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Abstract: This paper investigates the lateral stability and maneuverability in long
combination vehicles (LCVs), namely semi-trucks with 28-ft doubles, 28-ft triples, and 33-
ft doubles, using TruckSim. In recent years, due to the rapid increase of E-commerce cargo
transport demands, trucks with multiple trailers have been used with increasing frequency
on U.S. highways. The most common configuration is 28-ft doubles, although in some
states, 28-ft triples and longer doubles, such as 33-ft trailers, are also allowed. LCVs
provide operational advantages in terms of loading and unloading, ease of distribution, and
other key logistics that are superior to the conventional 53-ft trailers that are commonly
used for bulk cargo over long hauls. The vast proliferation of LCVs on U.S. highways
heightens awareness of their dynamics, including lateral stability and maneuverability
which are strongly tied to highway safety. This study provides a comparative evaluation of
the lateral characteristics for tractors with 28-ft double, 28-ft triple, and 33-ft double
trailers. In particular, the likelihood of rollovers, rearward amplification, and off-tracking
are analyzed among those LCVs using the multi-domain dynamic models developed in
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TruckSim. The efforts to validate the truck dynamic model against test results are also
included. The simulation results show that trucks with triple trailers exhibit a larger
rearward amplification, higher likelihood of rollovers, and larger off-tracking than trucks
with double trailers. Additionally, the results indicate that increasing the trailer length from
28 to 33 feet does not increase the likelihood of rollovers or the rearward amplification. In
fact, the longer trailers provide a slight amount of additional roll stability due to their longer
wheelbase.

Keywords: lateral stability; off-tracking; rearward amplification; rollover; long
combination vehicles; 33-ft doubles; TruckSim.
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1. Introduction

During the past decade, the dramatic growth of E-commerce and online retail sales have
contributed to an increasing need for smaller, lighter goods to be transported and distributed. The
U.S. Department of Transportation estimates that from 2012 to 2040, total values of truck
transportation weight and shipment will increase by 43% and 93%, respectively [1]. To
accommodate the massive demand for transporting goods, trucks hauling two or more trailers,
known as Long Combination Vehicles (LCVs), have become increasingly popular. In 2015, there
were 2,746,882 LCVs traveling on the U.S. highways, which is 7.5% higher than in 2010 [2]. The
most prevalent multi-trailer combination is the 28-ft doubles that are mostly used on rural freeways
between less-than-truckload freight terminals. The Surface Transportation Assistance Act (STAA)
authorized the 28-ft doubles to operate on all national networks as of 1982 [3].

Compared with the conventional 53-ft single-trailer trucks, the 28-ft doubles render some
operational advantages, such as more flexible cargo handling and logistics, and easier maneuvering
around tight corners [4]. In addition, longer doubles, such as 33-ft trailers and 28-ft triples, are also
used by the less-than-truckload industry and major package express carriers in the U.S due to their
increased cubic capacity. A recently-released report from Americans for Modern Transportation
[5] claims that a shift from the 28-ft doubles to the 33-ft doubles would provide many benefits,
including reducing the number of trucks and trips, less fuel consumption and air pollution, and
reducing traffic jams and the driver shortage. The 33-doubles and 28-ft triples, however, are still
prohibited from accessing highways in some states, as shown in Figure 1. This limitation is
primarily driven by both the infrastructure’s potential inability to support the extended vehicle

length, and uncertainty regarding any added safety risks.

Allow Twin 28 Trailers
States Allowing LCVs B Allow LCVs

B Allow Twin 33 Trailers

~’:l.-._%i o

T\

Source: Federal Highway Administration

-

Figure 1. U.S. states allowing the operation of LCVs [6]
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The severity of accidents involving commercial vehicles is often greater than smaller vehicles
mainly because of their heavier load and higher center of gravity (CG) [7, 8]. The Federal Motor
Carrier Safety Administration statistics indicate that there were 3,864 fatal crashes and 104,000
injury crashes involving large trucks in 2016 [9]. The critical elements that affect LCV safety
include rollover characteristics, tracking performance as it relates to the rearward amplification of

the trailers, directional control, stability during braking, and steering controllability [10, 11].

This paper focuses on the first two safety elements. This is mainly because rollovers account for
5% of all fatal crashes involving LCVs [9]. For trucks with multiple trailers, the rearward
amplification (“crack-the-whip” effect) associated with the last trailer strongly contributes to lack

of tracking and lane keeping, and at times rollovers during quick and evasive maneuvers [12].

Another critical element in LCVs is the large offtracking in intersections, roundabouts, and
narrower roads. Obviously, this limits the vehicle’s maneuverability, imposes more risk of
encroachment into adjacent lanes, and increases the likelihood of collision with other vehicles and
fixed objects. Climbing over curbs in intersections and truck aprons in roundabouts could result in
the unloading of the wheels on one side, as a result of the tilt of the body, and therefore rollover
[13].

