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The Canadian log hauling sector continues to investigate strateg to improve log hauling
efficiency. This paper investigates the dynamic performanceharacteristics of two recently
approved high payload configurations: the 9-axle King B-train in the province of
Saskatchewan; and the 8-axle J-train in the province of AlbertaThe Forest Engineering
Research Institute of Canada (FERIC) is currently evaluating these cdigurations in terms
of their operational efficiency, and safety performance. The icreased load capacity and
length of these configurations have safety implications whicheqguire further investigation.
Standard North American performance measures, as well as seted Australian/New
Zealand Performance Based Standards were used in this analysthereby allowing these
configurations’ performance to be assessed on an internationaperspective. Both
configurations demonstrated good stability and dynamic performanceharacteristics, but
have increased space requirements in tight turn manoeuvresThe J-train’s greatest
deficiency is its significant frontal out-swing of the seitrailer in a tight turn manoeuvre,
while the King B-train’s greatest deficiency is its highlevel of off-tracking during high-
speed steady state manoeuvres. The different performance maess applied in these two
regulatory regimes were compared in the context of the coigiurations discussed in the
paper. The application of performance based standards developed the Australia /New
Zealand regulatory regime would enhance the evaluation of configations in North
America.



1. INTRODUCTION

The Canadian forest industry is highly dependent on heavy trucksarisport logs from
harvesting sites to mills. As the commercial timber resti@s become more distant from the
mills, log transportation costs have increased to the point thatepegsent half the total cost of
supplying logs to the mills. In an effort to contain these inangasiansportation costs and
remain globally competitive, the forest industry has developed ngvhdaling configurations
with increased payload capacity. Two examples of configuratiois mcreased payload
capacity are the King B-train (Figure 1) in the provinc&askatchewan, and the J-train (Figure
2) in the province of Alberta.

Figure 1. King B-train

Figure 2. Tridem drive J-train



King B-trains have been utilized in Saskatchewan over the lastadeyears for hauling legal
weights. In 2003, Weyerhaeuser Canada’s Prince Albert division conduirtaeldcd a prototype
King B-train hauling tree length logs at an increased gus®sbination weight (GCW)
allowance of 92500 kg under partnership agreement with Saskatchewawakég and
Transportation. Under this program the net benefits obtained froom¢heased payloads are
shared between the province and Weyerhaeuser. In order to caingtbased payload capacity
and maintain stability the axle and bunk widths needed to be iedréa$.05 m. The results of
the initial trial were favourable which prompted Weyerhaeusemvestigate strategies for
implementing the use of this configuration throughout their operationaskag&hewan. As the
capital cost of implementing King B-trains throughout the filgas enormous, the concept of a
transitional King B-train was introduced. A transitional KingtrBin utilizes existing tridem
semi-trailers as either the lead or rear trailer fag temainder of its economic life, in
combination with one new King B-train trailer. A second King Brrarailer would be
purchased following the retirement of the original trailbowever most of the existing semi-
trailers available for this conversion are equipped with 2.59 m axlégherefore the stability
and dynamic performance of this configuration would not be the sarttetobserved for the
prototype King B-train in Prince Albert.

The tridem drive J-train evolved from the need to maximizegaald during legal haul periods.
The 7-axle tridem drive tractor/ tridem semi-trailer ipapular log hauling unit during winter
hauling periods due to its enhanced traction capability and high @@Wig the winter (3
months) of 63 000 kg. However during legal hauling periods, the GCW of thigaation is
limited to 54 300 kg, a significant reduction in payload capacityortler to maintain a
favourable payload capacity with these units throughout the yeaAllbleeta forest industry
investigated practical alternatives of adding an extra axlthis unit which could be easily
removed for winter hauling. The resulting configuration involves alesiagle jeep inserted
between the tractor and semi-trailer, and achieves a legal @®®8/400 kg. This configuration
is very similar to the 8-axle tandem drive J-train (with tangiesp) which was approved for use
in 2002. These J-train units allow for the transport of variablegiogths, but the insertion of the
jeep and its fifth wheel location results in an increase in logghtiel'he increased load height
and its inherent stability reduction are mitigated by the useidérn2.9 m axles on the semi-
trailer which are required for winter weights.

The Forest Engineering Research Institute of Canada (FERI@)riently evaluating these
configurations in terms of their operational efficiency, and ggbetformance. The increased
load capacity and length of these configurations have safety itiglisawhich will be
investigated in this paper through the application of performance based standards.

