 544 με (1,2%)

Pass

11

Type F_01

2

7,3% (2,3%)

19,9°C (0,4%)

1,9 kN (2,8%)

248 kPa (6,0%)

8 741 με (4,2%)

Pass

12

Type F_02

2

7,6% (5,3%)

20,5°C (1,3%)

2,1 kN (3,2%)

317 kPa (6,4%)

10 636 με (9,8%)

Pass

13

CAM

6

7,3% (3,1%)

19,9°C (3,5%)

5,1 kN (8,9%)

631 kPa (9,2%)

6 188 με (22,6%)

Pass

14

PFC

2

12,8 (9,8%)

20,0°C (1,4%)

3,1 kN (1,4%)

386 kPa (2,5%)

1 584 με (7,6%)

Fail

15

SMA

4

7,1% (8,2%)

19,9°C (2,5%)

5,4 kN (15,9%)

671 kPa (15,9%)

3 031 με (8,4%)

Pass

16

Smoothseal Type B

2

7,6% (2,8%)

20,8°C (1,0%)

3,1 kN (2,7%)

386 kPa (3,82%)

9 716 με (17,1%)

Pass

17

Sup_01

2

6,7% (8,8%)

20,1°C (1,1%)

5,3 kN (5,4%)

652 kPa (5,3%)

3 585 με (11,5%)

Pass

18

Sup_02

3

6,9% (6,9%)

20,0°C (1,2%)

6,7 kN (5,8%)

849 kPa (6,4%)

3 483 με (9,3%)

Pass

19

Sup_03

3

7,0% (± 0,5%)

20,0°C (± 1°C)

4,1 kN

525 kPa

5 099 με

Pass

20

Sup_04

3

7,0% (± 0,5%)

20,0°C (± 1°C)

3,7 kN

470 kPa

5 630 με

Pass

21

Sup_05

3

7,0% (± 0,5%)

20,0°C (± 1°C)

6,2 kN

795 kPa

6 103 με

Pass

22

Sup_06

3

7,0% (± 0,5%)

20,0 °C (± 1°C)

6,8 kN

861 kPa

3 057 με

Pass

23

Sup_07

3

7,0% (± 0,5%)

20,0°C (± 1°C)

6,1 kN

770 kPa

5 387 με

Pass

Legend: AV = air voids; CoV = coefficient of variation; Pmax = maximum tensile load at failure; σt = tensile failure strength at break; εf = tensile strain at maximum stress

1,2E+04

Failure tensile strain (με)

1,0E+04

COV = 13,8%

8,0E+03
6,0E+03
COV = 26,3%
4,0E+03
threshold ≥ 3 000
COV = 33,3%

2,0E+03

Axis heading???

Figure 3 Evaluation of the HMA mix types based on the εf ≥ 3 000 με threshold

Superpave

Smoothseal
Type B

SMA

PFC

CAM
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Type D
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Type B

Type A

0,0E+00

For the mixes tested, σt generally appears
to exhibit an inverse proportional relationship with εf, i.e. the higher the σt value, the
lower the εf value and vice versa. In fact,
Figure 4 shows an exponential relationship
for the mix types evaluated in this study.
These results suggest that a stiffer brittle
mix will fail at a higher σt value and lower εf
value. A softer (flexible) ductile mix, on the
other hand, will fail at a much lower σt value
and higher εf value, as shown for the mixes on
the right side of the 3 000 με line in Figure 4.
That is, a softer flexible mix will require less
tensile loading to stretch it to the failure point
than a brittle stiff mix. By contrast, a softer
flexible mix has greater potential to elongate
more than a brittle stiff mix prior to crack
or break failure when subjected to the same
tensile loading. For the PFC mix, however, the
above hypothesis does not seem to hold. Both
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Figure 4 Relating tensile strength to tensile strain

