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SUMMARY

Dynamic loading is the constantly varying load of a vehicle due to internal
and external factors while moving along a road. Consideration of the
dynamic effect of heavy vehicles on pavement performance is a complex
issue. This report presents the literature review conducted to investigate
the many factors involved, including:

A variations in the load magnitude imparted on the pavement, which
varies with:

o} road geometry
0 pavement roughness

o} heavy vehicle properties (axle and tyre types, tyre pressure,
suspension etc.)

0 traffic movement (straight traffic, turning, accelerating or
braking)

o} traffic speed

A the effect of dynamic load magnitudes on the pavement
A accumulation of pore water pressure

A the viscoelastic behaviour of bituminous materials

A principal stress rotation

A surface damage due to horizontal shear stresses

A tyre contact area and pressure.

Several studies have been conducted to understand the increase in load
magnitude that is imparted to the pavement due to dynamic effects. The
literature review highlighted that there are still knowledge gaps in
understanding the effect that heavy vehicle suspension characteristics
and dynamic wheel loads have on pavement wear.

This report concludes with a list of ideas for further studies to allow better
understanding of the relationship between suspension characteristics and
dynamic loading, the relationship between suspension frequency and
damping, and the resulting dynamic loading applied to the pavement.

However, accepted pavement design procedures are calibrated for the
current assumptions made in the design. For example, the Austroads
design procedure makes use of empirical charts and laboratory to field
shift factors that correlate assumed static load calculations with
observations in the field.

Any changes to the design methodology, including those related to the
consideration of dynamic loading effects on pavement responses and
performance, would need to be validated by observed performance in the
field.
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Dynamic Load Effects of Heavy Vehicles on Pavement PerfanSeagyesel PRP17028

1 INTRODUCTION

1.1 Background i General

Many countries have developed sophisticated means of designing, monitoring, maintaining and
managing pavements, supported by the availability of improved data on heavy vehicle traffic and
axle loads generated by increased use of weigh-in-motion (WIM) systems. The adoption of
mechanistic procedures for the design of pavements, and the increasing use of Pavement
Management Systems (PMS), has resulted in a strong focus being placed on pavement response
to load, design life, maintenance intervention strategies and the strong influence of heavy vehicle
loadings on the initial calculated life and remaining life of pavements (Organisation for Economic
Co-operation and Development (OECD) 1998).

Similarly, bridge design methods are based upon the number and magnitude of heavy vehicle

loads. Size and weight limits in all countries contain important requirements for controlling the

gross weight of heavy vehicles and the manner in
axles (OECD 1998).

However, these activities are based on simple models of vehicles, pavements and bridges, and do

not provide adequately for the interactive nature of the infrastructure-vehicle system (OECD 1998).

The effect of dynamic | oading, where a vehicleos
and external (road roughness) inputs, is not incorporated in the design philosophy (Steyn 2001).

The current Austroads flexible pavement design method (Austroads 2017d) does not explicitly
consider dynamic load effects. The design method is based on traffic data from WIM sites, which
are usually collected in smooth profiles, representative of hewly constructed pavements. Therefore,
consideration of dynamic load effects with length of pavement, or elapsed time, is not considered
by the current Austroads design method. Dynamic effects are only considered indirectly through
the laboratory-to-field shift and reliability factors and by adjusting asphalt modulus as a function of
traffic speed.

Figure 1.1 illustrates the interacting components and key performance characteristics of the
vehicle-pavement system in which a truck travels over a flexible pavement with certain
characteristics of surface roughness and structural strength. A full physical description of all the
relationships involved is challenging due to the complexity of the dynamic systems involved and
the fact that some behaviour is spatially related, some is time-related, and some is cumulative with
regard to repeated passes of the vehicle (OECD 1998).

In simple terms, the pavement roughness initiates the vertical dynamics of the moving vehicle and
the resulting dynamic wheel loads cause pavement responses which contribute to pavement
distress. The pavement responses depend on the combination of dynamic wheel load, speed and
local pavement strength. This relationship is compounded by the depth at which the pavement
response is measured and the influence of the tyre contact patch in distributing the dynamic wheel
load to the pavement structure. Over time and with repeated loading by heavy vehicles, the profile
changes due to vertical surface deformations, which are partly influenced by the accumulation of
pavement rutting. In turn these profile alterations then change the dynamic wheel loads. Also, over
time, the pavement structural strength changes due to the accumulated effects of pavement
responses as well as environmental influences. The net effect on pavement response and distress
will depend on the spatial relationship between dynamic wheel load, pavement profile change and
pavement structural strength variations (OECD 1998).
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Figurel.l: Vehiclepavement system
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1.2 Background i Western Australia

The design methodology for flexible pavements in WA takes into consideration the effects of
currently permitted axle loads on pavement performance. The loads are considered to be static.

The only consideration of dynamic effects in the current pavement design methodology is
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expressed indirectly when defining the modulus of asphalt layers based on design vehicle speed.
The current models do not consider the effect that closely spaced axles travelling at a certain
speed have in conjunction with pavement material viscosity and the dissipation of pore water
pressures.

The trend in heavy vehicle axle configurations and loads is leading to more closely spaced axles
and increasing axle loads. The maximum permitted individual axle load in WA is 6 tonnes for
steering axles and 9 tonnes for other axles (based on a single axle dual tyre). In Europe, the
permissible maximum axle loads can be up to 13 tonnes. Discussions with Main Roads indicate
that heavy vehicle operators are seeking permission to operate with more closely spaced and
heavier axles. A standard methodology to assess the impact of dynamic axle loads on long-term
pavement performance does not currently exist.

The mechanism of pavement deterioration when an axle loads the pavement prior to it being able

to completely recover from the stresses and strains induced by the previous axle on granular and

bound materials are not fully understood. In addition, there is limited understanding of the effect of
surface shearing forces, wheel bouncing and uneven pavements on pavement performance.

The distribution of loads in an axle group can be extremely irregular between axles of a double,
tri- or quad-axle. Depending on the road geometry and pavement roughness, there are occasions
where not all the tyres within the axle group are in contact with the pavement. When this happens,
all the load is concentrated on a reduced number of tyres, which does not represent the load
configuration that was assumed in the pavement thickness design.

1.3  Objectives

A brief literature review indicates that there are a number of studies aimed at identifying the loads
that are imparted to the pavement by the dynamic effects of heavy vehicle axles. A correlation
between dynamic loads and International Roughness Index (IRI) has been explored.

However, there is limited information on how dynamic loads combined with the viscoelastic nature
of pavement materials translate to stresses and strains in the pavement and how shorter recovery
periods affect the damage caused by these strains.

The objective of the project is to assist Main Roads in understanding how new axle configurations
and loads translate into damage to the pavement so that Main Roads can have a consistent and
informed approach for assessing requests from heavy vehicle operators to operate with more
closely spaced and heavier axles.

