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Abstract As part of the mechanistic-empirical pavement

design procedure, the flow number test is used to rank the

bituminous mixtures for rutting. In the flow number test, a

sample is subjected to 0.1 s of loading followed by 0.9 s

rest period and a haversine load waveform is used. This test

protocol has serious limitation and these are due to the

loading conditions applied and the post-processing proce-

dure followed for flow number determination. In this

investigation, three changes were made in the existing flow

number protocol. The first one was in the load waveform.

A trapezoidal waveform was used instead of the haversine

load waveform. The second change was related to loading

conditions. Different combinations of confinement and

deviatoric loading were applied and the final choice was

made based on the resulting three stage creep curve. The

third change was related to post-processing method and a

Francken model to capture the complete three stages of

deformation was used. A BC mix with mid-gradation fol-

lowing MoRTH (Specifications for roads and bridge works.

Indian Roads Congress, New Delhi 2013) guidelines was

used with VG30 and CRMB60 binder. PReSBOX shear

compactor was used for making cylindrical samples of

94 mm diameter and 150 mm height. The samples were

cast with a target air voids of 6 %. All the testing was

carried out at 50 and 60 �C. Different confinement condi-

tions ranging from 50 to 200 kPa were used with the

deviatoric loading ranging from 200 to 600 kPa. The

influence of modified binder was clearly seen in the

development of three stage curve. The collected data was

post-processed using Francken model and the flow number

was determined. This flow number was bench marked with

the existing flow number protocol and it was seen that there

were gross discrepancies.

Keywords Flow number � Three stage creep curve �
Confinement pressure � Viscoelasticity � Rutting � Francken
model

Introduction

One of the predominant modes of failure in bituminous

pavement is rutting. It manifests in the form of longitudinal

depression in thewheel path of the vehicle. Repeated action of

wheel load in the presence of high temperature leads to

accelerated rutting of the pavement. The creep and recovery

tests have been traditionally used to quantify the rutting sus-

ceptibility of the mixtures [1]. As part of the NCHRP project

9–19, an asphalt mixture performance tester (AMPT) was

designed and three test protocols have been proposed. These

are dynamicmodulus, flow time and flownumber tests.While

dynamic modulus is used as an input parameter in the mech-

anistic-empirical pavement design guidelines, flow time and

flow number are performance tests specifically designed for

the purpose of characterizing the rut resistance of bituminous

mixtures [2]. Flow time is a creep test without any recovery

whereas flow number is a repeated creep and recovery test

with a fixed rest period. It is observed that the repeated creep

and recovery test have higher probability in predicting the

rutting characteristics of hot mix asphalt [3].

The existing protocol for flow number subjects the

material to haversine loading of 0.1 s followed by 0.9 s of

rest period with 600 kPa deviatoric loading under uncon-

fined condition [4]. In such loading, the material is not
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allowed to creep and reach a steady state and also the rest

period given may not be sufficient enough to reach a steady

state of residual strain. Hence the residual strain exhibited

may not be the true residual strain, rather a strain at a

transient stage. The specimens subjected to higher devia-

toric stresses in creep and recovery tests are most likely to

fail and hence the rutting characteristics of the bituminous

mixtures cannot be captured effectively. Also, it should be

pointed out that the AASHTO protocol as implemented in

AMPT collects only the irrecoverable deformation at the

end of each cycle.

Kim and Coree [5], have clearly pointed out that for stress

levels above 200 kPa in unconfined mode, the sample can

fail without a distinct three stage curve. Also if one uses

deviatoric stresses less than 200 kPa for modified bitumi-

nousmixtures, one cannot map the tertiary creep and hence it

is required to conduct the tests at deviatoric stress levels of

500 kPa [6]. Many researchers (Bhasin et al. [7]; Archilla

et al. [8]; Biligiri et al. [9]; Zhang and Pie [10]; Modhaddam

et at. [11]) have performed flow number experiments on

bituminous mixtures with haversine loading of 0.1 s loading

period continued by a rest period of 0.9 s. Hajj et al. [12]

simulated the stress in the pavement due to traffic loading for

determination of loading time duration and magnitude of

deviatoric loading for creep and recovery test. This study

concluded that the loading pulse of 0.1 s is insufficient to

capture the real time traffic loading condition. Recently, Roy

et al. [13] proposed a trapezoidal waveform of 0.4 s loading

period and 0.6 s rest period to study the creep behaviour of

the bituminous material.

The pavement experiences confinement pressure under

repeated wheel load. In order to mimic this field condition,

the laboratory experiments should be carried out under

confinement conditions at those appropriate temperatures.