1,0E+04

1,2E+04

the σt and εf values are relatively low in magnitude. This is primarily due to the porous
nature of the PFC mixes, i.e. high AV content
– greater than 10%. Nonetheless, these observations and hypotheses relate to the mixes
tested and may be subjective if different arrays
of mix types are considered.
With respect to material property characterisation, a higher σt value is often construed
to indicate a stiffer and more brittle mix,
which is undesirable for fatigue crack resistance. Thus the mixes below or on the left side
of the 3 000 με line in Figures 3 and 4 would
not, theoretically, be desirable. By contrast, the
higher the εf value, the more ductile the mix
and, theoretically, the greater the potential for
fatigue crack resistance. So, mixes above or on
the right side of the 3 000 με line in Figures 3
and 4 would, theoretically, be desirable.
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Figure 5b Example for a Type C mix
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Figure 5d Example for a PFC mix
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1 000 2 000 3 000 4 000 5 000
Microstrain (με)

Figure 5c Example for a Type D mix

Figure 5e Example for a CAM mix
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5 000
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Microstrain (με)

Figure 5f Example for a Type F (crumb rubber) mix
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15 000

Stress-strain response and
ductility potential

1,2E+03

Variability in the DT test results
If 30% is arbitrarily used as the threshold,
all the CoV results shown in Table 3 would
be judged as acceptable, indicating that the
repeatability and variability of the DT test
protocol is reasonable (Medani et al 2004). In
fact, only the CoV value of the Type A mix at
29% is considerably high. This was not surprising because of the greater heterogeneity
and poor AV distribution of the Type A mixes,
arising predominantly from the coarser

Type A

Tensile stress (kPa)

1,0E+03

8,0E+02

Type B

6,0E+02
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Figure 6 Stress-strain response comparison of the mixes
30%

25%
CoV for tensile strain (εf )

Figures 5a to 5f show some examples of the
plot of tensile stress versus strain for some
selected mixes and include photos of the
specimens at tensile failure, and Figure 6 is a
comparison of the HMA ductility potential
for some selected mixes.
With reference to Figures 5 and 6, the
potential of a mix to elongate prior to failure
at break under tensile loading was considered
as indicative of its ductility potential. This
elongation is indicated on the horizontal
X-axis as the failure tensile strain. Based on
this definition, the Type F and Smoothseal
Type B mixes with the greatest elongation
would thus be considered as the most ductile
mixes with great potential for fatigue crack
resistance. As is evident in Figures 5 and 6,
these mixes generally required little tensile
force, measured in terms of the stress, to
stretch the mix up to point of failure. The
Type A mix is the least ductile, based on the
smaller magnitude of εf at σt max.
If the ratio of stress to strain in the linear
portion of the curves is assumed to represent
the linear-elastic modulus of the mixes, it is
easy to conclude that the Type A mix is the
stiffest and the Type F mix the least stiff,
i.e. most flexible with the lowest modulus in
magnitude.
The large stress magnitude of the Type A
mix on the vertical Y-axis indicates that at
the same displacement loading rate, a large
tensile force is required to stretch the mix.
This means that with its high stiffness and
substantial resistance to elongation, the mix
is more likely to break than stretch when
subjected to tensile loading – a typical characteristic behaviour of brittle materials with
poor ductile properties.
However, it should be emphasised here
that the ultimate field performance of any
given HMA mix is also dependent on many
other interactive factors, such as the pavement structure (i.e. layer thicknesses), traffic,
environmental conditions, construction
effects (i.e. construction methods and quality
control), etc. So, when evaluating or predicting field fatigue crack performance, these
factors should not be excluded.

y = 0,668x + 0,080
R 2 = 0,06

20%

15%

10%

5%

0%
0%

5%

10%

15%

CoV for the AV content

Figure 7 The relationship between the Coefficients of Variations (εf vs AV)
aggregate gradation and poor workability
of these mixes. This mix also exhibited the
highest AV variability compared with the rest
of the mixes in Table 3. According to Table
3, the CoV for the AV content of the Type A
mix, based on five replicate specimens, was
10,1% versus an overall average of 6,4% for all
the mixes considered in the study.
All of the other mixes had CoV values
below 30%. In general, the fine-graded mixes
were observed to exhibit lower variability
in terms of both the AV and DT test results
than the dense- to coarse-graded mixes. The
coarse-graded mixes were generally associated
with high variability. Among other reasons,
the fine-graded mixes’ lower variability was
attributed to their good workability characteristics which allows easy specimen fabrication,
better mix homogeneity, and better and more
uniform AV distribution. Note, however, that
additives such as crumb rubber and latex or
the use of stiffer polymer-modified asphalt
binders such as PG 76–22 tend to have a