1.4 Scope
The scope of this study includes the following:

1. Literature review aimed at understanding the current state of knowledge on the following
topics related to the effect of heavy vehicle dynamic loads on pavement performance:
(a) existing information on performance changes when loaded by closely spaced axles

(b) the effect of road geometry and pavement unevenness leading to uneven distribution of
load magnitudes within an axle group and wheel bouncing

(c) the effect of non-traditional tyre configuration loads on pavements

(d) the effect of surface shearing forces caused by heavy vehicle turning movements on
pavements.
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2. Preparation of a draft report with the findings of the literature review and recommendations
for further studies.

3. Workshop wit hMaiih RRRd WAG @avechent and heavy vehicle teams to
disseminate the findings of the literature review and agree on a scope of work for further
studies.

4. Preparation of a final report and, if agreed, proposal for a subsequent stage of this study.

1.5 Report Structure

This report comprises a literature review from a combined pavement and vehicle engineering
viewpoint. Section 1 describes the purpose of the study. Section 2 and Section 3 examine heavy
vehicle dynamic loading from a heavy vehicle perspective, as relevant to pavement engineering.
Subsequent sections examine heavy vehicle dynamic loading from a pavement response, damage
and modelling perspective. Section 4 presents the response to moving loads. Section 5 discusses
the effects of horizontal shear stresses on pavement surfacing. Section 6 includes a discussion on
tyre contact area and pressure. A summary of the findings is presented in Section 7. Finally,
suggestions for further studies are included in Section 8.
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2 HEAVY VEHICLE DYNAMIC LOADS

This section of the report presents the outcomes of the literature review specific to dynamic loading
generated by heavy vehicles.

2.1  Dynamic Interaction Between the Vehicle and Infrastructure
Experiment (DIVINE)

The DIVINE project (Dynamic Interaction between the Vehicle and Infrastructure Experiment)
(OECD 1997) is regarded as the most comprehensive study of heavy vehicle dynamic loading. The
findings from this research was the genesis of road-friendly suspension (RFS) requirements and
the subsequent introduction of the higher mass limits (HML) for heavy vehicles in Australia.

A summary of the key technical findings from the DIVINE project has been included as part of this
review. The DIVINE projects 6 r e s enzmnt<iritluded: e

accelerated dynamic pavement testing

pavement primary response testing

road simulator testing

computer simulation of heavy vehicle dynamics

evaluation of spatial repeatability of dynamic loads

> > > > > >

bridge dynamic loads.

2.1.1 Research Findings
In terms of pavement loading, the key findings of the DIVINE research were as follows:

A The dynamic component depends on the vertical dynamics of the vehicle i including such

factors as the mass and stiffness distribution

distribution, suspensionandtyresi and on the road surfaceos
speed of the vehicle.

A Typical magnitudes of dynamic wheel loads, when expressed statistically as a standard
deviation, ranged between 5 and 10% of the static load for well-damped air suspensions and
for soft, well-damped, steel leaf suspensions. They ranged between 20 and 40% of the
stationary constant load for less road-friendly suspensions.

A Using conventional pavement wear and fatigue relationships, the results suggested that
dynamic loading introduces a 30 to 50% increase in damage as compared with that for static
loading.

A For rough roads, dynamic loads can be substantially higher.

A There was a direct and proportional relationship between primary pavement response and
the instantaneously applied load for bituminous pavements approximately 150 mm thick (not
common in Australia).

A For pavements thinner than 80 mm (typical sprayed seal surfaces common in Australia
(sprayed sealed pavements were not considered in the project)) the relationship was not as
clear. The lack of test results for Australia cast some doubt on the true benefits of RFS;
however, the general concept that RFS reduces dynamic loading of pavements is well
accepted by road managers.

Qrro
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The use of an air suspension, particularly on the class of vehicle responsible for the greater
part of pavement damage (often the 5-axle semi-trailer), could reduce dynamic loads by 10
to 12% and therefore lead to significantly reduced pavement damage. This finding
substantiates the increases permitted under HML.

In terms of bridge loading, the key findings of the DIVINE research were as follows:

A

212

In the case of a smooth bridge and approach profile on medium-span bridges, the influence
of the vehicle suspension on dynamic wheel load and bridge response magnitudes was not
very significant.

For these test conditions, neither the mechanically- nor the air-suspended vehicles induced
significant dynamic responses in the bridges.

Heavy vehicles fitted with air suspension did not generate excessive vibrations on bridges
(with smooth pavements) and impart loads at low body bounce frequencies (f = 1.5 to

1.8 Hz). Most air suspensions fitted to heavy vehicles oscillate at this frequency, which
supports the theory that RFS reduce dynamic loads applied to pavements and bridges.

At axle hop frequencies (f = 10 Hz), excessive bridge vibrations can be expected with both
mechanically- and air-suspended vehicles operating on bridges with average to rough
pavement conditions. The situation is especially severe if the shock absorbers on an
air-suspended vehicle are ineffective.

Air suspensions with inadequate damping are potentially damaging to short-span bridges.
When air-suspended vehicles travelled at critical speeds over axle-hop-inducing features,
large dynamic responses and multiple fatigue cycles were observed. These responses were
up to 4.5 times the dynamic load allowance specified in bridge design, but only if the bridge
has a natural frequency corresponding to the body bounce frequency or if it has a short-span
(natural frequency corresponding to axle-hop) and exhibits short wavelength roughness. The
guality of the road profile is an important parameter in determining the dynamic bridge
response.

The effective damping of soft suspensions is essential. Further understanding of the
effectiveness of dampers fitted to both new and used air-suspensions is required. This
finding highlights the need for an in-service performance requirement.

Key Recommendations of DIVINE

Demands for the transport of more goods, by both weight and volume, and for greater
responsiveness to customer needs, result in the consideration of larger and heavier trucks, as well
as increased efficiency and diversity of truck configurations (OECD 1997). The recommended
policy options included:

A

2.2

increase the gross combination mass (GCM) of road-friendly vehicles; this can be done by
adding axles rather than increasing individual axle weights (e.g. increased use of triaxle
groups in place of tandem groups)

an increase in axle group weights on proven road-friendly tandem and triaxle groups

implementing a sound means for measuring and assessing the road-friendliness of heavy
vehicle suspensions (including the dynamic and load-sharing performance of suspensions).

Australian Policy

The DIVINE project team consisted of experts from 17 countries, including Canada, France,
Germany, New Zealand and Australia. Australia had a leading role in the DIVINE study, with ARRB
conducting the research for one of the project elements. The ARRB researchers were led by

Qrro
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Dr Peter Sweatman and supported by others such as Kieran Sharp, Geoff Jameson and
Dr Michael Moffatt.

The Australian research included in DIVINE, confirmed the following key findings:

A Suspension type and characteristics were identified as key factors in relation to dynamic
|l oads. Studies found that O6softé springs,
damping reduced dynamic loads, while (Coulomb) friction in (mechanical) suspension
systems increased dynamic loads (National Road Transport Commission (NRTC) 1996).