Witczak et al. [14] recommended a confinement of

35–207 kPa. Later, Bonaquist et al. [15] revised the con-

finement value as 69 kPa based on which the provisional

AASHTO standard has been drafted. Even though the flow

number test can be run without confinement as per

AASHTO provisional standard [4], it is understood that such

tests should be conducted under confinement so that the test

conditions can be closer to reality [12]. Another important

issue is the post processing of creep and recovery data to

obtain the flow number. There are various post processing

methods proposed to calculate the flow number from creep

and recovery data. Since flow number corresponds to the

minimum strain rate during the secondary stage, it is

understood that different numerical differentiation procedure

can lead to different flow number. As of now, no constitutive

model exists to capture the stress–strain response of the

material for a flow number experiment for all the cycles and

only empirical models such as the Francken model is used to

capture the complete three stages of deformation [16].

It is necessary that the material should exhibit a three

stage creep curve so that the flow number determined is

precisely at the bifurcation point of secondary and tertiary

stages. Such concerns gain significance when modified

binders are used in pavement application. Due to the

superior performance characteristics (immediate recovery

of strain and less irrecoverable strain) of such mixtures the

creep and recovery test protocols may need a considerable

relook. In this paper, the repeated creep and recovery test

for bituminous mixture was conducted for extended load-

ing and recovery time with the confinement condition and

the results were compared with the standard recommended

haversine loading. The bituminous mixture produced using

VG30 and CRMB 60 binder were used for the study.

Experimental Design

Materials and Sample Fabrication

Mid-aggregate gradation of BC-grade II with nominal maxi-

mum size of 13 mm from MoRTH [17] was chosen. The

binder content of 5 % by mass of total mixture was chosen to

cast the samples with 6 ± 0.5 % air voids using a PReSBOX

shear compactor. The bituminous mixture samples were

produced using conventional VG30 and CRMB 60 binders.

While VG30 is an unmodified binder meeting IS73-2013,

CRMB60 is a crumb rubber modified binder meeting the

requirements as per IS:15462–2004. The PReSBOX shear

compactor was used so as to get the uniform air void distri-

bution throughout the cross section of a sample. The mixing

temperature of unmodified and modified binder was taken as

150 ± 0.5 and 170 ± 0.5 �C respectively [18]. An automatic

bituminous mixer machine was used for the proper mixing of

aggregate with bitumen. The bituminous mixture was condi-

tioned for 4 h ± 5 min at 135 ± 0.3 and 155 ± 0.3 �C for

unmodified and modified binder respectively in order to

simulate the effect of mixture aging and binder absorption

during the pre-compaction phase in the field. The compaction

temperature was taken as 150 ± 0.5 and 170 ± 0.5 �C for

unmodified and modified binders respectively [18]. The

compaction was carried out by the combined effect of static

vertical force and cyclic shear force (up to 50 kN). The

specimen size of 450 mm long, 150 mm width and

145–180 mm depth obtained from PReSBOX shear com-

pactor was then cored to get three cylindrical samples of

100 mm diameter and 150 mm height.

Table 1 shows the test matrix associated with the experi-

ments carried out in this study. As can be seen, an unmodified

binder (VG30) and amodified binder (CRMB60)were used in

sample fabrication. Each of the sampleswere first tested in the

existing flow number test method (haversine loading of 0.1 s

loading followed by 0.9 s rest period with deviatoric load of
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600 kPamagnitude). Since the existing flow number protocol

can give only the irrecoverable deformation at the end of each

cycle, a new test method was designed keeping the haversine

load waveform. However, the samples were subjected to

200 kPa deviatoric loading without and with confinement

loading (200 kPa). Also, in this protocol all the deformation

data was acquired. In the third protocol, a trapezoidal wave

formwas applied.As themain aim is to capture the three stage

creep curve, different trials have to be carried out involving

considerable experimentation. It was found that 600 kPa

deviatoric loading with 75 kPa confinement condition could

bring out the essential features of the three stage creep curve

model.

Flow Number Test 1 (Existing Flow Number
Protocol)

In this experiment, a haversine waveform of 0.1 s loading is

given followed by 0.9 s rest period. An axial load of

600 kPa is stipulated [4]. Creep and recovery test results can

be presented in terms of cumulative irrecoverable strain

versus number of loading cycles. If the test is carried out for

a sufficiently longer period of time, this curve can consist of

three stages. In the primary stage, the irrecoverable strain

value increases at a decreasing rate, in the secondary stage

the irrecoverable strain increases at a constant rate and in the

tertiary stage the irrecoverable strain rate increases at an

increasing rate. This test data is analyzed and the number of

cycle corresponding to the initiation of tertiary stage is taken

as the flow number value [14].

