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Introduction

Good tyre care helps to keep vehicle handling and braking at its best, as well as improving fuel efficiency and tyre life. Proper tyre maintenance can prevent such events as tread separations, tyre blowouts which may cause loss of control of a vehicle, and severe crashes such as rollovers. 

The Heads of Compulsory Third Party Insurance in Australia and New Zealand (HCTP) commissioned research to review the roll of under-inflated tyres in crash cause, injury cause and environmental costs. The main aim of the review was to locate all the relevant material and attempt to quantify the role of tyre factors in crashes and the possible benefits from improved conformance with recommended tyre inflation pressures.

Background

Under-inflated tyres can potentially result in:-

· reduced vehicle handling

· increased braking distance

· increased likelihood of blowouts

· increased tyre wear

· increased fuel consumption

· increased greenhouse gases associated with lower kilometres per tyre and higher fuel consumption

Definition of under-inflated tyres

Under the Australian Design Rules vehicle manufacturers must fit a Tyre and Rim Placard in a prominent place. The placard must list, as a minimum, the recommended tyre inflation pressures for a "normal" vehicle load.

There is no universal definition of what constitutes an "under-inflated tyre". The US Federal Motor Vehicle Safety Standard 138 requires a warning if tyres are under-inflated by more than 25%.  Based on this FMVSS requirement, this report identified a severely under-inflated tyres as 50 kilopascals (kPa) or more below the recommended pressure. For reference, 1 psi = 6.9kPa so this equates to 7.2psi. The US FMSS Standard is described in more detail in the following section.  

Based on the above, this report defined moderate under-inflation as in the range 20-49kPa under the recommended pressure.

Role of tyre problems in crashes

[The role of under-inflation is every difficult to establish from Police-reported crashes. Whilst it can be readily demonstrated on a test facility that a vehicle being operated with under inflated tyres is more difficult to control and is hence not as safe, the problem has not been studied extensively in real crashes. Nevertheless, according to the NSW Roads and Traffic Authority accident data, the tyres play an important role in crashes linked to equipment failures. In 2005, tyre defects accounted for almost 39% of the 492 reportable Light Vehicle crashes in NSW where a vehicle defect was identified as a likely factor (table 1). However, the 492 crashes represent less than 1% of all reported light vehicle crashes in 2005. This 1% is consistent with the findings of the 1970s NSW in-depth studies known as the “Fairfield Studies”.
Table 1

	Year
	Total light vehicle accidents
	Involvement of Equipment/vehicle factor
	Tyre failure/fault



	2003
	78,630
	525
	266

	2004
	75,365
	493
	242

	2005
	72,054
	492
	247


According to the Rubber Manufacturers Association, in USA there were 647 fatalities in 1999 that involved “tyre related factors”. This represents about 1.6% of US road fatalities. They further state that the “leading cause of tyre failure is under inflation (which reduces tread life and generates excessive heat due to increased flexing)” Similarly, an article in ATZ Worldwide estimates that 85% of tyre failures are due to under inflation that results from gradual pressure loss. 

According to these organisations, a major contributing factor to this high rate of tyre failures is that many people do not know whether or not their vehicle’s tyres are properly inflated. As a result, many vehicles are operated with under inflated tyres. 

US Regulations

In 2005 the National Highway Traffic Safety Administration (NHTSA) released the final rulemaking for the tyre pressure warning requirement of the Trade Act. The new Federal Motor Vehicle Safety Standard (FMVSS) No. 138 requires a tyre pressure monitoring system to "illuminate a low tyre pressure warning telltale not more than 20 minutes after the inflation pressure in one or more of the vehicle’s tyres, up to a total of four tyres, is equal to or less than the pressure 25 % below the vehicle manufacturer’s recommended cold inflation pressure." 

The wording of this Standard effectively eliminated the use of the sensors associated with antilock brake system (ABS) as a method of detecting under-inflated tyres (by detecting differences in wheel rotation speeds). 

The Standard resulted from earlier research by NHTSA's Vehicle Research and Test Center (VRTC) into light vehicle Tyre Pressure Monitoring Systems (TPMS).

NHTSA’s VRTC examined and tested each system to determine and document how it worked, how accurate it was, when it warned of tyre under inflation, and how it warned drivers of the condition of under inflation. VRTC noted that, although tyre over-inflation leads to accelerated tyre wear (in the center of the tread pattern), it was not shown to be a significant safety issue.  However it is known that the low tyre pressure may have an influence on skidding and loss of control crashes, crashes resulting from flat tyres and blowouts, and may influence any crash that involves braking, since low tyre pressure can result in increased stopping distance.  