2. METHODOLOGY

A series of simulations were conducted using the University ofhigaén Transportation
Research Institute (UMTRI) yaw/roll model for the two coof@tions (See Figure 3 for
configuration weights and dimensions used in this analysis) and dlh@wihg eight
Transportation Association of Canada (TAC) performance measweee evaluated (Ervin,Guy
1986):

1. Static Rollover Threshold (SRT)



2. Understeer coefficient (USC) at 0.25 g lateral acceleration
3. Load transfer ratio (LTR)
4. Rearward amplification (RA)
5. Friction demand (FD)
6. Low-speed off-tracking (LSOT)
7. High-speed off-tracking (HSOT)
8. Transient off-tracking (TOT)
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Figure 3. Configuration weights and dimensions

In addition to the aforementioned eight TAC performance standardsltweihg performance
standards characterizing the low-speed turning performance were edaluate

9. Lateral friction utilization (LFU)
10. Front Swing-out (FSO)
11.Rear Swing-out (RSO)

LFU is a performance standard first proposed by the NationaaRgs Council of Canada
(NRC) to evaluate the steering performance of truck configmsat(EI-Gindy 1992). This



performance standard was modified by FERIC to evaluate gjgaeniormance on low friction
surfaces (Parker, Amlin, Hart 1998).

FSO, and RSO have been endorsed by the Land Transportation Standards\nittbe
established under the North American Free Trade Agreement (NA®TTL994, with the goal of
harmonizing vehicle weights and dimension limits within the NAFTAtrEaship within an
international access network (Pearson, 2002).

In recent years significant efforts have been undertaken in Aasttad New Zealand in the
development of a Performance Based Standards (PBS) approach tovebmly regulation.
Therefore selected performance standards endorsed by the AustihiNew Zealand regulatory
regimes have also been included in this analysis to provide asowith the North American
performance standards. These standards are as follows (National Tr@wporission, 2005):

12.Low-speed Swept Path (SRW)

13. Frontal Swing of prime mover (RS)

14. Semi-trailers- Maximum of Difference (MoD)
15. Semi-trailers — Difference of Maxima (DoM)
16. Tail Swing (TS)

17. Steer-tyre Friction Demand (SFD)
18.Rearward Amplification - modified (Rfvq)
19.High-Speed Transient Off-tracking (HSTOT)
20. Yaw Damping Coefficient (YDC)

Note that performance standards 12 through 17 are low-speed perfosteamt@rds similar to
5, 6 and 9 through 11. However an important distinction to make is thatdtie American
standards involve a larger radius turn (14 m to outside steerdiagive to the Australia/New
Zealand standards (12.5 m radius turn). In addition, different methodscaofatialg rearward
amplification (RA measures #4 and #18) are employed. The origiethod (measure #4)
evaluates the RA of the rearmost sprung mass, while the modifetdod (measure #18)
evaluates RA for rearmost roll-coupled unit, which can include dewgmaing masses.
Furthermore in the modified performance measure RA is evdlat¢hree separate steering
frequencies to determine the worst case response, while theabmgethod calculates RA at
only one steering frequency (0.4 Hz).

3. RESULTS AND DISCUSSION

The simulation results for the J-train and King B-train arersarized in Table 1. The J-train
failed to meet three performance measure criteria under dhté Kmerican (NA) regime: low
speed off-tracking (LSOT), high —speed off-tracking (steadg)s{®dSOT), and front swing-out
(FSO). This configuration also failed to meet the following tisedected Australia/New Zealand
(ANZ) performance measures: maximum frontal swing (of pnmwer) (FSay), frontal swing
maximum of difference (MoD), and frontal swing difference of mmexiDoM). Conversely the
King B-train met all of the selected ANZ measures, andddite meet only two of the NA
measures: LSOT and HSOT.