Figure 1 shows the irrecoverable strain as a function of

number of cycles at 50 and 60 �C for the bituminous

mixture with VG30 (Fig. 1a) and CRMB60 (Fig. 1b) bin-

der when tested using standard flow number protocol. The

effect of temperature on the response of the bituminous

mixtures was as expected. At higher temperature, the

irrecoverable strain was higher than at lower temperature.

The trend was same for all samples irrespective of the type

of binder.

The flow number cycle corresponding to the initiation of

the tertiary stage was calculated from these creep curve

using Francken model [16]. According to Francken, the

creep of bituminous mixture can exhibit two types of

behaviour, one is the creep curve with parabolic behaviour

that is represented by ep tð Þ ¼ atb and another with para-

bolic and exponential behavior that is represented by

ep tð Þ ¼ atb þ c edt � 1
� �

. Here, ep represents irrecoverable

strain, t represents the number of cycles and a, b, c and

d are the model parameters. Among all model parameters,

the existence of exponential behavior which indicates ter-

tiary stage in the creep curve is represented by parameters

c and d. For this study, the irrecoverable strain as a function

of number of cycles in Fig. 1 was fitted to Francken

equation and the constants a, b, c and d were determined.

The second derivative of the Francken equation was

Table 1 Test matrix

Mix type BC-VG30, BC-CRMB60

Temperature (�C) 50, 60

Axial stress (kPa) 600, 200

Confinement

pressure, kPa

0, 75, 200

Test loading Haversine loading (0.1 s, 0.9 s); Trapezoidal

loading (1 s, 2 s)

Test protocol Existing flow number protocol, Modified flow

number protocol and New creep and recovery

protocol

Post processing

algorithm

Francken model

Fig. 1 Creep curve for existing flow number protocol. a VG30, b CRMB60
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obtained and the number of cycles corresponding to slope

change in the derivative curve was identified as the flow

number. The flow number obtained for each sample is

tabulated (Table 2).

As can be seen, the existing flow number tests with

600 kPa deviatoric stress subjected the material to higher

levels of stress and led to an immediate failure of the

material without generating a prolonged secondary stage.

Taking into account this issue, the flow number protocol

was modified and this is now discussed in the next section.

Flow Number Test 2 (Modified Flow Number Test
Protocol)

In order to capture the rutting behaviour of the bituminous

materials, the existing flow number protocol was cus-

tomized with 200 kPa deviatoric stress with data captured

for complete loading, unloading period and this new pro-

tocol is named as ‘modified flow number protocol’ in this

paper. UTS019 [19] was the test software used to carry out

this modified flow number tests. A haversine load form of

0.1 s loading period followed by a rest period of 0.9 s was

applied for 20,000 cycles or till a maximum actuator dis-

placement of 15 mm. The material was subjected to

200 kPa of deviatoric loading under zero confinement

condition and 200 kPa confinement conditions.

Figure 2 shows the irrecoverable strain of VG30 at 50 and

60 �C under unconfined and confined conditions. Similar

results were obtained for CRMB60 mix and they are not

shown here for brevity. Confinement pressure plays a vital

role in the response of the bituminous mixtures in creep and

recovery tests. It was observed that the strains are very high

for those samples tested in unconfined condition. The test

under 200 kPa confinement effectively stiffened thematerial

and hence the obtained strains were very less compared to

that tested at unconfined condition. The test carried out under

confinement did not result in a three stage creep curve.

The flow number values obtained from different binder

test data were found out using Francken model approach

and they are given in Table 3.

Flow Number Test 3 (New Creep and Recovery
Test)

This test protocol consists of repeated trapezoidal wave-

form loading with 1 s loading time and 2 s recovery peri-

ods. The deviatoric stress was increased at a rate of

1860 kPa/s, kept constant for 0.8 s and then unloaded at

the same rate of loading (Fig. 3).

The loading cycles followed by the rest period was

applied for 20,000 cycles or till a maximum actuator dis-

placement of 15 mm. The trapezoidal waveforms used in

new creep and recovery tests were developed in UTS 019,

associated with the AMPT of IPC global [19]. The desired

shape of the loading wave was obtained through the fine

tuning of the load form, by changing the Proportional,

Integral and Derivative (PID) controller. The waveform

corresponding to different PID values was compared with

the theoretical wave form and its variation from the theo-

retical waveform was measured using Root Mean Square

(RMSE) value. Since it was not clear what combinations of

confinement and deviatoric loading can give a three stage

curve, different combinations were tried (Table 4).