detrimental impact on the workability of
the mixes, and thus high variability may be
observed in the mix, e.g. see the Type D_04
and CAM mixes in Table 3. The coarsegraded mixes, on the other hand, are comparatively difficult to work with and so it is
equally difficult to maintain a consistent and
uniform AV distribution in the specimens.
Comparing the material properties, the
rank order of increasing variability in terms of
the CoV is Pmax, σt, and εf. Based on Table 3,
the CoV range for Pmax is from 2,1 to 15,9%;
3,1 to 19,7% for σt ; and 3,9 to 29% for εf.
However, it was apparent in this study that
variability in the DT test results also depended to some extent on the AV variability, which
is ultimately a function of mix workability and
the specimen fabrication process. In fact, the
results in Table 3 exhibit a near-linear proportionate relationship between the CoV for the
AV and that for εf (see Figure 7). Thus proper
sample preparation and maintaining consistency in the AV content/distribution is one
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Displacement

Overlay Tester (OT) and Specimen Set-up
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Figure 8 The Overlay Tester and loading configuration
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Figure 9 Relationship between NOT and initial OT load
critical approach to minimising variability in
the DT test results.

LABORATORY COMPARISON
WITH THE OVERLAY TESTER
To compare mix cracking resistance in
the laboratory, the Overlay test was also
conducted to supplement the DT test results.
The Overlay Tester (OT) is used as a simple
performance test for characterising the
cracking (reflective) resistance potential of
HMA mixes in the laboratory at a test temperature of 25°C (Zhou et al 2006, TxDOT
2007). The OT is a Texas standardised test
method Tex-248-F (TxDOT 2009).
The OT test loading configuration
consists of a cyclical triangular displacement-controlled waveform at a maximum
horizontal displacement of 0,63 mm and a
loading rate of 10 s per cycle (5 s loading and
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5 s unloading). Like the DT test, the OT test
was conducted at 20°C in this study. The OT
test specimens are 150 mm in total length,
57 mm wide and 37,5 mm thick. Figure 8
shows the OT machine and a schematic
representation of the OT loading configuration. More details of the Overlay test method
can be found in Zhou et al (2006) and
TxDOT (2009).
In this study, the cracking (reflective)
resistance of the mixes under the OT testing
was measured in terms of the number of
repetitive OT load cycles (NOT) to failure,
where failure is defined as a 93% reduction
in the initial maximum load measured at
the first load cycle. Based on the current OT
failure criterion, HMA mixes that last over
300 load cycles to failure at a stress reduction of 93% in the initial load are judged as
acceptable (i.e. NOT ≥ 300) (Zhou et al 2006).
This was the failure criterion adopted as the

benchmark in this study. For 300 load cycles,
the OT test duration took 50 min. The OT
results for some selected HMA mixes from
Table 2 are shown in Figure 9.
Like the DT test, the OT results in
Figure 9 indicate that only the Type F, CAM,
Smoothseal Type B and Sup_01 mixes
indicate potential for sufficient cracking
resistance based on the adopted NOT ≥ 300
failure criterion. Even after over 900 repetitive (cracking) load cycles, the average load
reduction in these mixes was only 87%, versus the 93% threshold. The SMA mix would
also be judged as acceptable since it meets
the proposed threshold. In agreement with
the DT test results, all the other mixes listed
in Figure 9 would be considered as having
inadequate laboratory crack resistance and
as potential suspects for cracking-related
distresses in the field.
With the exception of the PFC mix, the
initial maximum load appears to be inversely
related to the number of crack load cycles to
failure as shown in Figure 9, in particular the
fitted trendline for the “initial load”. Mixes
with the highest load magnitude generally
have the lowest NOT and those with the
lowest load magnitude the highest NOT. In
fact, the average load magnitude for all the
mixes considered to be crack resistant with
NOT greater than 900 was computed to be
2,1 kN, with a CoV of 4,6% and a range of 1,1
to 3,3 kN. For the mixes with NOT less than
300, the initial load was greater than 3,3 kN,
with a measured maximum of 6,0 kN.

