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INTRODUCTION

Permanent deformation (PD) – also termed 

rutting – is one of the major distresses 

occurring in hot-mix asphalt (HMA) 

pavements. While the total PD in the 

HMA pavement structure can either be 

due to the HMA mix, subgrade or other 

structural layers, or contributions from 

all these, surface rutting is predominantly 

due to issues with the surface HMA mix 

rather than PD of the underlying layers – 

see Figure 1. Therefore, the focus of this 

study was on the PD of the HMA mix, 

assumed to be predominantly related to 

materials selection and HMA mix-design. 

However, this is not to discount the effects 

of poor structural design, poor construc-

tion practices, environmental effects, and/

or excessive traffic loading (Walubita et al 

2012; WsDOT 2011).

As illustrated in Figure 1, the primary 

mechanism of PD in the HMA mix is shear 

deformation caused by large stresses in the 

upper portions of the HMA layers under 

traffic loading, particularly at elevated 

temperatures ( Walubita et al 2012). Thus, 

this type of PD occurs mostly in high shear 

locations, in particular at intersections where 

braking, accelerating/decelerating and slow 

moving traffic take place repeatedly. In addi-

tion, the PD distress is accelerated during 

the summer seasons, where the extreme 

high pavement temperatures contribute 

to the instability rutting of the HMA mix, 

particularly under high traffic loading and/or 

where softer asphalt binders have been used. 

On the pavement structure, rutting typically 

manifests itself as surface depressions in the 

wheel paths (Figure 1).

Properly designed HMA mixes, that 

are identified and screened by appropriate 

laboratory testing, are thus required to 

minimise the PD on the pavement surface 

and/or within the pavement structure when 

HMA mixes are used as intermediate layers. 

Rutting is considered a structural failure 

that undesirably distorts the pavement ride 

quality, and water pooling after rains often 

causes vehicle hydroplaning with a high 

potential for traffic accidents. Also, pave-

ment maintenance or rehabilitation activities 

are financially straining. Thus, the selection 

of sufficiently rut-resistant HMA mixes 

during the HMA mix-design stage, based 

on appropriate laboratory testing, is crucial 

(Walubita et al 2012).

Exploring the fl ow number 
(FN) index as a means 
to characterise the HMA 
permanent deformation 
response under FN testing

L F Walubita, J Zhang, A E Alvarez, X Hu

Permanent deformation (PD), or rutting, is one of the common distresses occurring in hot-mix 
asphalt (HMA) pavements. As part of the HMA mix- and structural-design processes to optimise 
field performance, various laboratory tests, including the Hamburg wheel tracking test (HWTT) 
and flow number (FN), have been developed to characterise the HMA mix rutting resistance 
potential. With this background, this study was conducted to explore the potential of routinely 
using the FN test to characterise the PD response of Texas HMA mixes as a supplement to the 
HWTT. Towards this goal, a new PD parameter – the FN index – was developed to differentiate 
and screen the HMA mixes. The research methodology incorporated a two-phase approach, 
namely: (1) laboratory testing and (2) field correlations. Overall, the findings indicated that the 
FN index, computed from the FN test data, has the ability to statistically differentiate the HMA 
mixes evaluated, as well as promising potential to supplement the HWTT for routine HMA mix-
design and screening. In addition, the FN test has a practically reasonable test time (about three 
hours per specimen) and is cost-effective. However, the inability to readily test thin field cores 
and the need for field validation with long-term performance data remain some of the key 
challenges to be addressed with the FN test method.
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Currently existing HMA 

PD-related tests

Various laboratory tests are currently in use 

to characterise the HMA mix PD response, 

including field PD performance prediction. 

These tests include the Hamburg wheel 

tracking test (HWTT), asphalt pavement 

analyser (APA), dynamic modulus (DM), 

repeated load permanent deformation 

(RLPD), flow time (FT) and flow number 

(FN) (AASHTO 2001; Abdallah & Nazarial 

2011; Archilla et al 2007; Goh et al 2011; 

Mohammad et al 2006; Walubita et al 2012; 

Witczak et al 2002; Witczak 2007; Zhou 

& Scullion 2001). Walubita et al (2012) 

comparatively evaluated the HWTT, DM 

and RLPD tests and concluded that each test 

has its own merits and demerits, and that 

the onus is to be cautious as to which test to 

use depending on the specific engineering 

needs. Although there are inherent issues of 

high sample confinement and the inability to 

readily capture the HMA mix shear proper-

ties, the overall conclusions were that, of the 

three tests that were evaluated (Walubita et 

al 2012), the HWTT is the most practical 

test for daily routine HMA mix-design and 

screening. The RLPD and DM tests were 

found to be better suited for structural 

design applications, such as generating 

input data for mechanistic-empirical models 

(Walubita et al 2012). In fact, the Texas 

Department of Transportation (TxDOT) 

currently uses the HWTT, as Test Procedure 

designation Tex-242-F (TxDOT 2011), for 

routine HMA mix-design and screening in 

the laboratory, as well as an indicator of field 

rutting performance.

Study objective and scope of work

With the above background in mind, this 

study was undertaken to explore the poten-

tial of routinely using the FN test to charac-

terise the PD resistance of Texas HMA mixes 

as a supplement to the standard HWTT test 

method (TxDOT 2011). Various Texas HMA 

mixes were comparatively tested in both 

the FN test and HWTT, and also related to 

in situ field performance (for some selected 

mixes). The observed advantages and disad-

vantages of the FN test in comparison to the 

HWTT are also discussed in the paper.

In terms of the paper organisation, fol-

lowing this introduction is a description of 

the FN test, along with the FN analysis mod-

els and output parameters, and the HWTT. 

