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Abstract Expansive soils are those that expand and

contract significantly when subjected to changes in mois-

ture. The presence of such soils can accelerate the deteri-

oration rate of pavements due to increased cracking and

roughness, especially when Gilgai relief is allowed to

manifest beneath the pavement structure. Gilgai relief is a

naturally occurring topographical feature that results in a

unique undulating ground surface. These undulations

develop from deep seated swelling pressures within the

underlying expansive soil layers. At present, current road

roughness indices cannot isolate the roughness caused by

Gilgai relief and the detection of Gilgai in the field can be

difficult. This paper presents a new series of templates that

can identify pavement sections that contain high concen-

trations of waveband roughness specific to Gilgai charac-

teristics. These templates are based on the standard

international roughness index and a variety of new calcu-

lated profile indices that measure waveband roughness

quantities. The main outcome of this paper is that the

influence of Gilgai relief can now be detected and quanti-

fied mathematically through these templates, which were

developed from over 600 km of road profile data from

flexible rural highway pavements located in north-west

Victoria (Australia).

Keywords Expansive soil � Gilgai � Road roughness �
Waveband analysis

Introduction

Expansive soils are those that expand and contract (i.e. swell

and shrink) significantly when subjected to changes in

moisture. The presence of an expansive subgrade beneath a

pavement structure can cause significant deterioration

problems, such as increased cracking and roughness. Site

factors such as climate, site topography (drainage) and the

presence of roadside vegetation have all shown to influence

ground moisture conditions, and thus have a direct influence

on the potential damaging effect of an expansive subgrade

[1–5]. Longitudinal cracking in the outerwheel path is a clear

indicator of a shrinking subgrade. This cracking primarily

occurs due to natural drying of the soil beneath the edge of

the pavement. As the soil dries, it contracts and succumbs to

tensile failure (i.e. cracks) [6]. These cracks then reflect up

through the pavement base material and present in the seal.

As for roughness, this typically results from swelling within

the expansive subgrade. If shrinkage cracks in the soil

adjacent to the pavement are wide and deep enough to carry

water deep into the expansive subgrade, this will promote a

rapid local deep seated swelling pressure. This action is

responsible for the initial development of Gilgai relief [7, 8].

Gilgai relief is essentially a topographical feature that

manifests in expansive soil deposits that result in a unique

undulating surface terrain. Gilgai phenomenon was first

reported in Australia by Aitchison [9] and has since been

investigated and reported widely by others [10–13]. The
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Australian Handbook of Soils [13] best describes Gilgai

phenomenon as a soil that is in a state of slow continuous

movement in which soil from the deeper layers is brought

to the surface on the mounds, and soil from the surface

slips down to lower levels in the holes and cracks of the

depressions. This publication also identified and labelled

various mature structural forms of Gilgai as Normal,

Melon-hole, Stony, Lattice, Wavy and Tank Gilgai. Each

form is largely dependent upon the initial topography,

rainfall patterns and thickness of expansive soil layers

present. The term Gilgai originated in Australia as Abo-

riginal people use it to describe a small water hole. This is

an accurate descriptor for the phenomenon as water often

ponds in the depressions between the Gilgai mounds during

the wetter months. Many published aerial photographs of

mature Gilgai fields have clearly captured this effect [8, 10,

11], which is particularly true for the recorded Gilgai fields

in Queensland (Australia) and Texas (USA).

In Australia, approximately 20 % of its area is covered

by moderately to highly expansive soils [2]. A considerable

amount of this expansive soil is located where the climate

is conducive to the development of Gilgai relief. The dis-

tribution of potential Gilgai relief in Australia has been

mapped and is presented in Fig. 1 [14]. The inset in Fig. 1

details the location of alluvial grey cracking clay deposits

(in dark orange, covering the townships of Horsham,

Warracknabeal and Litchfield) that are notorious for

developing Gilgai relief and is the location of the test sites.