DISCUSSION AND SYNTHESIS
OF THE RESULTS
This section provides a ranking comparison
of the HMA mixes based on the DT and
OT testing. The test protocol variability is
also discussed including some suggested
improvements to minimise variability.

HMA mix ranking comparison
Table 4 is a comparative ranking of the
HMA mixes for ductility potential and
laboratory fatigue crack resistance based on
the DT and OT testing. It shows that only
two HMA mixes are ranked similarly by
both the DT and OT tests, namely the CAM
and Smoothseal Type B mixes. For the other
HMA mixes, there are some differences in
the ranking, with a substantial difference
noted for the PFC and Type A mixes.
According to Table 4, the OT ranks the
PFC mix at #6, while the DT ranks it at #10.
Given the porous nature of the PFC mix and
considering the other HMA mixes, it is easy
to assume theoretically that the DT ranking
is more reasonable than the OT ranking. In
addition, one would theoretically expect the
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Table 4 Comparative ranking of HMA mixes
DT testing
#

Mix type

εf ≥ 3 000 με
Pass-fail criteria

OT testing
Ranking

Comment

NOT ≥ 300
Pass-fail criteria

Ranking

1

Type A

Fail

13

Fail

9

Significant difference in ranking

2

Type Ba

Fail

8

Fail

7

Same fail criteria

3

Type Bb

Fail

7

Fail

8

Same fail criteria

4

Type D_01

Fail

11

Fail

12

Same fail criteria

5

Type D_03

Fail

9

Fail

11

Same fail criteria

6

Type D_04

Fail

12

Fail

10

Same fail criteria

7

Type F_01

Pass

3

Pass

1

Same pass criteria

8

Type F_02

Pass

1

Pass

3

Same pass criteria

9

CAM

Pass

4

Pass

4

Same ranking

10

PFC

Fail

10

Fail

6

Substantial difference in ranking

11

SMA

Pass

6

Pass

5

Same pass criteria

12

Smoothseal Type B

Pass

2

Pass

2

Same ranking

13

Sup_01

Pass

5

Pass

4

Same pass criteria

coarser Type A mix to be at the bottom of
the OT ranking just as in the DT ranking;
but this is not the case with the OT ranking.
Therefore, it can be inferred that the test
protocol type also has an influence on the
response behaviour of the HMA mix with
respect to fatigue crack characterisation, that
is there is always a possibility that different
test protocols may rank the same HMA
mixes differently, as shown in Table 4.
However, if the pass-fail criterion is used
for each test type, i.e. εf ≥ 3 000 με for the
DT test and NOT ≥ 300 for the OT test, the
results are essentially the same. Both test
protocols classify mixes #1 to #6 and the
PFC mix (#10) as having insufficient laboratory fatigue crack resistance and the rest as
having sufficient laboratory fatigue crack
resistance.
When analysing Table 4 in conjunction
with Table 2, it can be further noted that
there is a strong relationship between the
asphalt binder content and the fatigue crack
resistance ranking of the mixes. In general,
the HMA mixes with higher asphalt binder
contents are ranked superior to those with
low asphalt binder contents. In fact, all the
HMA mixes ranked #1 to #5 have asphalt
binder contents over 6,0%, while this
parameter (asphalt binder content) is less
than 6,0% for all the HMA mixes ranked #6
to #13. Not discounting other mix design
variables that have an influence, such as the
aggregate gradation, aggregate type and the
voids in the mineral aggregate (VMA), these
results do indicate that asphalt binder content has a strong influence on the ductility
potential and fatigue crack resistance of
HMA mixes.