The experimental design is then presented, 

followed by the laboratory test results and 

analysis and preliminary correlations with 

field performance data. The paper then con-

cludes with a comparison of the laboratory 

test methods and a summary of key findings 

and recommendations.

THE FLOW NUMBER (FN) 

TEST METHOD

The FN is one of the laboratory PD tests that 

show promise for rutting performance evalu-

ation of HMA mixes, which can be used as 

a supplement to the HWTT (Archilla et al 

2007; Goh et al 2011; Mohammad et al 2006; 

Witczak et al 2002; Witczak 2007; Zhou & 

Scullion 2002; Zhou & Scullion 2003; Zhou 

et al 2004). As shown in Figure 2, the FN 

test involves application of a specific vertical 

compressive (dynamic) stress level to meas-

ure the HMA accumulated vertical deforma-

tions as a function of time or load cycles. 

As Figure 2 shows, the Universal Testing 

Machine (UTM-25) was used to conduct the 

FN test.

In this study, the FN test was conducted 

at 50°C (122°F) for temperature consistency 

with the HWTT test – which is subsequently 

discussed – and to closely simulate the 

average Texas high summer pavement surface 

temperatures (when HMA mix rutting is gen-

erally more critical). A compressive repeated 

Haversine stress-controlled loading mode at 

1 Hz (0.1 seconds loading plus 0.9 seconds rest 

period = 1 cycle) was applied using the UTM 

(see Figure 2). Based on several trial tests by 

these researchers at 50°C, the applied stress 

was selected as 207 kPa (30 psi) in magnitude 

with zero confinement stress for all the mixes 

evaluated in this study. The FN test was set to 

terminate at 10 000 load cycles or after accu-

mulation of 30 000 micro-strains, whichever 

came first (i.e. after about 3 hours of testing 

time or 166.7 minutes to be exact).

With these test parameters, a single FN 

test on an HMA mix cylindrical specimen 

– 100 mm (4 inches) diameter by 150 mm 

(6 inches) in height – lasted for at most 

three hours. The HMA mix specimens were 

temperature-preconditioned for a period of 

approximately three hours prior to testing, 

with the temperature monitored via a ther-

mocouple probe inserted inside a dummy 

HMA mix specimen also placed in the same 

temperature chamber as the test specimens.

Data analysis models and 

output parameters

During FN testing, the primary output data 

include the load (stress), number of load 

cycles (or load cycles), deformation (strain) 

and time per load cycle. Based on a plot of 

accumulated permanent strain versus load 

cycles, the following PD parameters are 

generated and used as indicators of the HMA 

mix rutting resistance potential:

Figure 1 Permanent deformation (PD) of HMA mix (Abdallah & Nazarial 2011)

Traffic load

Original 
surface

Granular base layer

Subgrade

HMA layer
Shear planes

Figure 2 FN test setup and loading configuration using the UTM-25 (TxDOT 2004)

4"

L
o

a
d

Specimen 
schematic

Load

Load

Time

Stress

V
e

rt
ic

a
l 

d
e

fo
rm

a
ti

o
n

Time

ΔL

PD



Journal of the South African Institution of Civil Engineering • Volume 55 Number 3 October 2013 105

 ■ Flow number (FN), in cycles

 ■ Accumulated permanent strain (or per-

manent strain) at tertiary flow (εp(F)), in 

microns

 ■ Time to tertiary flow (t(F)), in minutes.

The respective analysis models for comput-

ing these parameters are listed in Table 1. 

The FN is defined as the number of load 

cycles for which the slope of the curve of 

accumulated permanent strain versus load 

cycles is minimum (Archilla et al 2007; 

WsDOT 2011) or as the number of load 

cycles at which tertiary flow (i.e. tertiary 

zone) begins (Figure 3). As shown in 

Figure 3, tertiary flow is differentiated from 

secondary flow by a distinctive departure 

from the linear relationship between the 

cumulative permanent strain and number of 

load cycles in the secondary zone. Thus, the 

“PD failure” of the HMA mix was defined as 

the point of onset of tertiary flow.

The flow number (FN) index concept

In addition to the traditional FN (cycles), 

εp(F), and t(F) parameters, the FN index 

was introduced (Table 1) as an exploratory 

concept to fully capture the HMA mix PD 

response and is defined as the ratio of εp(F) 

to FN (cycles) at tertiary flow. Theoretically, 

lower FN index values are related to HMA 

mixes that are more stable and resistant to 

PD. The opposite should also theoretically 

hold. As a supplement and/or surrogate 

to the individual classical PD parameters, 

the basic idea was to investigate if a simple 

composite parameter or a derivative (the FN 

index) that combines the classical individual 

PD parameters, provided superior and/or 

more distinctive differentiation and screen-

ing capabilities of the HMA mixes.

THE HAMBURG WHEEL 

TRACKING TEST (HWTT)

In Texas, the HWTT is the standardised 

routine test used for characterising both 

the rutting resistance potential and strip-

ping susceptibility (i.e. moisture damage 

potential) of HMA mixes in the laboratory 

(TxDOT 2011).

The standard HWTT test parameters 

that were used are 703 N (158 lbs) vertical 

loading, applied at a rate of 52 passes per 

minute in a 50°C (122°F) water bath; with 

150 mm (6-inch) diameter by 62.5 mm (2.5-

inch) in height paired specimens loaded up 

to 20 000 HWTT load passes for about 6 

hours 25 minutes (about twice the FN test 

time) (TxDOT 2011). The primary output 

data is the HMA mix rut depth as a function 

of the number of load passes. The terminal 

HWTT rutting failure criterion in the State 

of Texas is 12.5 mm ( ½-inch) rut depth, 

i.e. RutHWTT ≤ 12.5 mm (TxDOT 2011; Zhou 

& Scullion 2001).