! Same as LFU



Table 1. Comparison of performance measures for candidate cogfirations

Performance Performance Configuration
Measure Criteria Jtrain  King B-train

1 SRT >0.35¢ 0.35 0.38

2 usc? > -57.3(WB)g/V? > -4.49 deg/g 117
> -4.81 deg/g 1.50
3 LTR <0.60 0.46 0.32
4 RA <2.00 0.98 1.19
5 FD <0.10 0.03 0.07
6 LSOT <5.60m 5.77 6.32
7 HSOT <0.46m 0.51 0.72
8 TOT <0.80 m 0.37 0.43
9 LEUP <0.80 0.75 0.73
10 FSO <0.45m 0.99 0.37
11 RSO <0.20 m 0.16 0.04
12 SPW ax <10.1m 9.35 9.59
13 FSmax <0.70 m 0.75 0.43
14 MoD <0.40m 0.75 0.32
15 DoM <0.20 m 0.21 0.01
16 TS <0.35m 0.18 0.04
17 SED¢ <0.80 0.46 0.35

18a RA,,q¢ @ 0.33 Hz <5.7SRT <20 111
<217 0.95

18b RA;,q @ 0.4 Hz <5.7SRT <20 0.96
<217 0.81

18c RA; g @ 0.5 Hz <5.7SRT <20 0.80
<217 0.66
19 HSTOT® <1.0m 0.48 0.55
20 YDC >0.15 0.42 0.27

a WB = tractor wheelbase; g = gravitational constant (9.81 m/s?)

V = vehicle speed (100 km/h)

Coefficient of friction =0.2

Performance criteria for measures 12 to 20 assumed to be Level 3
Coefficient of friction =0.8

Maximum HSTOT occurred at 0.33 Hz

Performance measures not met highlighted in Bold type

- DO QO T

The J-train exhibits good overall performance meeting the stal{fB®T) and dynamic
performance measures, despite its high load height due to the A€t rafaxles on the semi-
trailer. This configuration’s high and low-speed off-tracking deficies are minor and can be
safely tolerated due to the remote areas in which this cortiigura@perates. Its main deficiency
is its high level of frontal swing-out (FSO), exceeding theqoerance criteria by 0.54 m, a
condition which needs to be addressed. The level of FSO could be rédwaoeeptable levels if
the amount of front log overhang were reduced to 2.0 m, or alternaitisedyea of operation
could be restricted to reduce the occurrence of 90 degree intersection turns.



The King B-train’s overall performance is generally improvedtiradao the J-train. In particular

FSO is reduced to acceptable levels and the configuration'sitytabilincreased, despite a
significant increase in payload capacity. However more fetgnit deficiencies exist for this

configuration relative to the J-train for low-speed off-trackih@OT) and high-speed off-

tracking (HSOT). The deficiency for LSOT (0.72 m above threshcdah) be safely tolerated

since it also operates in remote areas, but its HSOT defjc{@R26 m above threshold) requires
further review and rationalization due to the consequences of ¥iisoelane excursion at high

speeds.

The HSOT performance measure was first introduced as pane ofAC vehicle weights and
dimensions study conducted in the 1980s (Ervin, Guy 1986). The performandard of less
than 0.46m off-tracking is based on maintaining a clearance of 0.15imeh€&s) between the
edge of the tires of the last axle and the edge of a stahigmgay lane (3.66 m) for a 2.44 m
axle (8) when the prime mover is traveling in the centre ofléine. The evaluation of this
measure is conducted while the vehicle is making a steai#ytsta at a lateral acceleration of
0.2 g (100 km/h around a 393.3 m radius curve), a relatively high steaglpstateration which
is rarely experienced under normal driving conditions. The useidérvaxles results in a
reduction of the prescribed clearance between the edge of thandrtbe rearmost tires at the
same target level of 0.46 m. The clearance is reduced to 0.0752%%m (8'6”) axles and in
the case of 3.05 m (10’) axles the edge of the tires cross owehabther lane by 0.155 m. A
small level of lane excursion can be safely tolerated (up to )}5Homvever at a HSOT of 0.72
m the King B-train’s lane excursion is significant (> 0.4 ththe speed is reduced to 80 km/h
for the same radius curve (0.128 g) HSOT is reduced to 0.50 m, dlelenae excursion level.
Under most driving conditions, the phenomenon described here is unlikelgun slowever,
drivers of these configurations need to be made aware of itatjbtand countermeasures
prescribed to reduce the risk of its occurrence. One solutionasltice travel speeds on curves
by at least 10 km/h below posted limits. Another means of achieafiegane excursion levels is
for the tractor to offset its travel path to the inside of the curve.