Surveys of tyre inflation pressures

Australia 

A 1993 NRMA study of tyre conditions found that only 17% of the 3012 tyres surveyed were at the correct pressure and had no other fault. This review did not find any more recent surveys in Australia.

The graph shows a breakdown of the incidence of over or under inflation relative to vehicle manufacturer recommended pressure.  Only 7% of the tyres surveyed had inflation pressures which were identical to the recommended pressure. 

[use our new definitions of severe (>50kPa) and moderate (20-49kPa) under-inflation and show in graph - maybe pie graph better?]

Chart 1
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A 2006 RACV vehicle survey ‘Visual tyre check in Victorian Roads – reported 18.3% of the population had at least one unroadworthy or damaged tyre. It commented that a significant proportion of the surveyed drivers knew they were driving on bad tyres. It appears these drivers were aware of this from there own observations.
USA

A survey [of XX vehicles] conducted by Tyre Business in USA found that 72.3% of vehicles were operating with at least one tyre underinflated, with an average under inflation of about 40kPa. 51% of the vehicles had at least one tyre under inflated by 36kPa or more. 40% had all four tyres low by an average of 48kPa.

In a 2001 survey of truck tyres, the American Trucking Association's Technology and Maintenance Council (TMC) found that 7% of commercial vehicle tyres were under inflated by 140kPa or worse. Only 11% of tyres were within +/- 35kPa of the pressure specified by the tyre manufacturer.
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[not sure why this is here  - see later]
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Problems caused by under inflation 

Reduced Handling Capability

Tyres that are either under or over inflated will adversely affect vehicle handling and stability, especially at high speeds. A mix of both over and under inflated tyres exacerbates the problem. 

Under-inflated tyres flex more during each rotation, compared with a correctly inflated tyre. This causes heat build-up within the tyre and premature deterioration of the tyre materials. The heat build-up also causes the air within the tyres to heat up and increase the pressure. This can give misleading readings when the pressure of hot tyres is checked. TO WHAT EXTENT?
Whilst to a very small degree it could be argued this applies some self correction, the increase in pressure is not sufficient to compensate and still comes with cumulative structural damage to the tyre.
Re Reduced Tyre Life from accelerated tread wear.

It has been estimated that 20% tyre under inflation increases tread wear by 25%. As well as being more expensive for the vehicle operator, this exacerbates the problem of disposal of used tyres..

Tyres under inflated by 10 psi cost about 0.5% in miles per gallon. For example, if fuel mileage is 6 miles per gallon (mpg), it would drop to 5.97 mpg. At 100,000 miles per year the vehicle would require an extra 84 gallons of diesel fuel or about $213 per truck at US$2.54 per gallon.

Constant 20% under inflation or overload in tyre pressure decreases the life of a tyre by 30%. CONVERT TO METRIC
Also, 5psi pressure in dual tyres creates a 5/16” difference in the circumference of the tyre, causing the smaller tyre to be  dragged 13 feet per mile or 246 miles over 100,000 miles. 

The above data indicates that there could be significant fuel savings for commercial vehicles if they keep the vehicle tyres properly inflated throughout the life of the vehicle.
[not sure why following graphs are here]
duced Vehicle Handling

Reduced vehicle handling and braking

Tyre pressure affects the handling of a vehicle particularly during an emergency manoeuvre. Severely under-inflated tyres can cause reduced directional control due to reduced cornering stiffness of the tyre. Straight line braking can also be affected [references?]

[this is unsupported] Generally when the rear tyre pressure is lower than normal, the car has less understeer and is worse in directional responsiveness. When air pressure is low, tyres become deformed and optimal contact with the road is lost. Steering responses become stodgy, the vehicle may skid or spin in corners or when swerving to avoid an obstacle. On wet surfaces, tyre deformation due to insufficient pressure raises the risk of aquaplaning. 

When a vehicle is in a sharp turn the weight shifts to the tyres on the outside of the turn. The too low pressure can cause wear on the outside edges of the tread and, even worse can cause accidents.[not a handling issue] 