EXPERIMENTAL DESIGN

Six Texas HMA mixes were evaluated, 

including crack attenuating mixtures (CAM), 

Table 1  FN data analysis models

# Item/Parameter Model Description Reference

1

General relationship between 
the accumulated permanent 
strain and the number of 
load cycles 

εp = aNb (1)

εp is the accumulated permanent strain due to dynamic 
vertical loading, N is the number of load cycles to 
produce εp, and a and b are regression constants that 
depend on the material and stress state conditions. 

Archilla et al 2007
Zhou et al 2004

2
Probabilistic distribution 
(Weibull) model for the 
relationship between εp and N 

N = γ[1 – e–(βεp)α
] (2)

β,α and γ are the probability distribution and shape 
parameters. The parameter  has the simple interpretation 
of being the maximum number of load cycles that the 
specimen would last if the testing machine could apply 
an arbitrary deformation to the sample (i.e. the number of 
load cycles at which the rate dεp/dN ➝ ∞)

Archilla et al 2007

3
Predicted permanent strains 
(εp(Predicted)) 

εp(Predicted) = 1
β × 

æçè–Ln
æçè1 – N

γ

æçèæçè
1
α (3)

εp(Predicted) is the predicted accumulated permanent 
strain as a function of N; where N, β,α and γ are as 
previously defined.

Archilla et al 2007

4 Flow number (FN; cycles) FN = γ
éê
ë
1 – exp

æçè1
α

 – 1
æçèéêë (4) FN = flow number or number of load cycles at the onset 

of tertiary zone; at which d2εp/d2N = 0
Archilla et al 2007 

5
Accumulated permanent strain 
at tertiary flow (εp(F); microns)

εpflow = 1
β

 

æçè1 – 1
α

æçè
1
α (5) εp(F) = accumulated permanent strain at the onset of 

tertiary flow, i.e. at d2εp/d2N = 0
Archilla et al 2007

6
Time to tertiary flow (t(F); 
minutes)

t(F) = FN
60

 (6)
t(F) = time at the onset of tertiary flow (based on a 
loading frequency of 1 Hz) or time count in minutes at 
d2εp/d2N = 0

–

7 FN index (micro-strains/cycle) FN Index = 
εp(F)

FN
 (7)

Derived composite parametric ratio that simultaneously 
incorporates the strain at tertiary flow εp(F), and flow 
number (FN) at tertiary flow.

–

Figure 3 Graphical illustration of the FN (TxDOT 2004)
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permeable friction course (PFC), Type B 

(coarse-graded), Type D- and F-dense graded 

mixes, and stone matrix asphalt (SMA) 

mixes; Table 2 presents the corresponding 

mix design characteristics. For each HMA 

mix, a minimum of three replicate samples 

were molded from HMA plant-mix materi-

als and tested per each test type. With the 

exception of the PFC mix samples that were 

molded to a final density of 80±2%, all the 

other HMA samples were molded to a final 

target density of 93±1% as specified by the 

TxDOT standards (TxDOT 2004).

The categorisation of mix PD resistance 

in the last column of Table 2 was based on 

the rutting resistance performance and stiff-

ness of the mixes from previous laboratory 

testing (i.e. HWTT, RLPD and DM) and 

historical field performance observations 

(Walubita et al 2012). However, this categori-

sation should not be taken as a standard, 

but was merely used as a reference guide for 

this study.

LABORATORY TEST RESULTS 

AND ANALYSES

This section presents the results and the 

corresponding data analyses, based on a 

minimum of three replicate samples (or 

sample sets) per mix per test type. However, 

it should be noted that these test results 

pertain only to the HMA mixes and the 

laboratory test conditions defined in this 

study. Therefore, the overall findings and 

conclusions may not be exhaustive.

FN test results

Figure 4 shows an example of a plot of the 

accumulated permanent strain and strain 

rate (slope) determined from the FN test 

data using the models listed in Table 1 (i.e. 

Equation 3) and the MS Excel spreadsheet 

optimisation technique based on minimising 

the sum of square error method (Archilla et 

al 2007).

Table 3 presents the FN test results – 

computed for each HMA mix as exemplified 

in Figure 4 – and the corresponding statistics 

expressed in terms of the mean, standard 

deviation (Stdev), and coefficient of variation 

(COV) values. In addition, Figure 5 shows 

a comparison of the computed FN test 

 parameters. This comparison suggests that 

the ep(F) parameter exhibits no trend and will 

thus be unable to effectively differentiate and 

screen the HMA mixes. On the other hand, 

both the FN (cycles) and t(F) parameters are 

showing the theoretically expected opposite 

trend to that of the FN index, except for the 

deviation in the trend by the CAM mix; i.e. 

the higher the FN (cycles) and t(F) parameters 

in magnitude, the lower the FN Index.