The relative differences between the NA and ANZ performan@sunes evaluated in this paper
are summarized in Table 2. Static rollover threshold (SR Rei®hly performance measure that
is consistent between regimes. Transient off-tracking (T@darward amplification (RA),
lateral friction utilization (LFU), rear swing-out (RSOpw-speed off-tracking (LSOT), and
Frontal swing-out (FSO) have equivalent measures in the ANeegith differing evaluation
methods. The main difference between the low-speed directiofiairpance measures between
the two regimes is the larger turn radius used in North Avagi4 m compared to 12.5 m in
ANZ). Under the NA regime, the high-speed directional performaneasunes are evaluated at
only one steering frequency, while under the ANZ regime thegevaent measures are
evaluated at three steering frequencies. Currently there are fourrfdfnpe@nce measures (LTR,
FD, HSOT, and understeer coefficient (USC)) which do not have an esnutivANZ
performance measure, although work is currently underway to develop anlesfuneasure for
USC. Of the nine ANZ performance measures evaluated in this peaberyaw damping
coefficient (YDC) does not have an equivalent NA measure. Howewae aire several other
ANZ measures (not included in this paper) which do not have an equivalent NA measure.



Table 2. Comparison of Performance Measures

Performance Measure Regime
North America

Australia New

Differences

(NA) Zealand (ANZ) NA ANZ
Consistent Measures SRT SRT none
Similar Measures TOT HSTOT 1 steering frequency ANZ - 3 steering frequencies
(worst case reported)
RA RAmo4 1 steering frequency 3 steering frequencies (worst case
reported)
RA calculated for rearmost sprung RA calculated for rearmost roll
mass coupled unit (can include several
sprung masses)
LFU SFD 14 m curve radius 12.5 m curve radius
Coefficient of friction 0.2 Coefficient of friction 0.8
RSO TS 14 m curve radius 12.5 m curve radius
LSOT SPW ax 14 m curve radius 12.5 m curve radius
differential track between centre of differential track between
leading axle and centre of outermost and innermost parts of
rearmost axle vehicle
FSO FSmax 14 m curve radius 12.5 m curve radius
MoD Outermost track of trailer units FS - outermost track of
(worst case) relative to drive tires  primemover relative to steer tire
on curve exit path
MoD - maximum difference
between primemover and semi-
trailer tracks
DoM DoM - difference between
maximum excursion points for
primemover and trailer tracks
Different Measures LTR
FD
HSOT
UscC Handling performance measure
currently under development
YDC

The different methods of rearward amplification (RA) caldakatresult in opposing relative
dynamic performance between the two candidate configurations.oherdgional (NA) method
results in a higher level of RA for the King B-train relatieethe J-train, whereas the modified
(ANZ) method results in a higher level of RA for the J-traial{lé 1). At a steering frequency of
0.4 Hz, the J-train RA levels are very similar for both methodsewhe RA level is reduced
significantly for the King B-train using the ANZ method. Tiesdue to the greater influence of
the King B-train’s lead trailer (higher mass and forwarditfmyg, which reduces the lateral
acceleration acting at the centre of the roll-coupled unitiveléd the rear trailer. Regardless of
which method is used, both configurations exhibit good dynamic perforntaugcéo the roll-
coupling between trailer units, which is confirmed by the relatil@v values of load transfer
ratio (LTR). The evaluation of dynamic performance at a rasfgsteering frequencies is a
noteworthy development which should be implemented in North Americaappieation of
LTR was discontinued in the ANZ regime due to difficulties ipexmentally measuring this



performance measure as well as variable results betweenediffsimulation programs (Prem,
de Pont, Edgar 2002). It was concluded that only one measure RA or B¥Required to
characterize high-speed directional stability which led to tiveldpment of the modified RA
measure. Despite these problems, LTR is a valuable measursets alyynamic performance
provided that care has been exercised when applying the compotelatsin software.
Therefore LTR should continue to be applied in the NA regime, bat r@nge of steering
frequencies.

The two different methods of determining steering performateterdl friction utilization
(LFU), steer friction demand (SFD)) result in very differgetformance levels for the two
candidate configurations. The LFU performance criterion is aetliby a small margin whereas
the SFD performance criterion is easily met. This differeagegimarily due to the significantly
different surface friction levels between the two methods. The péitbrmance measure should
prevail in the NA regime, particularly in Canada where opamatin low friction surfaces is
frequent.

The low-speed tracking performance measures differ slighttwess the two evaluation
regimes. Low-speed off-tracking (LSOT) evaluates the diffeal axle movement between the
centre of the steering axle and the centre of the traikleg ahereas maximum low-speed swept
path (SPW.y evaluates the maximum swept path of the entire vehicle.9P8&n be more
readily measured experimentally and gives a more direcsune@ent of turning envelope
requirements accounting for the path of the front bumper rather thatetreng tire. Therefore
SPWhax IS @ more appropriate measure to use for evaluating low-speeithgt envelope
requirements.