Also, wear on the tyre tread directly affects the adhesion of a vehicle to the road, particularly in wet weather. Tyre manufacturers estimate that at 100 km/h, a bald tyre may have less than 10% of the grip of a new tyre on a wet road. [not a handling issue]
NRMA in NSW survey found that, 19% of the tyres surveyed had an average tread depth of 3mm or less, which considered to be potentially dangerous. 11% of tyres showed evidence of tread damage which would further impair a tyre’s adhesion to the road.[not a handling issue]
It is possible that under-inflated tyres will reduce the benefits of electronic stability control (ESC). Recent studies in Europe and the USA have found remarkable crash reduction through this technology such a XX% reduction in single-vehicle crashes. QUOTE ALL REFERENCES HERE
ESC is especially helpful in providing an extra measure of control in 

slippery conditions and accident-avoidance situations. With tall, top-heavy vehicles like sport-utilities and pickups, it can also help keep a vehicle from getting into a situation where it could roll over. REFERENCES QUOTE ALL REFERENCES HERE
ESC could be expected to work best when tyre pressure are optimal because a correctly inflated tyre offers optimal traction and stability. It is known that the manufacturers of ESC test the systems under a wide range of conditions, including under-inflated tyres. However, the does not appear to be relevant published research on this issue. Given the potential crash savings from ESC, further research on the effects of under-inflated tyres is appropriate.

Braking distance

[the following refers to tread depth not inflation pressure - is there any credible research showing the under-inflation reduces braking distances?]

The National Bureau of Standards study [reference?] showed that a 50% worn radial tyre could lose 50% or more of its braking ability at 60 to 80 mph, as compared with a new tyre.

According to research by Norwich Union, Britain’s rainy days results in 40% more road crashes. Studied have shown that it can take about an extra 26 feet to stop from 50mph METRIC when tyres have been allowed to wear down to 1.6mm from 3mm. 

RACV carried out a series of controlled tests on a wet road to quantify the actual road safety dangers of unroadworthy tyres. The result shows that a car travelling on worn tyres at 60km/h took an average 3.9m extra distance to stop.

Research by Kurt M Marshek (University of Texas -2002) of braking as a function of tyre inflation pressure found that ABS braking is generally only slightly affected by tyre inflation pressure. In general, ABS braking performance is slightly reduced  CAN THIS BE QUANTIFIED ? at low and high tyre inflation pressures. Optimum ABS performance occurs at the tyre inflation pressures recommended by the vehicle manufacturer.

The increase likelihood of blow–outs

Damage due to increased flexing of the tyre wall and heat build up within a tyre due to severe under-inflation can cause a catastrophic tyre failure - a "blow-out" or tread separation.

The 1993 NRMA survey concluded that 9% of the tyres surveyed were so under inflated that a blow-out was a very real possibility. One fifth [of what?] of tyres had at least one problem with the tyre wall, which could lead to a blow-out.

[Did these studies look for under-inflated tyres? Is there any data on tyre failures that is relevant?]

Since the 1970s a number of  [zero?]studies have been conducted in Australia where the potential role of vehicle defects was closely assessed.  This includes several studies in South Australia and New South Wales. 

The specific age of the tyres has not been recorded in these studies. Nevertheless, none of these studies appear to have reported blowouts or reduced traction from aged tyres as a significant crash causal factor. 

In the  recent RACV media release on ‘using unroadworthy tyres in Melbourne roads’, the State Coroner, Graeme Johnstone states that coroners regularly saw motor-vehicle deaths where worn or unroadworthy tyres contributed to fatalities on the road. “One recent case, for example, was a triple-fatality in December 2004 on the Western Highway, where a four-wheel drive lost control when a tyre blew-out,” [one case!]

The increased tyre wear

Both over and under-inflating tyres can greatly reduce the life of a tyre and will contribute to uneven tyre wear. However, it is tyre under-inflation that results in most tyre problems. the extra heat generated by driving on under inflated tyres in extreme hot climates at sustained high speeds can result in tyre tread separation and subsequent high speed tyre 'blow-out' and possible loss of vehicle control. 

[following is for trucks - what about cars? Surely NHTSA looked at this]

The study done by the Federal Motor Carrier Safety Administration and the American Trucking Associations Technology and Maintenance Council (TMC))  revealed that constant 20% under inflation or overload in tyre pressure decreases the life of a tyre by 30%. 

Also, 5psi pressure in dual tyres creates a 5/16” difference in the circumference of the tyre, causing the smaller tyre to be  dragged 13 feet per mile or 246 miles over 100,000 miles.

The study done by the Federal Motor Carrier Safety Administration and the American Trucking Associations Technology and Maintenance Council (TMC) indicate 7.08% of commercial vehicle tyres measured as were under inflated by 20 pounds per square inch (psi) or more. Only 11.15% of tyres were within +/- 5 psi of the pressure specified by the tyre manufacturer.

Also it recorded that 20% tyre under inflation increases tread wear by 25%. Retreading costs between $80 and $100 per tyre for a fleet operation.
The increased fuel consumption

[Trucks again! What about NHTSA and cars?] The study also confirmed that the tyres under inflated by 10 psi cost about 0.5% in miles per gallon. For example, if fuel mileage is 6 miles per gallon (mpg), it would drop to 5.97 mpg. At 100,000 miles per year the vehicle would require an extra 84 gallons of diesel fuel or about $213 per truck at US$2.54 per gallon.