Theoretically, the lower the FN index 

in magnitude, the more resistant to PD the 

HMA mix is. Thus, the ranking of the HMA 

mixes based on the FN index would be as 

follows: SMA (best) ➝ Type F ➝ Type B 

➝ Type D ➝ CAM (second poorest) ➝ 

PFC (poorest). As indicated in Table 3, two 

specimens of the SMA mix even lasted up to 

10 000 load cycles (i.e. FN index < 0.67). The 

SMA gap gradation and internal structure 

provide a very good stone-on-stone contact 

condition that is responsible for this mix’s 

excellent PD resistance performance. By 

contrast, the poorer ranking performance 

Table 2  HMA mix characteristics

# HMA mix
Aggregate 
gradation

Mix-Design AV (%) 
Highway 

where used

Category of 
HMA Mix 

PD resistance 

1 CAM
Fine-graded
(9.5 mm NMAS)

7.0% PG 64-22 + 
Igneous/limestone

7±1% SH 121 (Paris) Poor

2 Type B
Coarse-graded
(19 mm NMAS)

4.6% PG 64-22 + 
Limestone + 30% RAP

7±1% IH 35 (Waco) Good 

3 Type D
Fine-graded
(9.5 mm NMAS)

5.1% PG 64-22 + 
Quartzite + 20% RAP

7±1% US 59 (Atlanta) Good 

4 Type F
Fine-graded
(9.5 mm NMAS)

7.4% PG 76-22 + 
Sandstone

7±1% US 271 (Paris) Good 

5 PFC
Open-graded
(19 mm NMAS)

6.0% PG 76-22 + 
Igneous/limestone

20±2% SH 121 (Paris) Good

6 SMA
Gap-graded
(19 mm NMAS)

6.0% PG 76-22 + 
Limestone

7±1% IH 35 (Waco) Very good

Legend:  CAM = crack attenuating mix; PFC = permeable friction course; SMA = stone matrix asphalt;

NMAS = nominal maximum aggregate size; RAP = reclaimed asphalt pavement material; PG = performance grade

Figure 4 Accumulated permanent strain and strain rate as a function of load cycles
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Table 3  FN test results – PD parameters and statistics

# HMA Mix (Hwy) HMA samples after testing ID# FN (cycles) t(F)(min) εp(F) FN index, εp(F)/FN

1 Type B (IH 35)

Sample#1 1 239 20.7 8 058 6.50

Sample#2 1 550 25.8 5 074 3.27

Sample#3 1 945 32.4 6 595 3.39

Mean 1 578 26.3 6 576 4.39

Stdev 354 5.9 1 492 1.83

COV 22.4% 22.3% 22.7% 41.7%

2 Type D (US 59)

 

Sample#1 1 485 24.7 12 034 8.10

Sample#2 960 16.0 8 787 9.15

Sample#3 1 205 20.1 6 962 5.78

Mean 1 217 20.3 9 261 7.68

Stdev 263 4.4 2 569 1.73

COV 21.6% 21.5% 27.7% 22.5%

3 CAM (SH 121)

 

Sample#1 1 374 22.9 18 025 13.12

Sample#2 1 258 21.0 20 374 16.20

Sample#3 1 501 25.1 22 078 14.71

Mean 1 378 23.0 20 159 14.67

Stdev 122 2.1 2 035 1.54

COV 8.8% 8.9% 10.1% 10.5%

4 Type F (US 271)

Sample#1 5 074  84.6  13 952  2.75

Sample#2 4 583 76.4 13 138 2.87

Sample#3 2 760 46.0 17 440 6.32

Mean 4 139 61.2 15 289 3.98

Stdev 1 219 21.5 3 042 2.44

COV 29.5%  35.1%  19.9%  61.3%

5 PFC (SH 121)

Sample#1  1 035 17.3  37 761  36.5

Sample#2 1 055 17.6 24 158 22.9

Sample#3 806 13.4 17 239 21.4

Mean 931 15.5 26 386 27.2

Stdev 176 2.97 10 441 8.3

COV  18.9%  19.2%  39.6% 30.6%

6 SMA (IH 35)

Sample#1 10 000 166.7 5 425* <0.54

Sample#2 10 000 166.7 5 425* <0.54

Sample#3 5 527 92.1 5 168 0.94

Mean >8 509 >142 5 339 <0.67

Stdev N/A N/A N/A N/A

COV N/A N/A N/A N/A

* Micro-strains measured at 10 000 cycles 166.7 minutes
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of the coarse-graded Type B mix compared 

to the fine-graded Type F mix, may partially 

be attributed to a lower soft-grade PG 64-22 

asphalt-binder used in the Type B mix. Note 

that as per Texas standards the Type B is 

typically designed as an intermediate-base 

mix with coarse-aggregate gradation pre-

dominantly for providing rutting resistance 

and PD support to the pavement structure 

(TxDOT 2004).

In addition, it should be noted that while 

the TxDOT specification (TxDOT 2004) 

calls for use of PG 76-22 asphalt-binder for 

all the CAM mix-designs, the contractor 

mistakenly used a lower soft-grade PG 

64-22 asphalt-binder on the SH 121 project. 

This could have partially contributed to 

this mix’s fifth ranking (or second poorest) 

performance based on the FN index. In the 

field (i.e. highway SH 121 project, Table 2), 

however, and as discussed subsequently, the 

1.5 inch thick cover of the PFC surfacing 

mix, overlaying the 2 inch thick CAM layer, 

is theoretically expected to mitigate the 

potential PD problems of the CAM layer.

The inferior performance of the PFC mix 

(i.e. poorest in the ranking) was partly due 

to its high total AV content (i.e. 20±2%) and 

the fact that the FN test was conducted in an 

unconfined mode. Considering the fact that 

the PFC mix develops stone-on-stone contact 

for rutting resistance, similar to the SMA, 

and has generally performed well in the field 

(McDaniel et al 2010), this result may suggest 

that the unconfined FN test is not ideal for 

the high AV content PFC mixes. These mixes 

should probably be tested in a confined FN 

test loading configuration.

Discrimination and screening 

of HMA mixes based on the 

FN test parameters

Figure 6 provides an assessment of the 

potential of the FN parameters to screen and 

discriminate the PD resistance of the mixes. 