Throughout Australia, the series of undulations that make

up the Gilgai relief have been recorded to range in length

from 4 to 40 m with an amplitude from a couple of cen-

timetres up to 2 m. In Victoria (south-east region of Aus-

tralia), Gilgai relief is typically not as well developed with

amplitudes recorded only to 0.34 m [10, 15–17]. Never-

theless, these undulations are enough to cause significant

problems to pavements and road users in these areas.

Road Roughness

The international roughness index (IRI) is the most com-

mon road profile roughness index used throughout the

world today. It was developed from data collected during

the international road roughness experiment in 1982, which

was funded by the World Bank [18, 19]. The IRI that

resulted was based on a clearly defined mathematical

‘‘quarter-car’’ model that simulated a traditional response

type road roughness measuring system (from a measured

longitudinal road profile). The model is influenced by

sprung and unsprung masses, springs and damping

parameters of a passenger vehicle travelling at 80 km/h.

Details on the calculation of the IRI have been well doc-

umented elsewhere [20, 21]. The primary reason for

developing the IRI was to provide road agencies with a

stable and repeatable roughness index that could be trans-

portable between agencies. The response of the quarter-car

filter used to calculate the IRI is shown in Fig. 2 [22]. It

theoretically responds to wavelengths from 0.5 to 100 m

but is largely influenced by wavelengths between 1.2 and

30 m, where the gain for profile slope is[0.5. Furthermore,

the IRI quarter-car filter is most sensitive at wavelengths

2.4 and 15.4 m (i.e. wave numbers 0.065 and 0.42 cycles/

m). These wavelengths are considered most likely to cause

axle hop and body bounce in passenger type vehicles,

which produces maximum passenger discomfort. However,

heavy commercial vehicles respond very different to pas-

senger cars where most discomfort comes from roughness

in the longer wavelengths [23].

As Gilgai relief has been shown to produce undulations

with wavelengths ranging from 4 to 40 m, pavement

roughness caused by Gilgai relief is being only partially

captured through the IRI. This is due to the quarter-car

filter averaging the roughness data over a large bandwidth

and favouring two distinct wavelengths (i.e. 2.4 and

15.4 m). For example, based on the response of the quarter-

car filter (Fig. 2) the gain for profile slope is equal to a

magnitude of 1.25 and 0.25 at wavelengths 4 and 40 m

respectively. This is a significant variation and is much

lower than the filter’s maximum gain of 1.6 at wavelength

2.4 m. It is for this reason that the IRI is incapable of

detecting the concentration or quantity of roughness gen-

erated by Gilgai relief (i.e. roughness at particular wave-

lengths). Thus, individual waveband indices are warranted

to accurately measure quantities of such specific waveband

roughness.

Waveband Analysis

Waveband analysis can be performed by simply filtering

longitudinal road profile data using either: (1) Butterworth

filter, (2) Power spectral density (PSD) analysis, (3)

Wavelet analysis, and (4) Application of the Hilbert–

Huang transform. However, this paper will only report on

the Butterworth filter and PSD analysis.

Butterworth Filter

The Butterworth filter is a general band pass filter with low

and high spatial cut off frequencies (or wave numbers),

which are defined where the filter gain equals 1/H2 (or

0.7071). The Butterworth filter was designed by Stephen

Butterworth in 1930 to specifically have a frequency

response as smooth and flat as mathematically possible in

the pass band [24]. It was for this reason that the Butter-

worth filter was included in the RoadRuf software package
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for analysing and filtering longitudinal road profiles [25].

The theoretical transfer function and frequency response of

the Four Pole Butterworth band pass filter has been best

presented by Sayers and Karamihas [22].

A profile index or summary index can be computed from

the Butterworth filtered profile using Eq. (1). This equation

is identical to that used to calculate the IRI profile index

from the quarter-car filtered profile. It can be set up to

calculate average rectified values (mean absolute values)

such as the IRI as well as root mean square values. For

average rectified values, the adjustable accumulator expo-

nent (P) must equal one and for root mean square values, P

must equal two.