A Dynamic load reducing properties were unlikely to be found in mechanical suspensions but
were generally found in air suspensions (Sharp, Sweatman & Addis 1997). This led to the
introduction of an RFS test method based on achieving performance equivalent to air
suspension.

A There would be little effect on the rehabilitation cost of arterial and local roads with an
increase in mass limits and the use of RFS, compared with a continuation of the absence of
any concessions to encourage RFS (NRTC 1996). This was concluded after much research
was devoted to estimating the overall effects of increasing mass limits and allowing RFS,
including cost-benefit studies. A procedure for estimating loading changes due to the
introduction of HML for RFS is presented in NRTC (1996).

This work ultimately led to the development of the Vehicle Standards Bulletin 11 (VSB11) first
published in 1999, later amended in 2004 (Department of Transport and Regional Services 2004),
in which the certification requirements for road-friendliness were defined.

2.2.1 Development of a Performance Standard for RFS

The understanding gained through the DIVINE project led to the development of formalised
performance criteria for road-friendliness, as well as a method for testing the performance of heavy
vehicle suspension systems (NRTC 1996).

The defined performance criteria are:

A static load sharing between axles in a group (O5% variation between any two axles)

A frequency of oscillation of sprung mass (02.0 Hz)

A damping capability (O20% of critical damping)

A damping capability (050% of total damping due to friction damping).

Despite the understanding that the performance of a suspension degrades over time, mainly due to
shock absorber wear, there was no in-service compliance as part of the of RFS standard.

2.2.2 Introduction of Higher Mass Limits (HML)

The maximum load a heavy vehicle can carry is limited and enforced by the state road agencies.
Mass limits are based on an economic evaluation of the asset wear resulting from axle loads. In
1998, the NRTC investigated the end economic effects of allowing axle load increases for vehicles
with road-friendly suspension (at the time considered to be solely limited to air suspension types).
Subsequently, the HML scheme was adopted by most state and territory agencies. These axle
loading schemes apply to most types of heavy vehicles provided that necessary conditions are
met.

Required conditions for heavy vehicles to operate at HML vary across different jurisdictions, but all
specify that the vehicle must be fitted with a certified RFS system. The inclusion of RFS as an
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operational requirement of HML is based on the understanding that RFS allows a greater mass to
be carried for a similar overall effect on infrastructure.

2.3 Recommendations for Improvement of Australian Policy
2.3.1 The Importance of In-service Suspension Maintenance

Cebon (2004) guantified the effect of worn air suspensions on road damage through road
maintenance costs by analysing six theoretical fleets, with combinations of steel and air
suspensions and well- and poorly-maintained suspension systems. The results of this analysis are
presented in Table 2.1, which express the road damage caused based on suspension typed in
terms of pavement maintenance costs.

Table2.1: Calculation of relative road damagsed on suspension type and maintenance

Suspension Fleet composition scenarios
1 2 3 4 5 6

Conventional steel leaf springs 100% 0% 0% 0% 0% 0%
Air springs with welintained shock absorbers 0% 100% 0% 75% 50% 25%
Air springs with poonlgintained shock absorbe| 0% 0% 100% 25% 50% 75%
Pavement maintenance cost charge

General Mass Limits (GML) 0% 114% 7% 0% 13% 2%
Higher Mass Limits (HML) 10% 6% 19% 0% 6% 12%

SourceBased o@ebon (2004).

The results show that fleet scenario 4, in which 75% of the HML fleet is well maintained, is
equivalent to GML with the entire fleet operating on conventional steel leaf springs. A greater than
25% proportion of poorly-maintained suspension increases maintenance costs above the base
scenario. This result supports the importance of maintaining suspension performance to maintain
the benefits of RFS.

Blankshy, George and Germanchev (2006) presented results from a survey of 150 in-service
triaxle trailers, including 121 units with air suspensions and 29 units with mechanical suspensions.
The survey included an inspection of the vehicle and an assessment of suspension damping and
frequency characteristics using an RFS test facility temporarily located at the Marulan heavy
vehicle inspection site in New South Wales.

Table 2.2 summarises the suspensions surveyed, separated into columns for the 121 air
suspensions and 29 mechanical suspensions. It is important to note that only 26 of the air
suspensions surveyed were loaded to greater than 20 tonne and, therefore, within the test weight
tolerance requirement for vehicles (VSB11). The suspensions within the test weight tolerance were
tested and separated into the categories based on the measured damping ratio; either less than
15%, 15 to 20% or greater than 20%. The suspensions with a damping ratio greater than 20% are
listed as compliant; however, they must also meet the load sharing and frequency requirements of
VSB11 to be RFS compliant. It is important to note that this survey was conducted on a GML route
and, as a result, no HML vehicles required to be fitted with RFS were included in the study. A
survey and assessment of HML vehicles fitted with RFS would provide valuable data necessary for
defining the in-service testing requirement.
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Table2.22 Summary of RFS survey results

Type Air suspension Mechanical Total
Totalnits 121 29 150
>20t 26 (21.4%) 16 (55%) 42 (28%)
Nonrcompliant 0 0 0
(less than 15% 7 (26.9%) 14 (87.5%) 21 (50%)
Nonrcompliant 0 0 0
(betweea5%and20%) 5 (19.2%) 1 (6.25%) 6 (14.3%)
Compliant 14 (53.9%) 1 (6.25%) 15 (35.7%)

(greater than 20%)

1 Percentages calculated based on the previous subset of sampled suspensions.
Source: Based on Blanksby, George and Germanchev (2006).

Sweatman et al. (2000) proposed that an in-service test should include shock absorber
dynamometer testing, a visual inspection of suspension components and a direct test of
suspension road-friendliness via a mobile drop test device.

MM Starrs Pty Ltd (2000) conducted an extensive review of several options for the in-service
performance measurement of RFS. The study found that the analysis of the benefits and costs of
any of the schemes did not support proceeding with in-service analyses of road-friendly
suspensions based purely on the cost-benefit analysis. It should be noted that none of the options
calculated a saving in pavement wear, which outweighed the other costs involved.

Collop and Cebon (2002) conducted a related study pertaining to the United Kingdom, using a
deterministic pavement performance model. The study found that the change to road-friendly
suspensions would result in a significant increase in the life of thin asphalt pavements. An increase
in the life of thin asphalt pavements of between 40 and 90% i depending on the characteristics of
the lower pavement layers i is particularly relevant to the Australian road network, which has
predominantly thin pavements.

Further work in this area performed by Cebon (2004) suggested that the economic evaluation
performed by Starrs (2000) was incorrect, due to the assumption that poorly-maintained
road-friendly suspensions were no more damaging to pavements than mechanical suspensions.
The analysis conducted by Cebon found that, by changing the fleet from 100% mechanical
suspensions to 100% road-friendly suspensions, the cost of road maintenance would decrease by
14%. However, with the increased loads available for vehicles with road-friendly suspensions, the
reduction in road maintenance costs would only be 6%. A fleet with 75% effective road-friendly
suspensions and 25% ineffective road-friendly suspensions at the higher mass limits produced an
equivalent cost to the fleet as 100% mechanical suspensions operating at standard mass limits.