A concept of discriminatory ratio (DR) was 

used, where the FN parametric value (i.e. FN 

(cycles), t(F), εp(F), and FN index) of a good 

mix is divided by that of the corresponding 

value of a poor mix. The larger the DR value 

in magnitude, the greater the difference 

between the mixes and the better the FN 

parameter to discriminate mixes. For this 

analysis, and based on the results in Figure 5 

and Table 3, the SMA mix was adapted to 

be the best mix in terms of PD resistance 

and the CAM the poorest. The PFC mix was 

excluded from this analysis on account that 

the unconfined FN test appears to be unsuit-

able for these high AV mixes.

The DR values shown in Figure 6 indicate 

that the FN index provides a more distinctive 

differentiation and ranking capability of the 

mixes compared to the other parameters eval-

uated (i.e. high DR values in magnitude for the 

FN index). In particular, the ratio difference 

of the SMA-CAM (i.e. best versus poorest) 

with a DR value of 22 is visibly distinct. The 

εp(F) parameter on the other hand, with a DR 

of 1.0, shows no difference between the SMA 

versus Type B, and the Type F versus CAM, 

which is not the case with the other param-

eters evaluated. That is, the εp(F) parameter 

failed to sufficiently capture the differences in 

PD performance between these HMA mixes. 

Under this scenario (εp(F) parameter), the 

design engineer would not be able to readily 

differentiate the mixes when faced with a 

choice for design recommendations and may 

even end up selecting an inferior mix, because 

the laboratory PD performance prediction is 

hardly different.

Statistical analysis of the 

FN test parameters

Analysis of variance (ANOVA) and Tukey’s 

Honestly Significant Differences (HSD) 

multiple comparison procedure (Tukey 1953) 

were used to statistically investigate the abil-

ity of the FN test parameters to differentiate 

the PD resistance of the HMA mixes. The 

results of these analyses, at a 95% confidence 

level, are summarised in Table 4.

The statistical interpretation of the 

results in Table 4, for example the last 

column for the FN index, is as follows: the 

CAM mix has the highest FN index value 

and is statistically listed in Group A (poorest 

in terms of the PD resistance), whereas the 

SMA – with the lowest FN index value – is 

categorised as Group C (best in terms of the 

PD resistance). The Type F, B and D mixes 

on the other hand, have statistically indif-

ferent FN index values that lie in-between 

Groups A and C, and are subsequently listed 

in the same Group B.

At a 95% confidence level, Table 4 shows 

that only the FN index is able to statistically 

differentiate the SMA (best) and the CAM 

(poorest) from the other mixes. Statistically, 

the FN index is inferring that the Type F, B 

and D mixes have insignificantly different 

PD resistance properties and that SMA and 

CAM mixes have significantly different PD 

resistance properties. By contrast, the FN 

(cycles) and t(F) parameters are unable to 

capture any statistical difference in the PD 

resistance potential among the Type F, Type 

B, Type D and CAM mixes, but are able to 

single out the SMA as being significantly 

different. The εp(F) parameter, on the other 

hand, considers the SMA to be statistically 

similar to the Type B and D mixes, while 

the Type F and CAM mixes are categorised 

as being statistically different. Thus, only 

the FN index is able to provide a reasonable 

statistical differentiation of the mixes.

For comparative studies of this nature, 

the εp(F) parameter would normally be 

Table 4  ANOVA and Tukey’s HSD test analyses

HMA Mix FN (cycles) t(F) εP(F) FN Index 

Type F B B B B

Type B B B C B

Type D B B C B

CAM B B A A

SMA A A C C

Figure 6 Discriminatory ratios computed for the FN test parameters 
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analysed and interpreted in conjunction 

with FN (cycles) and/or t(F) or vice versa. 

Otherwise, one of the parameters must be 

held constant. That is, to meaningfully com-

pare these mixes using the εp(F) parameter 

for instance, they must be evaluated at the 

same FN (cycles) or t(F) level. As evident in 

Table 3, the problem is that tertiary failure 

occurs at different FN (cycles) and εp(F) 

values for different mixes. Therefore, this 

logic would not apply unless the tertiary 

failure criterion is ignored. As supported by 

the preceding results, the FN index, which is 

a function of εp(F) and FN (cycles), takes care 

of this quandary.

Looking at the preceding analyses and 

discussions, it is evident that while some 

parameters may give a similar mix perfor-

mance ranking (i.e. FN [cycles] versus FN 

index), the FN index exhibits statistically 

superior discrimination and screening capa-

bilities for the HMA mixes evaluated in this 

study. However, evaluating more mixes and 

exploring means to minimise variability 

in the determination of this parameter 

will further serve to substantiate the FN 

index concept.

FN test parameters and HMA 

tertiary flow occurrence

As indicated in Table 3 and in the preceding 

discussions, two specimens (samples # 1 and 

2) of the SMA mix lasted up to 10 000 load 

cycles without any tertiary failure, i.e. flow. 

For the FN test conditions prescribed in 

this study, if flow or tertiary failure does not 

occur within the specified 10 000 cycles after 

166.7 minutes of FN testing time, the follow-

ing two options are proposed:

a. The FN index should be calculated at 

10 000 cycles as a function of the actual 

measured micro-strains at 10 000 cycles 

(166.7 minutes) and the final FN index 

result should be reported as being less 

than this calculated value, i.e. “FN index 

< Calculated Value”. For the two SMA 

samples #1 and 2 in Table 3, the FN index 

calculated at 10 000 cycles corresponding 

to the measured micro-strains of 5 425 

at 10 000 cycles is 0.54; so, the FN index 

results would be reported as “FN index < 

0.54” (see Table 3).

b. Perform extrapolative data analysis to 

estimate the flow parameters using 

the models listed in Table 1, and then 

compute the FN index. In the case of the 

SMA sample #2 for instance, the extrapo-

lated “flow parameters” would be as fol-

lows: FN = 544 326 cycles; t(F) = 9 072.1 

minutes; εp(F) = 18 713 micro-strains. 