PI ¼ 1

N

XN
F xð Þj jP

 !1
P

ð1Þ

where PI profile or summary index (m/km), N number of

points in the filtered profile, F(x) filtered profile, P ad-

justable accumulator exponent.
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Fig. 1 Distribution of potential

Gilgai relief throughout

Australia including a locality

insert identifying the pavement

test sites versus geological

group [14, 26 Chpt 2]
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Power Spectral Density Analysis

Power spectral density (PSD) analysis originated in the

field of Electrical Engineering, where the Fourier

Transform was applied to voltages in order to illustrate

the distribution of electrical power over frequency. The

same mathematical calculations have since been applied

to road profiles to evaluate the distribution of roughness

over wave number (spatial frequency). In brief, the

Fourier transform is used to compute amplitudes of

sinusoids to construct the longitudinal road profile (ele-

vation versus distance). As an equation for the non-pe-

riodic road profile is unknown, the Fourier transform

uses the road profile sample points to decompose it into

a series of sinusoidal functions with discrete frequencies

(wave numbers). As multiple sinusoids are required to

build a complex road profile, individual amplitudes are

often very small. PSD analysis is essentially a scaled

Fourier transform to show how the variance of the road

profile is distributed over a set of sinusoids, or more

commonly known as wave numbers [22]. A typical PSD

of slope versus wave number plot is shown in Fig. 3 [26,

Chpt 2]. The two lines (red with triangular markers and

black with circular markers) actually represent the same

section of pavement. One profile was recorded in 2005

before the pavement was rehabilitated and the other

recorded just after in 2007. The effect of rehabilitation or

change in condition of the pavement is clearly visible,

especially for the waveband interval of 0.06–3 cycles/m

(i.e. k = 0.33–16.7 m). By converting the profile to

slope, the resulting PSD of slope versus wave number

plot is usually confined to within only one or two orders

of magnitude [22]. Consequently, this increases the ver-

tical scale and reveals the spectral properties in greater

detail.

As the area under the PSD versus wave number plot is

equal to the mean square or variance of the road profile,

the root of the area under the same plot is defined as the

root mean square (RMS) summary statistic of the profile

[27]. Furthermore, this RMS summary statistic of the

road profile can be weighted to essentially act as a band

pass filter in order to evaluate independent wavebands.

Although the PSD analysis technique does offer many

advantages when analysing road profiles, it also has some

disadvantages or limitations. These include: (1) PSD

analysis via the Fourier Transform works best for

repeating periodic signals, or stationary data. As road

profile data is complex and definitely non-stationary by

nature, the PSD analysis would be unable to detect all the

wavebands with a high degree of statistical accuracy. (2)

PSD analysis, like the IRI, only provides a summary

statistic per section of pavement (typically every 100 m in

Australia). Therefore, PSD indices would still not be able

to reveal the specific location of pavement distress. It can

only provide an approximate location dependent on the

reporting interval. (3) Current literature encourages that

the minimum length of any data signal (i.e. road longi-

tudinal profile) analysed by PSD should be at least ten

times the length of the waveband being investigated [28].

For example, a 300 m long road profile would be required

to successfully capture enough detail to confidently report

a weighted RMS statistic using a waveband whose centre

wavelength is 30 m. This exacerbates the previous item as

this may increase the reporting interval of the PSD

summary statistics to greater than 100 m for the longer

wavelengths.
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Identification of Long Wavelength Roughness
Concentrations (Gilgai Relief) Using Newly
Developed Templates

A series of new templates have been developed and are

presented in this paper. These templates essentially identify

pavement sections that contain abnormally high concen-

trations of specific waveband roughness, particularly for

pavement sections suffering from long wavelength rough-

ness (i.e. Gilgai relief). By identifying the dominant

roughness wavebands present within a pavement, better

pavement deterioration analysis should be achievable and

allow more appropriate (and more effective) maintenance

strategies to be employed.

It was decided to incorporate the IRI into these new

templates due to its global acceptance amongst pavement

engineers and road asset managers. Preservation of the well

understood IRI scale was seen as an advantage as it was

expected to assist with the perception of waveband

roughness limits.