Figure 4 shows the total strains corresponding to the

first three trial combinations carried out on CRMB bitu-

minous mixtures at 60 �C. It is seen that the material did

Table 2 Flow number values—

regular protocol (existing flow

number protocol)

Mix 50 �C 60 �C

VG30 304 74

CRMB 60 617 158

Fig. 2 Creep curve of VG30 bituminous mixture (Modified flow number protocol). a 50 �C, b 60 �C
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not exhibit the tertiary stage within the loading period. The

deviatoric stress was then increased to 600 kPa to make it

comparable with the loading stress of regular protocol. The

confinement pressure was varied from 0 to 100 kPa, to

obtain a three stage curve (Fig. 5). As can be seen, the

combination of deviatoric stress of 600 kPa and confine-

ment pressure of 75 kPa resulted in a classical three stage

creep curve (Fig. 6).

These selected combinations of loading were used to test

VG30 and CRMB bituminous mixtures at 50 and 60 �C.

The experiments at 50 �C showed contrasting trends and

are currently being repeated.

The data was fitted using Francken model for the

determination of flow number values. Table 5 shows the

parameters of Francken model and flow number values for

the creep and recovery tests at 600 kPa deviatoric stress

and 75 kPa confinement at the temperature of 60 �C. Fig-
ure 7 shows the response of irrecoverable strain with

respect to number of cycles for CRMB 60 bituminous

Table 3 Flow number values—

modified protocol
Mix 0 kPa Confinement pressure 200 kPa Confinement pressure

50 �C 60 �C 50 �C 60 �C

VG30 638 278 20,000? 20,000?

CRMB 60 2475 1160 20,000? 20,000?

Fig. 3 Schematic

representation of modified flow

number protocol

Table 4 Various combinations

of deviatoric stress and

confinement pressure

Loading Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7

Deviatoric stress (kPa) 400 400 300 600 600 600 600

Confinement pressure (kPa) 200 100 100 100 0 50 75

Fig. 4 Creep curve for CRMB mixture at 60 �C—trial set 1

Fig. 5 Creep curve for CRMB mixture at 60 �C—trial set 2
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mixture sample tested at 60 �C and Fig. 8 shows the same

for VG30 binder. These figures are shown here to

emphasize the clear and prolonged development of sec-

ondary stage using the new test protocol. The rate of

change of strain value continuously decreased and at a

particular cycle number it started increasing.

The CRMB60 mixes exhibited higher flow number

value when compared to conventional VG30 mixtures for

all the test protocols. It should be also pointed out that one

should not compare the absolute value of the flow number

obtained from different flow number protocols. For

instance, in the trapezoidal loading, the cycle length is 3 s

whereas for all the other test protocols, it is only 1 s. While

it is well known that CRMB60 is expected to show better

rut resistance, the quantification of the same using different

protocols shows different scales of improved performance.

Also, the manner in which the secondary stage creep curve

Fig. 6 Creep curve for 600 kPa deviatoric stress and 75 kPa confinement pressure. a 60 �C, b 50 �C

Table 5 Francken model parameters and flow number values at

60 �C with new creep and recovery test at 600 kPa deviatoric stress

and 75 kPa confinement

Bituminous

type

a b c d R2 Flow

number

VG30 3358 0.594 0.091 0.209 0.995 35

CRMB 2790 0.463 33.600 0.026 0.998 70
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Fig. 7 Francken model—

CRMB at 60 �C
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can be used to represent the rut distress transfer functions

within the context of M–E PDG can be different.

Conclusions

Rutting is the most common failure that occurs in the

bituminous pavement. In the current mechanistic empirical

method of pavement design approach, the rutting in the

bituminous mixture is characterized using recoverable

strain and irrecoverable strain. The irrecoverable and

recoverable strain in the bituminous mixture can be

obtained using repeated creep and recovery test. The three

stage creep curve that characterizes the irrecoverable

deformation could be used to predict the rutting response of

the mixture. If one uses the current flow number test pro-

tocol to obtain the creep curve of the bituminous mixture, it

was observed that the response transitions from primary to

tertiary stage without an appreciable secondary stage. It

was seen that the confinement pressure plays a vital role in

the response of the bituminous mixtures in creep and

recovery tests. It is necessary to systematically compute the

expected confinement in the field and use it to quantify the

rut resistance of the mixture. However, such confinement

can increase the total duration of testing and this is an area

in which considerable work is required.
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