So, the estimated and corresponding 

FN index would be “FN index = 0.03 

(extrapolated)”.

However, extrapolation inherently introduces 

some uncertainties in the results obtained 

(i.e. there is no complete certainty to indicate 

that sample #2 would actually have reached 

flow at 544 326 cycles and 9 072.1 minutes). 

Therefore, these researchers recommend 

adapting the former approach in situations 

where flow does not occur within the 10 000 

cycles test conditions. Thus, the FN index 

results for the SMA mix would be reported 

and interpreted as follows:

1. FN index (sample # 1)  < 0.54

2. FN index (sample # 2) < 0.54

3. FN index (sample # 3)  = 0.94

4. FN index (SMA) < 0.67

Comparison of FN test 

and HWTT results

The average HWTT results based on three 

replicate test sets per mix type are shown 

in Figure 7, and the resistance to PD of the 

HMA mixes ranked as follows: Type D (4.36 

mm) ➝ SMA (4.61 mm) ➝ Type F (5.45 mm) 

➝ PFC (7.60 mm) ➝ Type B (12.90 mm) ➝ 

CAM (18.00 mm; poorest). The difference in 

the ranking compared to the FN test results 

is partially attributed to the differences in 

the loading configuration and high sample 

confinement in the HWTT setup, unlike in 

the unconfined FN test. Even the high AV 

content PFC mix outperformed the Type B 

mix in the HWTT, which is not the case 

with the unconfined FN test. The possibility 

of moisture damage (i.e. stripping of the 

Type B mix) could have been another factor, 

with the inflexion point seemingly occurring 

after 10 000 HWTT load passes in Figure 7. 

In either case, however, the CAM mix still 

remains at the bottom of the ranking. Lower 

asphalt-binder PG grade, high asphalt-

binder content, and fine aggregate gradation 

(Table 2) could be some of the contributing 

factors for this particular result.

Like for the FN index, a DR analysis of 

the HWTT data also exhibited a distinc-

tive difference in the laboratory rutting 

performance between the SMA and CAM 

mix, with a DR value of 4.0. However, the DR 

trends for the other mix comparisons did not 

correlate with the FN test results – possibly 

on account of the differences in the test load-

ing configuration and sample confinement as 

previously discussed. The extreme HWTT 

sample confinement may be over-scoring the 

true PD performance of some of these mixes. 

As lately experienced in the State of Texas, 

some HMA mixes that passed the HWTT in 

the laboratory are failing in the field. These 

field failures could be related to poor screen-

ing during the mix-design process, partially 

due to this high specimen confinement. 

Excluding the PFC mix, the HMA mix rank-

ing comparison is as shown in Table 5.

From Table 5, both test methods rank 

the CAM as the least PD-resistant mix, 

which like the Type B mix, would have been 

Table 5  HMA mix ranking comparison

HMA 
mix

FN index
(micro-strains/cycles)

HWTT rut depth
(mm)

FN index 
ranking

HWTT 
ranking

HWTT 
decision level

SMA 0.67 4.60 1 2 Accept

Type F 3.98 5.50 2 3 Accept

Type B 4.39 12.90 3 4 Reject

Type D 7.68 4.36 4 1 Accept

CAM 14.67 18.01 5 5 Reject

Figure 7 HWTT graphical results
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rejected under the HWTT screening crite-

rion (i.e. rut depth greater than 0.5 inches). 

As evident in Table 5, the values of the 

HWTT rut depths for the SMA, Type F and 

Type D are statistically indifferent and could 

hypothetically be equated to the FN index 

ranking. The Type D mix, although having a 

lower asphalt-binder PG grade (PG 64-22; see 

Table 2) compared to its companions SMA 

and Type F (with PG 76-22), is composed 

of 20% RAP that adds to its PD resistance 

properties.

PRELIMINARY CORRELATIONS 

WITH FIELD PERFORMANCE DATA

As predicated by both the FN and HWTT 

laboratory test results, the 1¾ inch thick 

Type D surfacing mix on the US 59 highway 

has performed satisfactorily after being in 

service for over two years, while subjected 

to an average daily truck traffic (ADTT) of 

1 500 vehicles at an average vehicle speed of 

72.6 mph. As shown in Figure 8, the mea-

sured average surface rutting in 2012 was 

only 0.19 inches; thereby substantiating the 

laboratory test predictions.

The SH 121 with a 2 inch thick CAM, 

overlaid by a 1.5 inch thick PFC surfacing 

mix, was constructed in November 2011 and 

is still performing well as shown in Figure 8. 

The measured average surface rutting after 8 

months of service, at the time of writing this 

paper (i.e. under an ADTT of 427 vehicles, 

at an average vehicle speed of 70 mph) 

was only 0.02 inches, thus correlating the 

laboratory HWTT predictions for the PFC 

mix, and further providing evidence that 

the unconfined FN test is not ideal for PFC 

mixes.

The new 4 inch thick Type B mix on IH 

35 is covered with a 1.5 inch thick SMA 

surfacing mix, and the 2 inch thick Type F 

on US 271 is covered with 1.5 inch thick PFC 

surfacing mix. These highways were con-

structed in late 2011 and are still perform-

ing well with no surface rutting observed 

in November 2012 at the time of writing 

this paper.

It should be noted that PD of HMA 

mixes, unlike other distresses, most often 

occurs in the early life of the pavement just 

after construction under traffic densification, 

particularly under extreme temperatures. 