In developing these new templates, various waveband

roughness indices were created, calculated and plotted

against IRI for over 640 km of sealed flexible highway

pavement. All pavement sections were located in the far

north-west region of Victoria (Australia) where climatic

conditions are similar and the geology is stable, which

comprises largely alluvial silts and sands with minimum

reactive qualities. This region is represented in Fig. 1 (in-

set) by the white colour—covering the townships of

Ouyen, Hattah, Mildura and Meringur. It was expected that

these sites would reveal a typical or normal distribution of

waveband roughness concentrations for each of the wave-

bands investigated. A generic template is presented in

Fig. 4, which clearly illustrates the nature of the template

and the four distinct zones [26, Chpt 5]. In forming the

boundaries within each template, upper and lower confi-

dence limits were set at 98 % and established in the form of

regression equations. This produced a 96 percentile confi-

dence zone that was expected to represent normal wave-

band roughness concentrations for each of the waveband

profile indices investigated. Therefore, zone 1 on the

template is defined as the area beneath the 98 percentile

lower confidence limit equation and indicates that very

high concentrations of roughness are present in the pave-

ment for that specific waveband. Alternately, zone 4 is the

area above the 98 percentile upper confidence limit equa-

tion and indicates that very low concentrations of rough-

ness have been detected. Consequently, zones 2 and 3

indicate that moderate (or expected) concentrations of

waveband roughness have been detected in the pavement.

The waveband roughness indices investigated were split

into single, double and triple octave bandwidths and were

calculated from the raw longitudinal wheel path profile
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data. A graphical representation of the bandwidths used to

separate each waveband is shown in Fig. 5. As an example,

SOB5 represents Single Octave Band No. 5 with lower and

upper wavelength boundaries of 5.66 and 11.31 m

respectively. Indices that were expected to best detect

Gilgai relief were those that measure the wavelength

roughness between 4 and 30 m (i.e. SOB4–SOB7, DOB4–

DOB6 and TOB2). All profile indices were calculated

using the RoadRuf software [25] using weighted mean

absolute value indices and root mean square indices.

In developing these waveband identification templates,

linear regression equations produced the best correlation

between IRI and individual waveband profile index using

the Butterworth filter and PSD analysis. Table 1 lists some

of these linear regression equations for the Butterworth

filter based on 100 m profile lengths, which allow indi-

vidual templates to be constructed for each single, double

and triple octave waveband. Coefficient of determination

(R2) correlation values are also listed for each of the

average regression equations, which were based on 6278

data points from over 640 km of pavement. Other linear

regression equations for the Butterworth (RMS) indices

and PSD indices can be found in the author’s dissertation

[26, Chpt 5]. Although these regression equations have

been developed using a set of flexible pavements in Aus-

tralia, the waveband profile indices and method can be

used to build sets of templates to suit different geograph-

ical regions.

Mapping Waveband Roughness Concentrations
and Detecting the Presence of Gilgai Relief

To evaluate these new templates (described in the previous

section), rural highway pavements surrounding the town-

ships of Horsham, Warracknabeal and Litchfield were

selected. These sites are shown in dark orange in the inset

of Fig. 1 and comprise of alluvial grey cracking clay

deposits that are highly susceptible to the development of

Gilgai relief undulations. It was expected that these pave-

ments would reveal a greater frequency of sections dis-

playing abnormally high concentrations of long

wavelength roughness (i.e. a greater frequency zone 1

results on the relevant long wavelength template).