Also tyre related problems account for approximately half of all road service calls and vehicle breakdowns.

20% tyre under inflation increases tread wear by 25%. Retreading costs between $80 and $100 per tyre for a fleet operation.

The above data indicates that there could be significant fuel savings for commercial vehicles if they keep the vehicle tyres properly inflated throughout the life of the vehicle. This will be the case for general fleet.

Increased greenhouse gases associated with lower kilometres per tyre and higher fuel consumption

The literature review shows that correctly inflated tyres should last longer and hence require replacement less frequently. In turn, this means that less greenhouse gases are generated in maintaining supply of tyres to the vehicle fleet. It is known that correctly inflated tyres have lower rolling resistance which consumes less fuel, which in turn generates less green house gases. [need to quantify]

Tyre maintenance

Pressure gauges to check the tyre pressure

In 1993 NRMA surveyed tyre pressure gauges at service stations in Sydney and Wollongong. It noted that the condition of tyre pressure gauges had improved considerably since a 1987 survey. The majority of gauges were in a satisfactory condition and were reasonably accurate. Of the gauges examined, 69% gave readings that were accurate to plus or minus 10kpa (chart 3 - needs legend). AND  NEED TO DESCRIBE THE VARIATION OF THE 30% THAT DIDNT
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NRMA speculated that it was possible that most gauges were in good condition because motorists were not using them regularly.

Also the survey found the majority of tyre pressure gauges (95%) were conveniently located for ease of use by motorists. However most service stations (87%) provided only one pressure gauge for motorists to check their tyres. This is compared to anecdotal evidence that tyre pressure gauges used to be located within reach of each set of bowsers.
There have been no recent surveys of service station tyre pressure gauges. However, some service stations now have automated gauges where the driver simply sets the desired pressure on a control panel and the device beeps when that pressure is reached. This is easier to use and more reliable than previous methods. WE NEED TO SAY WHO SAYS SO
Tyre Pressure Monitoring Systems

Tyre pressure monitoring systems (TPMS) are designed to detect a relatively slow loss of tyre pressure so that the driver can seek the necessary tyre maintenance and prevent a major tyre failure or avoid loss of control.
There are two types of TPMS currently available, direct TPMS and indirect TPMS.[8] 

Direct TPMSs have a pressure sensor in each wheel that transmits pressure information to a receiver. 

Indirect TPMS do not have tyre pressure sensors, but instead rely on the wheel speed sensors, typically a component of an anti-lock braking system (ABS), to detect and compare differences in the rotational speed of a vehicle’s wheels, which correlate to differences in tyre pressure.

Through its testing, NHTSA found that systems that use sensors to directly measure tyre pressure (pressure-sensor based systems) were better able to detect under-inflation, had more consistent warning thresholds, and were quicker to provide under-inflation warnings than the systems that infer tyre pressure from monitoring wheel speeds (wheel-speed based systems). However, wheel-speed based systems were found to be easier to maintain since there are no battery life concerns and the sensors are not exposed very harsh conditions. 

A review by NHTSA of driver interfaces for existing TPMS showed significant variation in methods of visual warning presentation. Visual displays were frequently difficult to see or comprehend. The variation in visual warning presentation demonstrated the need for standardization of the visual warnings of tyre under-inflation to avoid driver confusion.
Final Rule Highlights:

· The Standard is performance  orientated not design restrictive allowing any TPMS design that complies with the performance requirements.

· Applies to PC, MPV, trucks and buses with GVWR of 4,536 kg or less [meaning?].

· Requires a TPMS telltale warning lamp to active within 20 min. of when the pressure in 1-4 tyres is 25% or more below the manufacturer’s recommended cold inflation pressure, or a minimum level of pressure specified, whichever is higher.

· A Malfunction Indication Lamp (MIL) is required for all vehicles effective September 1, 2007.

· The Standard requires TPMS performance testing with tyres on vehicle at time of first retail sale [?].

· Procedures for conducting system calibration, low pressure and malfunction testing are specified.

Safety Benefits - according to NHTSA

Under-inflation of tyres affects the likelihood of many different types of crashes. These include crashes which result from: skidding and/or losing control of the vehicle in a curve, such as a highway off-ramp, or in a lane-change maneuver; hydroplaning on a wet surface, which can cause increases in stopping distance and skidding or loss of control; increases in stopping distance; flat tyres and blowouts, and overloading the vehicle. In assessing the impact of this regulation on those crashes, NHTSA assumes that 90 percent of drivers will respond to a low tyre pressure warning by re-inflating their tyres to the placard pressure.