Nonetheless, this is not to indicate that this 

distress will not occur in the design and ser-

vice life of the pavement (i.e. continued con-

ventional traffic loading, increase in traffic 

volume, overloading, subsequent summers, 

etc). However, the ongoing long-term perfor-

mance monitoring of these highway sections 

will aid to further verify and validate these 

laboratory test results.

COMPARISON OF THE 

LABORATORY TEST METHODS

Table 6 provides a subjective itemisation of 

the characteristic attributes of the two rut-

ting test methods based solely on the HMA 

mixes evaluated in this study and on the 

authors’ experience with these test methods. 

Figure 8 Field rutting performance of US 59 and SH 121 highways

Highway: US 59 (Atlanta district)

HMA overlay thickness: 1¾ inch

Construction date: 26 March 2010

Picture date: 17 May 2012

Type D: 5.1% PG 64-22 + Quartzite + 20% RAP

HWTT rutting (lab) = 4.3 mm

FN Index (lab) = 7.7

Field surface rutting (2012) = 0.1875 inches

Highway: SH 121 (Paris district)

HMA overlay thickness: 1.5 inch PFC + 2 inch CAM

Construction date: 26 November 2011

Picture date: 25 March 2012

Mixes: 1.5 inch PFC over 2 inch CAM

Field surface rutting (2012) = 0.0210 inches

Table 6  HWTT and FN test methods – merits and demerits

Test Advantages and applications Limitations and challenges

HWTT

■  Simplicity and practicality.

■  Can readily test both laboratory made samples and field cores.

■  Reasonable test time (≤ 8 hours).

■  Repeatability and low variability in results (COV ≤ 10%) (Zhou & 
Scullion 2002).

■  Rutting and moisture damage (stripping) assessment.

■  Applicable for daily routine mix-designs.

■  Applicable for HMA mix screening and acceptance.

■  Predicts performance and provides reasonable correlation to field 
performance.

■  Cannot readily generate HMA material properties such as modulus for 
structural design and mechanistic-empirical analyses.

■  High sample confinement in molds during testing that may at times 
negatively impact the test results and rutting performance of the HMA 
mix.

■  Inability to sufficiently capture the shear resistance characteristics of 
the HMA mix.

■  Test was run at a single temperature (50C), so there is need to explore 
multiple temperatures that are reflective of field temperatures.

FN test

■  Reasonable test time (< 3 hours per sample).

■  Multiple data outputs (i.e. FN, t(F), εp(F), FN index).

■  HMA mix material properties for structural design.

■  HMA mix rutting performance prediction.

■  Reasonable variability and repeatability (an average COV of 33% based 
on this study).

■  Sample fabrication process is both laborious and long.

■  Cannot readily test thin field cores (must use prismatic specimens but 
only for layer thickness equal to or greater than 50 mm).

■  Problematic maintaining LVDT studs at high temperatures.

■  Unconfined FN test setup is not ideal for porous mixes like the PFC 
mix, i.e. allows for lateral or horizontal defamation (bulging of the 
specimens).

■  Test was performed at a single temperature (50C), so there is need to 
explore multiple temperatures that are reflective of field temperatures.

■  Requires experienced operator.

■  Requires UTM or MTS equipment.

■  Still requires validation with field data.

■  Variability can still be optimised further.
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Overall, while the HWTT is the simplest, 

most practical and readily applicable for 

routine daily mix-design and screening, its 

major challenges include the adaptability to 

generate multiple HMA material properties 

(e.g. modulus) and high specimen confine-

ment that tends to over-score the PD resist-

ance performance of the mixes.

The FN shorter test time, as compared 

to that of the HWTT, means that the test 

is both cost-effective and applicable for 

daily routine use, particularly with the FN 

index parameter that exhibited potential to 

sufficiently discriminate and screen mixes. 

Inability to readily test thin field cores and 

the need for field validation are some of the 

key challenges associated with the FN test. 

In addition, the unconfined FN test setup 

appears unsuitable for testing PFC mixes.

Compared to the FN variability and 

repeatability, with an overall average COV of 

33% in the test results (Table 3), the HWTT 

exhibited statistical superiority with COV 

values less than 10% in the test results; see 

the example in Table 7 (Walubita et al 2012; 

Zhou & Scullion 2002).

As evident in Table 3, some of the HMA 

mixes (Type B, Type F and PFC) have FN 

parameters and statistics with COV values 

that are unacceptably on the higher side 

(i.e. greater than 30% in the case of the FN 

index). Although HMA, due to its visco-

elastic nature, is generally associated with 

high variability at high test temperatures 

such as 50°C (particularly for unconfined 

tests like the FN), this high variability in 

Table 3 is primarily due to some outliers 

that may warrant exclusion from the overall 

analysis of the test results. Based on the FN 

index parameter in Table 3, Sample #1 (Type 

B), Sample #3 (Type D), Sample #3 (Type F), 

and Sample #1 (PFC) would be considered 

as outliers. If these outliers are discarded 

from the analysis, the statistics would be as 

shown in Table 8, which is considered to be 

reasonably acceptable and comparable to the 

HWTT. These statistics are also consistent 

with the AASHTO TP 79-12 recommenda-

tions for FN testing using the Asphalt 

Mixture Performance Tester (AMPT) 

(ASSHTO 2012).

Statistically, Table 8 suggests that outliers 

should be excluded from the final analysis 

and interpretation of the FN index results. 

Furthermore, excluding the outliers, while 

having a significant impact on the statistical 

variability (COV), did not seem to signifi-

cantly affect the HMA mix ranking and/or 

screening potential of the FN index param-

eter. As evident in Table 9, both Tables 3 and 

8 show a similar ranking of the HMA mixes; 

but significantly different COV values for 

the Type B, Type D, Type F and PFC mixes. 