Costanzi and Cebon (2007) found that if the road fleet was to have 100% poorly-maintained shock
absorbers, this would result in an increase in road maintenance costs at the higher mass limits by
46%. The study showed that the level of compliance of a road-friendly suspension was critical to
the accuracy of a cost-benefit analysis.

Davis and Bunker (2007) suggested that VSB11 be updated to include levels of compliance with
the standard. Including levels of compliance to VSB11 offers the benefit of flexibility in
enforcement, as compliance with the standard can be based on the performance level achieved.
However, the levels of compliance can only be set based on an understanding of the relationship
between suspension characteristics and pavement wear.
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Davis and Bunker (2007) also suggested that VSB11 be updated to include criteria for axle hop
and dynamic load sharing. They reviewed various methods of in-service performance assurance. A
grading system was used to describe the methods, but no recommendations were provided. Davis
has also conducted multiple investigations into various in-service methods involving simple
apparatus and on-board air-bag pressure measurement systems, quoted accurate results, and
promoted the use of these measures (Davis 2005, Davis, Kel and Sack 2007, Davis & Sack 2004,
Davis & Sack 2006).

2.3.2 Investigation of In-service Compliance for RFS

The current standard (VSB11) defines the requirements for certifying a new suspension as
road-friendly. Once approved, the suspension make and model is given an RFS number. Despite
the understanding that the performance of RFS does degrade over time, mainly due to in-service
degradation of shock absorber damping characteristics, there is no in-service compliance
standard. Accordingly, it is considered necessary to monitor and correct the in-service degradation
of RFS.

In 2008, the NTC commissioned an investigation titled dn-service Performance Assurance for
Road Friendly Suspensionso A technical assessment of the management of in-service
performance of road-friendly suspensions reported that the preferred method was to test the
vehicleds s h@®TECKRO8bsor ber s

The costs and benefits of the tests were estimated. It was concluded that the costs exceeded the
benefits under a range of assumptions and that in-service compliance options therefore could not
be justified on economic grounds. Consequently, there is currently no in-service test for RFS.
Instead, visual inspections of the bushes, airbags and tyres are undertaken to assess the health of
t he v e hiSa$ dstinst frdfHts continued degree of compliance with RFS requirements.

Following the NTC investigation in 2008, there has been further research conducted relevant to
in-service compliance of RFS. A summary of this work is provided below.

The work presented in Davis (2010) is a continuation of the previous work documented in
Davis (2005). Davis (2005) explored the viability of measuring suspension performance using two

di fferent and independent met hods-noiserbadt e drth&t o as
most recent work, Davis focuses on developing a method based on driving a vehicle on a section
of (rough) road in preference to the O6pipe testd

instrumented triaxle semi-trailer to determine the forces exerted on pavements by this vehicle.
Accelerometers and strain gauges were fitted to the axles of the vehicle and used to determine
dynamic wheel forces. A roughness value of the roads during testing was derived. Dynamic
pavement forces were presented according to the range of roughness values encountered during
testing along the test section of road. The report states that the mean and standard deviation of
heavy vehicle wheel forces did not correlate with pavement roughness, however peak wheel forces
did. Davis (2010) reports promising results; however, the concept of using a test road for
comparison of suspension performance between different vehicles needs to be explored further to
determine if the approach is suitable for monitoring road-friendliness.

Roebuck et al. (2012) documents the development of a new user-friendly software tool that can be
used to model the interaction between vehicles and pavements; the concept is shown in

Figure 2.1. This software tool provides a simulation environment that can be used to investigate
several issues relating to vehicle-pavement interaction, including the effect of suspension
characteristics on the loading of the pavement.
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Figure2.1: Interaction between truck model and road profile
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A case study was presented by Roebuck et al. (2012) showing comparison between steel-, air- and
defective air-suspension, under Higher Mass Limits (HML) and General Mass Limits (GML). The
model was calibrated to Australian (New South Wales) conditions. The design pavement structure
was a 300 mm thick 'full-depth' asphalt layer over a 200 mm granular base layer. Four different
vehicle fleets, consisting of 6-axle tractor-semi-trailers and 9-axle B-doubles, were simulated. The
progression of the International Roughness Index (IRI) with time was simulated up to a limit of

3.7 m/km. The case study showed that road lifetime until resurfacing could be reduced by as much
as 10 years if the air suspension vehicle fleet had 50% malfunctioning hydraulic dampers.

A laser-based method for estimating dynamic wheel loads was identified by Austroads (2009a) as
suitable as a first-order estimate of dynamic wheel loads, but there are limitations relating to its
practicality and accuracy. Significant efforts were made to overcome the limitations of the laser
method. However, these ultimately made the system too expensive and complex to warrant its use,
in comparison with the traditional and accepted method of using strain gauges with
accelerometers, which offers relatively high accuracy.

Austroads (2012) investigated the use of strain gauges with accelerometers, which was initially
only intended as a reference system for the laser-based method, but in the absence of a viable
low-cost method, strain gauges and accelerometers were used as the only means of collecting
data in the subsequent field tests. This well-established and proven method was effective as an
accurate technique for acquiring the required data on a limited number of vehicles, although fewer
than originally intended. Nonetheless, the data gathered for a smaller sample of vehicle and roads
was adequate for the development and validation of the computer model.

The most recent work completed on this topic was a review of the in-service requirements for RFS.
This was commissioned under the National Asset Centre of Excellence (NACOE) research
agreement between the Queensland Department of Transport and Main Roads (TMR) and ARRB
(Germanchev 2015, Germanchev et al. 2016). A primary focus of this work was to identify and
evaluate emerging technologies with the potential to measure and quantify suspension
road-friendliness. The findings relating to emerging technologies is summarised in Section 2.5. The
most recent studies confirmed that the variability of external factors (particularly road surface

Qrro

-11- October 2018



Dynamic Load Effects of Heavy Vehicles on Pavement PerfanSeagyesel PRP17028

geometry and roughness) prevented air bag pressure from being a viable option for monitoring
suspension road-friendliness.

The key findings were:

A Knowledge gaps exist in the relationship between RFS systems and pavement wear. In
particular, the relationship between varying suspension characteristics and the loading of
pavements is not adequately quantified to develop a new standard that differs from the
existing RFS requirements (air suspension equivalency) documented in VSB11.

A Due to the openness for interpretation in the test methods documented in VSB11, it is
possible for identical suspensions to achieve vastly different results when tested.

A A review of VSB11 is recommended as a necessary step prior to implementing an in-service
requirement.

2.4  Recent Heavy Vehicles Research

The Austroads 201671 17 research program included four projects related to heavy vehicle loads
and axle limits; these are:

1. AP-R541-171 Reassessment of the Benefits and Impacts of the Use of High Productivity
Vehicles on Australian Highway Pavements

2.  AP-R555-17 1 Development of National Mass Assessment Procedures for Oversize
Overmass (OSOM) Vehicles

AP-R505-16 7 National Steer Axle Mass Limits
AP-R325-17 1 Heavy Vehicle Horizontal Stresses and Pavement Surface Performance.