Table 1 Recommended lower, average and upper linear regression equations for the Butterworth (mean absolute value) profile index templates

[26, Chpt 5]

Waveband Linear regression equations R2

Single, double and triple octaves

SOB4: k = 2.828–5.657 m Upper IRI = 2.36 PISOB4 ? 0.69 0.95

Average IRI = 2.36 PISOB4 ? 0.15

Lower IRI = 2.36 PISOB4 - 0.19

SOB5: k = 5.657–11.31 m Upper IRI = 2.47 PISOB5 ? 1.29 0.90

Average IRI = 2.47 PISOB5 ? 0.64

Lower IRI = 2.47 PISOB5 ? 0.13

SOB6: k = 11.31–22.62 m Upper IRI = 2.14 PISOB6 ? 1.98 0.73

Average IRI = 2.14 PISOB6 ? 0.89

Lower IRI = 2.14 PISOB6 - 0.14

DOB4: k = 2.828–11.31 m Upper IRI = 1.85 PIDOB4 ? 0.61 0.97

Average IRI = 1.85 PIDOB4 ? 0.25

Lower IRI = 1.85 PIDOB4 - 0.06

DOB5: k = 5.657–22.62 m Upper IRI = 1.77 PIDOB5 ? 1.47 0.86

Average IRI = 1.77 PIDOB5 ? 0.67

Lower IRI = 1.77 PIDOB5 ? 0.10

DOB6: k = 11.31–45.25 m Upper IRI = 1.49 PIDOB6 ? 2.10 0.60

Average IRI = 1.49 PIDOB6 ? 0.87

Lower IRI = 1.49 PIDOB6 - 0.11

TOB2: k = 5.657–45.25 m Upper IRI = 1.43 PITOB2 ? 1.57 0.75

Average IRI = 1.43 PITOB2 ? 0.62

Lower IRI = 1.43 PITOB2 - 0.18

SOB, DOB and TOB = Single, double and triple octave bandwidths

PI = Calculated profile index between the stated cut-off wavelengths via the Butterworth Filter (Eq. 1) over 100 m pavement sections (m/km)

IRI = International roughness index over 100 m pavement sections (m/km)
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At first, the identification of pavement sections with

high concentrations of waveband roughness was performed

using a colour-coded spread sheet rather than physically

plotting thousands of points onto individual templates. This

was achieved by mathematically transforming each calcu-

lated profile index value (from the raw longitudinal profile)

into equivalent IRI values using the appropriate regression

equations (i.e. the lower, average and upper confidence

limit equations). This established the three relevant

boundary points that separated zones 1, 2, 3 and 4 for each

associated template. The actual IRI value for each section

was then compared to these matching boundary points and

categorised into the correct zone. In addition, profile indi-

ces that were categorised as zone 1 were also ranked based

on the percentage difference between the actual IRI value

and the calculated zone 1 boundary point. This permitted a

quick identification to the level of waveband roughness

concentration present in the pavement. Once all pavement

sections were identified, individual 100 m pavement sec-

tions were further evaluated in detail. This was typically

performed by mapping the profile index versus zone

number. An example of this mapping exercise to identify

high concentrations of waveband roughness is shown in

Fig. 6. In this figure, the detection of waveband roughness

concentrations for a 100 m section along the Borung

Highway (in north-west Victoria, Australia) is presented.

Here, the long waveband roughness concentrations were

clearly dominant as wavebands DOB5, SOB6, TOB2 and

SOB6 (i.e. wavelengths of 5.657–45.25 m) all recorded

zone 1 status on the relevant template.

Upon viewing the ‘‘elevation’’ digital images captured

from the vehicle during the road profile survey for the

section of road featured in Fig. 6, they did not reveal any

evidence of the presence Gilgai relief or long wavelength

roughness. It was not until the site was examined using

aerial images from Google Earth that the surrounding ter-

rain showed strong signs of the presence of Gilgai relief in

the adjacent road reserve. An aerial image from Google

Earth of this site has been presented in Fig. 7. Although

this image is not very clear, the light and dark patches in

the road reserve are distinct and do resemble the mounds

and troughs of Gilgai relief respectively. The wavelength

of the Gilgai relief at this site was estimated to be between

8 and 12 m, which correlated very well with the high

concentrations of waveband roughness detected in the

pavement. Surprisingly, evidence of Gilgai relief was only

present in the road reserve and not in the adjacent fields.

This was most likely due to the regular ploughing of these

fields and the continuous break down of the Gilgai

structure.