Based upon this assumption and depending upon the specific technology chosen for compliance, the agency estimates that the total quantified safety benefits from reductions in crashes due to skidding/loss of control, stopping distance, and flat tyres and blowouts will be 119-121 fatalities prevented and 8,373-8,568 injuries prevented or reduced in severity each year, if all light vehicles met the TPMS requirement. This represents XX% of annual fatalities and XX% of annual injuries respectively.

Economic Benefits

NHTSA anticipates additional economic benefits from the standard due to improved fuel economy, longer tread life, property damage savings, and travel delay savings. Correct tyre pressure improves a vehicle's fuel economy. Based upon data provided by Goodyear, NHTSA  determined that a vehicle's fuel efficiency is reduced by one percent for every 20kPa that the tyres are below the placard pressure. The agency estimates that if all light vehicles met the TPMS requirement, improved fuel economy would translate into an average discounted value of  US$19.07 - US$23.08 per [year per?] CONVERT TO AUST $ vehicle over the lifetime of the vehicle, depending upon the specific technology chosen for compliance.
Correct tyre pressure also increases a tyre's tread life. Data from Goodyear indicate that, for every 7kPa drop in tyre pressure, tread life decreases by 1.78%. NHTSA estimates that if all light vehicles met the proposed four-tyre, 25-percent compliance requirement, average tread life would increase by 740 to 900 miles [km per tyre?]. The agency estimates that the average discounted value of resulting delays in new tyre purchases would be US$3.42 - US$4.24 per vehicle, depending upon the specific technology chosen for compliance.

To the extent that TPMS provides improvements related to stopping distance, blowouts, and loss of control in skidding, NHTSA expect that some crashes would be prevented and that in others, the severity of the impacts and the injuries that result would be reduced. [quantified?]

Costs

The agency examined three types of technology that manufacturers could use to meet the proposed TPMS requirement. Assuming that manufacturers will seek to minimize compliance costs, the agency expects that manufacturers would install hybrid [new term?] TPMS on the 67 percent of vehicles which are currently equipped with an ABS and direct TPMS on the 33 percent of vehicles that are not so equipped. The highest costs for compliance would result if manufacturer installed direct TPMS with an interactive readout of individual tyre pressures that included sensors on all vehicle wheels. Thus, the agency estimated that the average incremental cost for all vehicles to meet the proposed requirement would range from US$48.44 - US$69.89 per vehicle, depending upon the specific technology chosen for compliance. Since approximately 17 million vehicles are produced for sale in the U.S. each year, the total annual vehicle cost would range from approximately US$823 - US$1,188 million per year.

The agency estimates that the net cost per vehicle would be US$26.63 - US$100.25, assuming a one-percent TPMS malfunction rate for replacement tyres and variable maintenance costs depending mainly upon whether the TPMS has batteries.  The agency estimates the total annual net cost would be about US$453 - US$1,704 million.

NHTSA estimates that the net cost per equivalent life saved would be approximately US$2.4 - US$9.1 million, depending upon the specific technology chosen for compliance. Placing 90% confidence bounds around the cost per equivalent life saved results in a range of US$1.5-US$14.5 million.

Conclusion

In conclusion:

MISSING FROM THE RESEARCH

Quantifying effects on braking distance for cars - if no effect then we must state it. This has implications for the clients request that we examine rear end crashes and the effects on whiplash - this will be negligible if under-inflate tyres have no effect on braking distance

Watch out for a confusing mixture of cars and truck data

Did NHTSA look at effects of under-inflated tyres on ESC? Our paper is very tenuous on this.

I have been a bit savage on reference to worn tyres - the client wanted some discussion of this but it needs to be in a separate section - not mixed with discussion of inflation pressures - maybe an appendix would be better?

The accident analysis stuff is tenuous - the client wanted us to address the methodology. However, it seems that only NHTSA has done this. If this (NHTSA) is all there is then the US data needs to be applied to the Australian (and NEW ZEALAND) accident situation - how many lives saved etc with a caution about assumptions made.

The clients wants to use this document as a basis for promoting ESC and proper tyre maintenance. However the is no discussion of ESC in the report (see several robust studies by NHTSA, IIHS and Sweden)
I suggest that the conclusions summarise (separately) the consequences of severe and moderately under-inflated tyres in terms of the key areas nominated by the client.
Although it is very late, one option for further research would be to re-analyse the RTA Crashed Vehicles Study. Did that study measure tyres pressures?