2.4.1 Pavement Impacts of High Productivity Vehicles

Austroads commissioned a reassessment of the benefits and impacts of high productivity vehicles
(HPV). This study focused on HPVs that are assessed under the Australian Performance-Based
Standards (PBS) scheme, which was formalised in 2007. The project outcome was a proposed
method for comparing the relative pavement impacts of HPVs with those of reference vehicles that
might be used to accomplish the same freight movement task. To this end, the project arrived at a
process which takes into account the potential benefits or costs of HPVs in terms of its productivity,
safety, environmental and pavement effects. The proposed method for quantifying vertical
pavement loading was to address the absence of a performance-based requirement for pavement
vertical loading in the current PBS rules.

Three options for quantifying pavement impacts were proposed by Austroads (2017b), each of
which is based on the marginal cost principles supported by Austroads for the determination of the
cost of road wear. The three options proposed were:

1. Arelative comparison of case-by-case subject vehicles against either prescriptive or HPV
alternatives using the Freight Axle Mass Limits Investigation Tool (FAMLIT).

2. Anapproach basedontheWester n Australia Local Government
User Guide (WALGA 2015).

3. A Table of Values approach as adopted by TMR to assess the transport impacts. The
application includes both long-term changes in loading, including the introduction of HPVS,
and the impacts of significant, additional short- to medium-term loading.
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The above options are all based on existing equivalent standard axles (ESA) calculations to
determine the wear caused by the axle group, relative to the wear caused by a standard axle.

In Australia, the predominant method used between 2004 and 2017 to evaluate traffic-induced
pavement wear was through the number of standard axle repetitions (SARS) calculated by treating
each axle group separately. This method uses a load damage exponent (LDE), which is based on
the type of pavement being trafficked.

Austroads (2017b) only considered sealed unbound granular pavements for the analysis as a large
proportion of Australian highway pavements consist of a thin bituminous sprayed seal over an
unbound granular base; therefore, the LDE used was the 4™ power.

The scope of the project was to review the input data requirements and propose a method for
guantifying the vertical loading impacts of heavy vehicles. It was identified that there are many
vehicle characteristics that are known to affect pavement vertical loading, but for varying reasons
the scale of the impact has not been fully understood. The areas in which knowledge gaps exist
are: road-friendly suspensions, dynamic loading, tyre size and inflation pressures, and horizontal
tyre forces. Investigating these topics was not within the scope of the project. Austroads (2017b)
did not investigate them in any detail but highlighted the requirement for future work in these areas
that would address the limitations of the proposed method. These knowledge gaps were identified
as longstanding issues known at the formation of the PBS rules in 2007 and were cited as to the
reason why the infrastructure standards were established at prescriptive standards, with no
performance requirements inclusive of these topics.

As a consequence, the project highlighted the opportunity to gain a clear understanding of
pavement vertical loading and to develop a model that estimates deterioration based on vehicle
characteristics.

2.4.2 Development of National Mass Assessment Procedures for OSOM Vehicles

Austroads (2017c) conducted a field testing program to measure the axle group loads of a range of
oversize overmass (OSOM) vehicles. The aim of the project was to develop a nationally-consistent
procedure for weighing OSOM vehicles. The vehicle combinations included low loaders and
platform trailers designed for transporting large, indivisible loads. The field trials involved the static
weighing of vehicles using portable scales and weighbridges at a range of sites with varying road
geometry. The purpose of the study was to determine the measuring tolerance for these vehicle
types and subsequently recommend mass measurement adjustment values to include in a weight
procedure. The project did not investigate the dynamic loading of these vehicles; all tests related to
the static mass only. The testing program was designed to investigate the load transfer between
axles and axle groups on uneven surfaces and on and off scales and to quantify the amount of
measurement error associated with each scenario.

The vehicle combinations used in the field tests were:

A a 2x4 dolly and a 4x4 low loader with mechanical load-sharing suspension,

A a 2x4 dolly with mechanical suspension and a 4x4 low loader with hydraulic load-sharing
suspension,

A a 2x8 dolly with no suspension, a 4x8 low loader with hydraulic load-sharing suspension, and
A 6x8 load platform with hydraulic load-sharing suspension.

The weighing methods covered a range of combinations using blocks and portable scales,
including:
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A fully blocked 1 scales under some axles, blocks of scale height under all other wheels of all
vehicle units;

A partially-blocked i scales under some axles, scales or blocks of scale height under other
wheels of the same vehicle unit, wheels of other vehicle units on the ground; and

A unblocked i scales under some axles, other wheels on the ground.

The aim of these tests was to understand the effect of suspensions being raised and lowered as
they were driven on to the scales for measurement. This assessment was only made in static
conditions. A total of 852 vehicle movements were performed, facilitating 6624 measurements. The
results of the testing were used to develop mass measurement adjustment values.

The mass measurement adjustment values ranged from 0.3 t to 1.3 t depending on the site and
axle type. The largest adjustment value to account for errors for a single axle on a trailer in the
worst-case measurement site was 4.5%. This variation in static mass does not provide any useful
insight regarding dynamic loads other than the peak dynamic variations are expected to be
considerably higher.

2.4.3 Investigation of Optimum National Steer Axle Mass Limits

Austroads (2016) determined the optimum steer axle mass limits for road trains operating in
remote and regional areas. The motivation for this research was to accommodate the needs of the
transport industry, particularly in response to the increase in steer axle loads for prime movers
delivering freight long distances in remote areas. The reason being that this particular freight task
requires prime movers to be fitted with additional equipment including heavy-duty bullbar, tool
boxes, additional spare-wheel carriers and higher capacity fuel tanks which increase the load on
steer axle.

The major task to be undertaken was to use a detailed load wear cost (LWC) model to determine
the pavement maintenance costs associated with increased steer axle limits.

The analysis was conducted based on a selection of sealed unbound granular pavement segments
(6 in WA, 6in NT, 6 in NSW, 4 in QLD and 3 in VIC). A total of 30 loading scenarios were
conducted for the 25 road segments. Sealed unbound granular pavements were analysed, as they
constitute the roads that road trains predominantly use and make up the majority of sealed roads in
Australia. Across all road segments analysed, it was found that the rate of deterioration that a
pavement experienced was sensitive to the width of the tyres used by the heavy vehicles. This
occurs due to differences in tyre contact profile shape and stress distribution, and because of these
factor, wider tyres were less damaging to the pavements analysed. This means that the wider tyres
supported heavier steer loads in the tests conducted before matching the deformation caused by
lighter steer loads on narrow tyres. There was consideration of dynamic wheel loads as part of this
research.