As a result of this image (Fig. 7) being recorded mid-

April (Autumn) 2008, the vegetation is relatively green and

indicates that a reasonable amount of moisture was present

on the site at this time. In contrast, a Google Earth aerial
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image was captured for the same site in the middle of

summer (end of January, 2015), which is presented in

Fig. 8. Here, the site is much drier and the image shows no

visible sign of Gilgai relief present in the road reserve.

Thus, Gilgai relief can only be detected using aerial images

when enough moisture is present in the soil. This moisture

is essential to enable enough visual differentiation between

the mounds and troughs. Furthermore, apart from such

seasonal moisture variations, the presence of trees, shrubs

and long grasses can obstruct the aerial view of the Gilgai

relief patterns. Therefore, a mathematical method (as

described in this paper) is warranted to accurately and

consistently identify Gilgai relief.

In testing these new templates, 198 km of pavement

along the Borung and Henty Highways were evaluated.

Both of these highways are low-volume, sealed, two lane,

flexible, rural highway pavements located in north-west

Victoria, Australia. The majority of these pavement sec-

tions are located in areas of highly expansive clay geology

(i.e. grey cracking clays), which were expected to reveal a

greater number of pavement sections with high concen-

trations of long wavelength roughness (i.e. evidence of

Gilgai relief). The frequency and distribution of the long

waveband roughness concentrations detected for the Henty

Highway is presented in Table 2. In this table, a value of

2 % is considered to represent a normal or the expected

concentration of roughness detection as the upper and

lower confidence limits of the templates were based on

98 % limits. Hence, the concentration of roughness in

waveband SOB4 appears to be normal as the detection

percentage varies between 1.62 and 2.56 %. However, the

frequency of roughness concentrations in wavebands

DOB4, SOB5, DOB5 and SOB6 were significantly higher.

The greatest frequency of 10.8 % occurred at wavebands

SOB5 and DOB5, which suggests that the frequency of

high long wavelength concentrations along the Henty

Highway was over five times that of a normal pavement.

Furthermore, the general increase in detection frequency

noted from 1997 to 2009 suggests that the long wavelength

component of the roughness is increasing at a rate greater

than the IRI.

Conclusions

This paper has presented a new series of templates to identify

pavement sections that contain high concentrations of

specific waveband roughness, especially for the longer

wavelengths. These templates were developed from over six

hundred kilometres of road profile data andwere tested using

nearly two hundred kilometres of pavement. Within the test

pavements, many sections were successfully identified and

shown to be experiencing distress in the longer wavelengths;

largely due to Gilgai relief generated distress.

One of the significant benefits of these new templates is

that the influence of Gilgai relief can now be detected and

quantified mathematically. This is expected to replace the

unreliable visual method of detecting Gilgai relief by using
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Fig. 7 Aerial image of Borung Highway, 126,100–126,200 m that

contains evidence of Gilgai relief in the road reserve (Google Earth

dated 16th April, 2008)
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Fig. 8 Aerial image of Borung Highway, 126,100–126,200 m that

contains no evidence of Gilgai relief in the road reserve (Google Earth

dated 31st January, 2014)
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aerial images. Aerial images cannot always detect Gilgai

relief due to the Gilgai often being obstructed by trees,

shrubs and long grasses. Furthermore, Gilgai relief is dif-

ficult to detect visually during dry periods where moisture

levels in the soil are so low that no differentiation is pos-

sible between the mound and trough features.

In detecting long wavelength roughness derived from

Gilgai relief, it was found that the Butterworth (MAV)

based profile index templates (presented in Table 1) per-

formed the best. The second best was the Butterworth

(RMS) profile index templates followed by the PSD of

profile slope based templates.

The significance of these new templates is that they are

expected to provide Road Engineers with a better under-

standing of the roughness distribution within the pavement

as well as the identification of critical wavebands respon-

sible for pavement deterioration. In the future, waveband

roughness progression rates should be calculated to provide

an even greater understanding to the deterioration process

of a pavement. Consequently, this should lead to better

maintenance and rehabilitation decisions being made in the

future.
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