Nonetheless, more HMA mix testing is still 

warranted to substantiate these results and 

findings in future studies.

Like the HWTT (TxDOT 2011), the FN 

test was conducted at a single test tempera-

ture of 50°C. This single test temperature 

may not truly reflect the prevailing high 

(summer) and fluctuating field temperatures 

that would otherwise warrant the use of high 

asphalt-binder PG grades such as PG 76-22 

on some highways. As such, there is need 

to explore the possibilities of conducting 

these tests at different and/or multiple test 

temperatures in future studies.

CONCLUSIONS AND 

RECOMMENDATIONS

In order to compare two PD-performance 

predictive laboratory tests, namely the FN 

test and HWTT, six types of HMA mixes 

were evaluated. The laboratory test data was 

accordingly supplemented with some limited 

field performance data from in-service high-

ways where the same HMA mixes were used. 

Based on the test methods and HMA mixes 

evaluated, the key findings, conclusions and 

recommendations drawn from this study are 

summarised as follows:

 ■ The FN index, computed from the FN 

test data, offers promising potential as 

parameter to use for differentiating and 

screening in the laboratory the resistance 

to PD of HMA mixes during the HMA 

mix-design stage. This fact and the short-

er test time of the FN test, as compared 

to the HWTT, indicates that the FN test 

(i.e. based on the FN index computation) 

offers promise for routine HMA mix-

design in the laboratory as a surrogate 

and/or supplementary rutting test to the 

HWTT. However, caution must be exer-

cised to watch out for outliers as these 

have the potential to statistically distort 

the final FN index results. Nonetheless, 

there is still a need to test more HMA 

mixes to supplement and validate these 

results/findings.

 ■ The conventional parameters computed 

based on the FN test – including the FN 

(cycles), t(F) and εp(F) – as individual 

parameters do not provide an effective, 

nor statistically significant, differentiation 

and screening of resistance to PD for the 

HMA mixes that were evaluated in this 

study. Therefore, application of these 

parameters for routine HMA mix-design 

and screening of PD resistance should 

be approached with caution. Unconfined 

FN testing should not be applied to PFC 

mixes as this tends to underestimate the 

potential PD resistance of these mixes, 

due predominately to their high AV con-

tent nature.

Table 7  Example of variability in the HWTT 

test results

HMA mix = Type D (US 59)

Sample ID#
HWTT rut depth (mm) 

@ 20 000 load passes

Sample#1 4.60

Sample#2 4.19

Sample#3 4.29

Avg 4.36

COV (%) 4.85

Table 8  Statistics of the FN index results after discarding the outliers

Type B
(IH 35)

Type D
(US 59)

CAM
(SH 121)

Type F
(US 271)

PFC
(SH 121)

SMA
(IH 35)

Avg 3.33 8.63 14.67 2.81 22.15 < 0.67

Stdev 0.08 0.74 1.54 0.08 1.06 N/A

COV 2.49% 8.61% 10.49% 3.02% 4.79% N/A

Table 9  Ranking of the HMA mix based on the FN index parameter

SMA
(IH 35)

Type F
(US 271)

Type B
(IH 35)

Type D
(US 59)

CAM
(SH 121)

PFC
(SH 121)

FN index ranking 1 2 3 4 5 6

Table 3 FN index
(all results)

< 0.67 3.98 4.39 7.68 14.67 27.20

Table 8 FN index
(excluding outliers)

< 0.67 2.81 3.33 8.63 14.67 22.15

Table 3 FN index 
(COV – all replicates)

N/A 61.30% 41.70% 22.50% 10.49% 30.61%

Table 8 FN index 
(COV – excluding outliers)

N/A 3.02% 2.49% 8.61% 10.49% 4.79%
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 ■ For baseline comparison with the HWTT, 

whose samples are tested under a tightly 

confining mold (i.e. no lateral or horizon-

tal deformation), future FN tests should 

also be conducted in confined loading 

mode with no lateral deformation (i.e. 

bulging) of the samples. In general, test 

conditions should, as far as possible, be 

close to one another in comparative stud-

ies of this nature. Furthermore, conduct-

ing the confined FN testing will also help 

to further validate the laboratory per-

formance of PFC mixes. With more test 

data, other options would be to explore 

the use of FN (cycles) to a predefined 

plastic strain limit (or set value) for easy 

comparison with the HWTT results.

 ■ For the highway sections evaluated, the FN 

index exhibited a promising correlation 

with field performance data. However, this 

was only limited data and as such, long-

term performance monitoring with more 

field sections is strongly recommended to 

further validate the findings of this study 

and to establish some screening criterion/

threshold values for the FN index, as well 

as future applications of the FN index for 

pavement design and analysis.

Overall, this study showed the necessity of 

caution when selecting HMA rutting tests; 

depending on the specific needs, each test 

method has its own merits and demerits. 

In general, the following are some of the 

key challenges associated with selecting the 

appropriate laboratory rutting test: sample 

fabrication, simplicity and practicality of the 

test, cost-effectiveness, reasonable test time, 

applicability for routine HMA mix-design 

and screening, ability to generate multiple 

data, and correlation with field performance.

Specifically for the FN test, some of the 

primary challenges to be addressed in future 

research studies include the following:

 ■ HMA mix sample configuration and 

preparation

 ■ HMA mix sample confinement for fur-

ther comparisons with the HWTT

 ■ Exploring multiple test temperatures

 ■ Addressing and minimising variability in 

the FN index computations

 ■ Exploring the computation of the FN cycles 

to a predefined plastic strain limit through 

modification of regression constants in the 

strain-cycle model (Equation 1).

 ■ Evaluating and testing more HMA mixes

 ■ Validation with field performance data.
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