2.4.4 Quad Axle Groups and Wide Tyres

The axle loads for a range of axle group types and tyre widths normalised against a standard load
are shown in Table 2.3 and Table 2.4. ARRB considers that further research is required to better
understand the impacts of these tyre sizes prior to the development of a policy for quad-axle
groups and wide tyres.
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Table2.3: Loads on axle groups with single tyres which cause the same wear as a standard axle

Axle group type Nominal tyre section width Load (kN) Load (tp
Less than 375 mm 53 5.41
Single axle with single tyres (SAST)| At least 375 mm but less than 450 mm | 58 5.92
450 mm or more 71 7.24
Less than 375 mm 89 9.08
Tandem axle with single tyres (TAS] At least 375 mm but less than 450 mm | 98 1000
450 mm or more 119 12.14
Lesshan 375 mm 121 12.34
Triaxle with single tyres (TRST) At least 375 mm but less than 450 mm | 132 13.46
450 mm or more 162 16.52

1 Conversion factor 1 t = 9.807 kN
Source: Austrog@91d).

Table24: Loads on axle groups with dtaks which cause same wear as a standard axle

Axle group type Load (kN) Load (P
Single axle with dual tyres (SADT) 80 8.16
Tandem axle with dual tyres (TAD| 135 13.77
Triaxle with dual tyres (TRDT) 1 18.56
Quaeaxle with dual tyres (QADT) | 256 23.05

1 Conversion factor 1t =9.807 kN

SourceAustroad01d).

The current axle group mass limits for HML are listed in Table 2.5.

Table25: Current HML by axle groups

Axle groups HML (tonne)

Single drive axle on a bus (dual tyre| 10.0

Tandem axle group (dual tyres) 17.0

Tandem axle group (with six tyres) | 14.0

Triaxle group (dual tyres) 225

Currently, there is no national provision for HML to be applied to quad-axle groups or wide tyres.
Presumably this is because these axle groups and tyres widths were not included in the original
research and a relationship between the reduction in pavement and these axle and tyre
configurations has not been established. Research, most likely including field testing, is required
prior to the development of a policy for quad-axle groups and wide tyres.

2.45 Impact on Bridges and Spatial Repeatability

Dynamic loading of bridges was briefly investigated by Austroads (2009a). During field trials, test
routes were selected to include bridges of interest. Figure 2.2 shows an example of test data
collected during trials in which a semi-trailer traversed a bridge. The location of the bridge is shown
beginning at approximately 96 m and ending at 128 m in the figure. The beginning of the bridge
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imparts an impulse (most likely due to the bridge joint) on the trailer suspension; the subsequent
oscillation in dynamic load is clearly evident in the data trace, particularly at 2100 m.

Figure2.2: Strain gauge eroad repeatabilityrossing a bridge joint
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Source: Austroads (2009a).

The oscillations resulting from the impulse imparted on the vehicle from crossing the bridge joint
are similar to the oscillations which occur from the impulse in a VSB11 test. This phenomenon is
also an example of spatial repeatability, which is the repeated occurrence of high dynamic loading
of the pavement or bridge in the same location. This can lead to increased deterioration of the
infrastructure. The increased rate of pavement wear due to spatial repeatability is potentially
exacerbated by the concentration of air suspensions with a similar resonant frequency.

No further analysis was conducted (Austroads 2009a). In order to investigate the concept of a
spatial repeatability thoroughly and efficiently, it has been proposed that the locations of bridges be
mapped and then compared with the data recorded at these locations. An example of this process
is shown in Figure 2.3. This example used telematics data which included GPS co-ordinates and
mass data, recorded on the same time domain. The purple extrusions shown on the map in the
figure represent the mass recorded from a vehicle fitted with on-board scales. The red markers
indicate the location of bridges.
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Figure2.3: Location of bridges and telematics data
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The spatial repeatability demonstrated using strain gauges was investigated by testing conducted
under the NACOoE research program (Germanchev & Roper 2017). On-road testing was conducted
on the section of road shown in Figure 2.4.

SourceGermanchendRope(2017)
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The vehicle was fitted with a GPS receiver to record speed and location and an on-board mass
monitoring to record dynamic axle group loads. The vehicle was driven repeatedly along this
section of the road identified as suitable to excite the suspension. The testing proved there was
difficulty with the repeatability of test data. To achieve repeatability, it is necessary to excite the
vehicle consistently with a known or unchanged input and then to eliminate any subsequent inputs.
This was proven to be practically impossible under the normal driving conditions of the field test.
The variables that were found to affect repeatability included: vehicle speed, traffic conditions as it
related to maintaining a steady speed (not braking or accelerating during the test) and lateral
position in the lane. Other variables such as suspension condition, tyre pressure and tyre run-out
may also affect repeatability but were not the subject of this on-road testing program.

Figure 2.5 shows the triaxle semi-trailer during the on-road tests conducted by Germanchev and
Roper (2017).

Figure25: Triaxle semrailer during omoad testing

SourceGermanchandRope(2017.

2.5 Emerging Technologies for Measurement

The accuracy and resolution of the data available from in-field measurements using cost-effective
sensors were identified in the preceding research (NTC 2008 and Austroads 2009a) as limitations
for understanding dynamic wheels loads. One of the aims of the NACOE research programs 6 ,
project R34 (Germanchev and Roper 2017) investigating RFS compliance, was to identify and
utilise technology that is commercially available for measuring heavy vehicle suspension
performance. The key data requirements were:

A accuracy of mass measurements

calibration of on-board scales

location accuracy

ability to align road survey and vehicle data (obtained from difference sources)

> > > >

data sampling rate.

The following engineering solutions were identified as suitable for measuring suspension
performance:

A on-board scales (high and low frequency)

A linear displacement sensors
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A accelerometers
A tyre pressure sensors
A

Electronic Braking System (EBS) control modules.

Figure 2.6 shows two on-board scale devices that can be fitted to a vehicle to measure mass,
using an air pressure transducer (left) and load cells (right).

Figure2.6: Examples of choard scales

SourceGermancheandRope(2017.

An EBS module (shown Figure 2.7) is a technology commonly fitted on trucks and prime movers,
and it is also becoming increasingly common on new trailers. This module is the basis for any
electronic braking system; it can include sensors to record wheel speeds and air bag pressure and
communicate with other devices via the controller area network (CAN). Data can be sent to the

A

vehiclebs telematics device and communicated

Figure2.7: Electronic Braking System (EBS) module

SourceGermanchandRope(2017.

This device was identified as a potential method for measuring dynamic wheel loads; however,
based on industry consultation it was not included in the evaluation. Consultation with EBS
manufacturers and suppliers advised that the technology was capable of measuring suspension
performance but was limited by other variables such as vehicle payload, road surface, speed, etc.
These limitations were discussed in Section 2.4.5 and were identified as limitations for on-board
monitoring technologies.
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Accelerometer technology has advanced predominantly through the wide adoption of smart
phones, but accelerometers alone are not able to measure dynamic wheel loads. However, if
combined with either linear displacement or pressure sensors it could come close to an accurate
measurement.

The DynaSses (Dynamic Assessment) system (shown in Figure 2.8) is a commercial system
comprising hub-mounted sensors (temporarily fitted) at each end of the axle, and custom software
serving as the data logger and user interface. This system was evaluated by field testing and was
found to be the most accurate and repeatable of the systems assessed including air pressure
sensors, linear displacement transducers and load cells.