The North American method of evaluating frontal swing-out (FSGQ)nmpler compared to the
ANZ method which incorporates three measures (frontal swingrmhe-mover (FSay,
maximum difference between semi-trailer and prime mover pMMod), and difference of
maximum excursion points for semi-trailer and prime-mover p@b#)). These four different
measures are presented for comparison in Figure 4 for the KingrB-ESO measures the
maximum out-swing of the lead trailer relative to the drivee akies, thereby measuring the
potential lane incursion of the lead trailer assuming that the tiregeare on the lane edge at the
curve exit. The ANZ method accounts for the frontal sweep of ot bumper (F{w)
relative to the steer tire path, and the movement of the leige ti@ative to the front bumper
which is characterized by two measures (MoD and DoM). Molhésmaximum difference
between the paths taken by the semi-trailer and the front bunkeer aathe same point on the
exit tangent. DoM is the difference of maximum swing-out digaretween the paths taken by
the semi-trailer and front bumper, with the maximum swing-out paiisually occurring at
different locations along the exit tangent. The NA method d&fuating frontal out-swing
provides the most direct means of assessing the safety inguigatf a tight turn manoeuvre
since the semi-trailer movement cannot always be closely meaitoy the driver. The frontal
out-swing of the front bumper is of secondary importance, sirg@ibe more easily monitored
by the driver.



16

15.8 +- -+ S
steer tire
lead trailer

156 - e

m—front bumper
----- drive tires
15.4

E 1521

(]

(5]

c

[o]

@ 154

©

°

®©

S 14.8 4

(o]

L

14.6

14.4 -

14.2

14

Lateral distance (m)

Figure 4. Comparison of front swing-out performance measures for Kig B-train

The NA performance measures not currently applied in the ANhee. TR, HSOT, FD, and
USC) should continue to be used, as they each have their merits estdnaskaracterizing a
configuration’s overall performance. However, as discusselieredine HSOT performance
measure should be refined or an alternative measure developedu@ievahr trailer movement
under typical operating conditions. One potential measure to repla@& i$¥She ANZ measure:
tracking ability on a straight path, which measures total swept width wbemnfiguration travels
along a straight path under the influence of cross slope, road esunf@venness, and driver
steering input. Another example of ANZ measures having meritrfplementation in the NA
regime is yaw damping coefficient (YDC). This measure evesuthe configuration’s ability to
dampen sway oscillations, which is an important consideration for |Ibvayafiguration
performance.



4. CONCLUSIONS

1.

Both the J-train and King B-train are examples of innovative contigasa with
increased load capacity which demonstrate good stability and dynaenformance
characteristics.

. Both candidate configurations have increased space requirementgghin tairn

manoeuvres, exceeding the maximum low-speed off-tracking critgrorb.6 m).
However this deficiency can be safely tolerated since thes&garations generally
operate in remote areas.

The J-train’s greatest deficiency is its significant fromat-swing of the semi-trailer
during tight turn manoeuvres. This issue could be resolved if thelf@mverhang were
reduced to 2.0 m.

The King B-train’s greatest deficiency is its high leveb&ftracking during high-speed
steady state manoeuvres. This phenomenon is unlikely to occur undeal mperating

conditions. However drivers of these configurations need to be madee af its

potential and countermeasures prescribed to reduce the risk ofcisrence. One
solution is to reduce travel speeds on curves by at least 10 knotl pebted limits.

Another means of achieving safe lane excursion levels is fdrat@r to offset its travel
path to the inside of the curve.

The application of performance based standards developed in thalidudtew Zealand
(ANZ) regulatory regime would enhance the evaluation of configuratin North
America (NA). In particular the following improvements are ommmended for
consideration in the NA regulatory regimes:

Evaluate the dynamic performance measures (LTR, TOT, and RéAjamge of
steering frequencies (0.33 to 0.5 Hz).

For evaluating low-speed turning envelope requirements, utilize A&
performance measure SRWin place of LSOT.

Investigate modifications or alternatives to the HSOT perforsnaneasure to
evaluate rear trailer movement under typical operating conditions.potential
measure is the ANZ measure: tracking ability on a straight path.

Apply the ANZ measure YDC for evaluating a configuration’s abtib dampen
sway oscillations.
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