DT test protocol variability
In general, the variability in the test results
(measured in terms of the CoV) was not
unreasonable, particularly if a CoV threshold
of 30% is used. Nonetheless, there was comparatively higher variability in the DT results
for the coarse- to open-graded HMA mixes,
presumably due to their poor AV distribution
and internal microstructure. Furthermore,
variability was observed to be highly related
to the sample fabrication and set-up processes. In general, the coarse-graded mixes were
found to be comparatively more difficult to
work with in the laboratory and it was more
difficult to fabricate the samples.
To ensure more accurate results with the
DT test and to minimise variability in the
results, the following recommendations are
made:
■ Ensure uniform AV distribution in the
specimen through proper HMA mixing
and moulding procedures. Exercise extra
caution when mixing and moulding
coarse-graded mixes.
■ Minimise HMA heterogeneity in the
specimen.
■ Ensure that the end surfaces of the specimens are parallel.
■ Ensure that the attachment plates for the
specimens are always clean and that the
glue cures fully prior to testing.
■ Make sure the specimen is centrally
aligned along the axis of loading to minimise the induction of residual stresses
which can lead to erroneous results.
In general, being meticulous with the
sample preparation and set-up processes is
one of the key aspects towards optimising
the repeatability and accuracy of the DT

test. However, this is not to discount the
fact that tension tests for HMA mixes, by
virtue of their loading configuration, are
typically associated with greater variability
and poor repeatability when compared with,
say, compression loading tests. The DT test
discussed in this paper is no exception. In
addition, the DT test is prone to edge failures
in the specimens, particularly where the gluing is imprecise and/or the AV distribution
is highly non-uniform in the specimen (i.e.
high air voids at the specimen edges).

CONCLUSIONS
Based on the laboratory tests that were conducted and the data presented in this paper,
the following conclusions were drawn:
■ The dense- to fine-graded HMA mixes
with high asphalt binder contents exhibited better ductility potential and laboratory fatigue crack resistance, based on the
εf ≥ 3 000 με threshold.
■ The coarse- and open-graded HMA mixes
exhibited poor ductility potential and
laboratory fatigue crack resistance, based
on their lower εf values, with εf < 3 000 με.
■ The tensile strain of the HMA mix at
maximum stress was observed to be
inversely related to the tensile strength
of the mix. The higher the strength, the
lower the tensile strain and vice versa.
■ Using the εf (and σt) properties, this paper
has demonstrated that the DT test can be
utilised to comparatively characterise and
rank the ductility and fatigue crack resistance potential of various HMA mixes in
the laboratory, at ambient temperature.
Supplemented with the OT test results,
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the εf ≥ 3 000 με pass-fail criterion was
found to be a promising threshold for
discriminating between HMA mixes
that are considered to be fatigue crack
resistant and those that are not, in the
laboratory.
■ For the HMA mixes evaluated:
■ The average maximum failure tensile
load (Pmax) was found to be 6,1 kN,
with a range of 1,9 kN (fine-graded
mixes) to 11,3 kN (coarse-graded
mixes).
■ The tensile strength ranged between
248 kPa (fine-graded mixes) and
1 393 kPa (coarse-graded mixes), with
an average of 762 kPa.
■ The εf ranged from 1 205 με (coarsegraded mixes) to 10 636 με (finegraded mixes), with an average of
4 180 με.
■ Due to their relatively poor AV distribution and internal microstructure, the
coarser and open-graded HMA mixes
exhibited greater variability in the test
results compared with the dense- and
fine-graded HMA mixes. These mixes
also exhibited the poorest workability
characteristics in the laboratory. In general, the variability in the test results was
observed to be highly correlated to the AV
variability.
■ On a comparative basis, although the DT
test is conducted much more quickly than
the OT, the DT test specimen preparation
and set-up process is more laborious and
meticulously demanding than for the OT
test specimens. Nonetheless, both tests
provided a comparable laboratory ranking
of the mixes, based on their respective
pass-fail criteria.

CONCLUDING REMARKS AND
RECOMMENDATIONS
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