Figure2.8: DynaSses test system (Dynamic Assessment)

The system is still limited by the variations in on-road data collection, but these are reduced by a
calibration process in which the vehicle is driven over ramps, dropping from a fixed height sufficient
to excite the resonant frequency of the suspension. Details of the sensors used as part of this
system were not disclosed to protect the intellectual property of the system owner. However, it is
expected that due to the low-cost and ease of installation that a vast quantity of data can be
gathered for a wide range of vehicles and conditions. It is expected that analysis of this big dataset
will allow for the variations due to speed and conditions to be isolated from the dynamic wheel load
data.
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3 IMPACT OF MAGNIFIED LOADS ON PAVEMENTS

Cole et al. (1992) measured dynamic load caused by 15 articulated vehicles with a variety of
suspension designs, tyre types, payloads and speeds by driving them on a portable mat 56 m long
with capacitive strip sensors. The study found that for the three typical articulated vehicles
considered, the average asphalt fatigue damage caused by dynamic loads (calculated by applying
the 4" power law to the measured dynamic loads normalised by the same law applied to static
loads) is approximately 7 to 25% greater than the damage caused by static loads; and the 95"
percentile damage is 2 to 3 times the damage caused by static loads. It is noted, however, that
these tests were limited to 56 m of a given road geometry, and it is known that dynamic load
effects are highly dependent on the road profile.

Gillespie et al. (1993) analysed the effect of different axle loads, suspension types and vehicle
speeds, concluding that rutting is mainly a function of the gross vehicle weight. Suspension types
and dynamic loading only have a minor effect on rutting (about 10 to 20%). On the other hand, in
relation to fatigue damage, dynamic loading can increase it to a factor of 5 to 6 times compared to
fatigue damage due to static loads.

According to Collop and Cebon (1995), consideration of dynamic loads can result in a pavement
life 48% shorter in terms of subgrade rutting and 91% shorter in terms of fatigue damage. Whereas
Bilodeau, Gagnon and Dore (2017), based on a multibody dynamic truck model with a vehicle at
100 km/h, reported reductions of 20 and 29% respectively for the rutting failure criteria and for
bottom-up fatigue cracking.

The sections to follow will review the impact of road roughness, vehicle speed, road geometry and
manoeuvring, spatial repeatability and the effect of uneven distribution of loads within an axle
group on magnification of dynamic loads and its effects on pavement performance.

3.1 Roughness

Pavement roughness increases pavement damage by increasing the magnitude of loads imparted
on the pavement. Austroads (2012) reports a high degree of correlation for a linear relationship
between dynamic load coefficient (DLC i ratio of the root mean square dynamic wheel force to the
mean wheel force) and the International Roughness Index (IRI).

Therefore, pavement damage can be reduced if the road is maintained in a smooth condition.
Gillespie et al. (1993) mentioned, for instance, a damage increase by a factor of 3 on rough rigid
pavements (Pavement Serviceability Index of 2.5).

Potter et al. (1996) measured the dynamic loading of about 1500 heavy vehicles on a British road.
For most of the vehicles measured, the damage at the worst 5% of the road resulted in 1.5 to 2.5
of the damage of a static load (calculated using the 4™ power law). Drive axles were in general
more damaging than trailer axle groups.

Lee and Chatti (2002) developed a roughness index called dynamic load index (DLI), which
correlates relative damage from the 95" percentile dynamic load at different roughness index
values and the corresponding percent reduction in life. According to the authors, there is a level of
roughness for which a sharp increase in dynamic load occurs. Their analysis consisted of applying
the 4™ power damage law using dynamic axle loads obtained from the TruckSim™ program to
calculate relative damage for different roughness levels. The DLI allows differentiation between
profiles with the same ride quality index generating different levels of dynamic loading. The authors
concluded, based on the 333 pavement sections investigated, that smoothing the pavement
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surface (milling, grinding or applying a thin overlay) as a preventative maintenance to extend
pavement life is most effective in rigid pavements, followed by flexible pavements. For composite
pavements, however, the authors concluded that smoothing actions might not be as effective (Lee
& Chatti 2002, Chatti & Lee 2002, Chatti, Lee and Baladi 2001).

3.2  Vehicle Speed

As vehicle speed increases, the following occurs in respect to dynamic loads:

A In rigid pavements: the increase in peak dynamic wheel loads results in increased fatigue
damage (Gillespie et al. 1993).

A In asphalt pavements: the increase in dynamic loads is compensated for by the shorter
duration of the load, giving less time for the pavement to respond, with asphalt fatigue
damage remaining fairly constant (Gillespie et al. 1993 and Gillespie & Karamihas 1992).

A Rutting decreases as loading time decreases (although some localised deformations may
occur at points of high dynamic load) (Gillespie et al. 1993).

3.3 Road Geometry and Manoeuvring

Findings from Gillespie et al. (1993) in respect to load increase and pavement damage due to
manoeuvring are summarised below:

A Where heavy vehicles brake, load transfer to front axles can result in increased localised
asphalt fatigue damage by 100 to 1000%.

A In concrete pavements, front axles are much less damaging than rear axles, and therefore,
braking decreases rigid pavement fatigue damage for this type of pavement.

A Heavy vehicle acceleration can increase rear axle load by about 10%, increasing fatigue
damage at these locations but decreasing it in the front axle.

A Rutting does not seem to be affected by accelerating movements.
A Cornering manoeuvres can typically increase the load on one side of an axle by 20% on
individual wheels, resulting in a 100% increase in fatigue and 20% increase in rutting.

For a symmetrical vehicle on a turn with superelevation, the load on the outside wheels of the
vehicle can be calculated by Equation 1 and illustrated in Figure 3.1.

0 @ ¢ S0 — !
where
O = load on the outside wheels of the vehicle
W = gross vehicle weight
Q = centre of gravity height
0 = track width
@ = later al acceleration (in go6s)

— = superelevation angle of the road surface (positive inward)

Source: Gillesgital (1993)
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Figure3.1: Forces acting to produce a moment balance on a vehicle

Source: Gillesgital (1993)

Vuong and Blanksby (2008) conducted a study to analyse the damage impact of triaxles and
guad-axles undertaking a 90° turn of 15 m radius at 5 km/h. The analysis used the 3-D vehicle

model AutoSim to model the heavy vehicles and a 3-D finite element pavement model to simulate

pavement responses. The Shell asphalt fatigue model was used to predict pavement damage. The

pavement cross-section analysed comprised 65 mm of dense graded asphalt on 300 mm of
crushed rock. The relative damage encountered for different triaxle and quad-axle loads are

summarised in Table 3.1. It is noted by the authors, however, that relative damage could vary with

loading limits and pavement configuration.

Table3.1: Relative damage between trailer triaxleqaadaxleloads

20 bnne 22.506nne 20 bnne 22.506nne 24 bnne 27.56nnequad

Performance parameter triaxle of triaxle of | quadaxleof quadaxleof quadaxleof axleof

A123GML A123HML | Al124GML A124HML A124NEW1 A124NEW2
Axle group allowable 46E+03 | 1.96E-03 | 4.47E+04 | 2.31E-04 2.31E+04 2.73E+03
loading (cycles)
Relative damage as
compared the20tonne 1.00 2.35 0.10 0.20 0.20 1.69
triaxle of A1ZBML

Notes: A123a sixaxle vehicle
A124 a quaeaxle vehicle

GML general mass limit

HML" higher mass limit
NEW1, NEW2o other loads
Source: VuorgdBlanksb{2008.

3.4  Spatial Repeatability

Spatial repeatability is the phenomenon, observed in several studies, where for a given speed the

dynamic wheel loads generated by a heavy vehicle are repeated closely on successive runs over a

given stretch of road. This phenomenon results in the accumulation of peak loads within certain
locations in the road, leading to localised large damage. Spatial repeatability is a function of the
road surface roughness, truck regulations and the homogeneity of the vehicle fleet (Gillespie et

a.1993) . It can be measured by the O6Spati al Repeat
correlation coefficient between an aggregate tyre force history and a reference aggregate force
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history. The aggregate force is defined as the sum of the dynamic forces applied at each point
along the wheel path by all of the axles of a vehicle (Cole et al. 1996).

3.5 Uneven Distribution of Loads within an Axle Group

Potential causes for uneven load sharing between tyres in a dual tyre assembly are illustrated in
Figure 3.2. As shown in the figure, not all of them are necessarily related to dynamic effects.

Figure3.22 Causes for unequal load sharing between tyres in a dual tyre assembly (load imbalance)

e O CIC
s (W) W)

] ] ; . fransverse

inflation pressure diameter bendine of ;

difference difference vehicle axle unevenness o
pavement

SourceEuropean Commission Directorate General TEDSJ¢20A).

The European Co-operation in the Field of Scientific and Technical Research (COST 2001) Action
334 report (&ffects of Wide Single Tyres and Dual Tyresd estimated the damage caused by single
tyres due to dynamic loading to be slightly less than that caused by dual tyres, which is partly due

to the possibility of the dual tyres being unbalanced (Austroads 2008).

The ability of an axle group to distribute loads among its individual axles has a direct effect on
pavement damage. The increase in damage caused by heavier tyres/axles leads to more damage
than the reduction in damage that is observed with the reduction in other tyres/axles loads
(Brademeyer, Delatte and Markow 1986).

As damage is correlated with load by a power-law, damage is accentuated by greater load
magnitudes. This is illustrated by Cebon (1999) in Figure 3.3.
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Figure3.3: Dynamic tyre forces generated by a quastemodel on @oodroad at 100 km/h
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Source: Ceb@i099.

The European Commission Directorate General Transport (COST 1999) Action 333 recommended
calculating damage caused by individual axle configurations until failure, respectively for fatigue
(5" power) and rutting (4™ power), using the power-law, resulting in Equation 2 and Equation 3.

"0 0 "OQD QW Qe 2

O 6 "I O 066 A0 00 08

Yo 00™QEQ 3

Y6000 ——r———.
YO 0 oiQxx i Q¢

where
‘00 0 'C = equivalent axle load factor for the i"-axle load
‘0"Y0 0 = 80KkN equivalent standard axle load

Austroads (2015a) analysed required pavement thickness using the Austroads (2017d) pavement
design method for flexible pavements by considering amplification of loads by dynamic effects. The
increase in load magnitude was considered through the Load Sharing Coefficient (LSC), first
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proposed by Sweatman (1983). The LSC equation, as typically expressed in modern times, is
presented in Equation 4.

sy €O
U YO 3 5 4
where
0 Y6 = load sharing coefficient for axle "Q
O = load on axle "(QkN)
O = total load on axle group (kN)
€ = number of axles within group

LSC values used in Austroads (2015a) were taken from six months of WIM site data around
metropolitan Melbourne. Assuming a 90" percentile value of LSC of 1.1, the author obtained
thicknesses of up to 4 mm higher in the case of asphalt pavements and up to 16 mm higher for
cemented materials. By modelling the full spectrum of maximum LSCs, he reported that the
increase in thickness would correspond to modelling the asphalt pavement with a maximum LSC of
1.05 and the cemented material pavement with a maximum LSC of 1.07. Modelling of the isolated
axles within an axle group generally resulted in thicker pavements than modelling grouped axles
with an LSC of 1.1 (Austroads 2015a).

Therefore, the current Austroads design method (Austroads 2017d) conservatively considers axle
groups with multiple axles as isolated single axles. Design asphalt thicknesses considering the
Austroads (2017d) design method, isolated axles within an axle group (i.e. Austroads (2017d)
method) and grouped axles with an LSC of 1.1 for Kwinana Freeway are illustrated in Figure 3.4.

It is noted, however, that this approach does not consider that stresses and strains need some
time to recover after the passing of a single axle, due to the viscoelastic behaviour of bituminous
materials (COST 2001). A discussion on the viscoelastic behaviour of asphalt pavements is
discussed in more detail in Section 4.3.

Figure3.4: Minimum thickness of 3DBIPa asphalt for different design traffic levels, Kwinana Freeway
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A summary of calculated damage increase due to uneven distribution of loads within an axle group
by several authors is presented in Table 3.2.

Table3.2: Increase in pavement damage due to uneven distribution of loads within an axle

Authors Axle type | Load Increase in damage
Gillespiet al(1993) Tandem | LSC between 0.95 and 1.05 | Fatigue hardly affected
LSC=1.2 40'50% (fatigue)
GordonlO®) Tandem | LSC=0.8 100% (rutting)
06 C o,AIbbe & Hedri@lo®) Tandem | LSC=0.8 23% (cracking)
43% (rutting)

SouthgatendDeen (1984 & 199 Tandem | 13 combinations of uneven Iq 40% (fatigue)

Triaxe | distribution 130% (fatigue)

Cebon (1999) summarises the importance of various considerations on relative road damage as
reported in Figure 3.5. This figure shows that uneven load sharing contributes to more damage
than the mean damage due to dynamic loads. Cebon (1999) notes that fatigue failure is likely to
occur at specific locations of the road where peak dynamic loads occur, so peak forces should be
considered rather than average dynamic forces.
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Figure3.5: Summary of literature on the effects of various vehicle features oanaayed
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Source: Ceb¢h999.

It should be noted that the effect of dynamic loading considerations is expected to be different for
different pavement configurations and depending on the main mode of failure expected. According
to Collop, Cebon and Cole (1996), for example, thinner asphalt pavement where fatigue is the
main mode of failure is more sensitive to dynamic load effects than thicker pavements where
rutting is the main mode of failure.

3.6  Software Packages

COST (1999) summarise a list of pavement modelling software packages in Table 3.3, including
some that allow consideration of dynamic loading due to vehicle suspension and uneven road
surfaces.
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