There exist very few U.S. studies relative to the lateral dynamic performance of LCVs. Daniels
(2006) [14] presented field measurements showing that 28-ft doubles are more stable and offtrack
less on curves than the conventional 5-axle single trailer truck. Pape et al. (2011) [4] performed
simulations and experiments to study the increased rearward amplification of triple-trailer trucks
with increasing speed in lane change maneuvers. Harkey et al. (1996) [13] studied the operational
characteristics of LCVs and concluded that the off-tracking at low-to-medium speeds is a major

safety concern for Rocky Mountain doubles and turnpike doubles.

In this paper, we extend the previous studies by providing a simulation-based comparative
evaluation of the rollover characteristics and off-tracking performance between 28-ft doubles, 28-
ft triples, and 33-ft doubles. All of the selected LCVs have the semi-trailers coupled with each
other by an A-dolly, shown in Figure 2. The A-trains are widely used in the U.S. because of their

easier installation as compared with other configurations, such as the B-train.
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Figure 2. Configurations of 28-ft doubles, 33-ft doubles, and 28-ft triples

In particular, rollover likelihood, rearward amplification, and off-tracking are evaluated under
various maneuvers and speeds for drop-frame trailers whose dynamics are not considered in prior
studies. The drop-frame trailers shown in Figure 2 are attractive alternatives to the conventional
flat-bed trailers due to their larger cargo capacity and lower placement of cargo for reducing cargo

CG height. Some U.S. fleets have widely adopted the 28-ft drop-frame trailers in their operations.

TruckSim, a commercial truck dynamics software package, is used to develop the multi-body
dynamic model of the tractor-trailer combinations. Detailed descriptions of the tire, suspension,
and trailer sub-models are provided. The validation of the model with test results is also included.
The validated model is used to perform an extensive simulation to compare and analyze the
dynamic performance of the tractor-trailer combinations mentioned earlier. The paper concludes

with a discussion of simulation results.
2. Vehicle Dynamic Model

This section introduces the multi-body dynamic models of semi-trucks with double and triple

trailers developed using TruckSim.

2.1 28-ft Double-trailer Truck Model

A 6-axle A-double model is established in TruckSim, as shown in Figure 3, including a 6x4 tractor

and two 28-ft box van trailers connected by a single-axle dolly hooked up to a pintle hitch on the
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rear of the front trailer. Basic dimensional parameters for the truck simulation, such as vehicle
wheelbase, axle track, suspension lateral spacing, etc., are determined by direct measurements on
a real truck as shown in Figure 4. For the parameters of the system such as braking, power
transmission, etc. that are hard to define, default values in TruckSim are applied. The main
parameters used for the tractor and dolly simulation are provided in Table 5 of Appendix A [15].
To ensure the accuracy and effectiveness of the vehicle model in the scope of the study,
mathematical calculation and other simulation tools are applied to calibrate the model inputs
concerning the yaw and roll dynamics. The model inputs that need to be determined include critical

tire properties, pneumatic suspension dynamics, and trailer dimensional inertial (CG) properties.

28-ft DoublesVlodel in TruckSim .

Figure 3. The 28-ft double-trailer truck model in TruckSim

T

~ T
Tl

Figure 4. 28-ft double-trailer truck

2.1.1 Critical Tire Property Setup

Simulating the dynamics of unsprung mass requires knowledge of the tire properties, especially
its vertical stiffness. The load-deflection method is applied to calculate the vertical stiffness of the
tire model. Tire manufacturer data are provided in Table 1, which are used to calculate the vertical

stiffness by dividing the vertical load by the resulting deflection.

Table 1. Manufacturer data of truck tires

Free Radius (Ry)

Loaded Radius (R))

Vertical Load (F;)

Steering Axle

20.51in

18.6 in

6610 Ib.

Drive Axle

20.51in

19.4in

6175 Ib.

Trailer/ Dolly Axle

19.51n

18.6 in

6175 Ib.
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Based on the data in Table 1, the effective radius of the tire is determined by the equation [16]:

sh1(cos‘1§?)
R, =——= "Ry 1)

—-122L
cos Rf

The effective radius is subsequently applied to calculate the moment caused by the tire rolling
resistance force (due to the hysteresis of the tire material as the tire flexes), which has a strong
influence on the vehicle longitudinal velocity:

My = ERfs(fe + fovx) )
where F, is the vertical load, f; is the road surface coefficient (1.2 for dry asphalt), f is the rolling
resistance coefficient, here assumed to be a constant value of 0.005, f,, is the velocity coefficient,
set to 0.004 hour/mile, and v, is the longitudinal velocity of the vehicle [16, 17]. In the tire model,
the vital factor that affects the lateral or yaw motion of the vehicle is the lateral tire-road friction
force (lateral force). The lateral force for small tire slip angles is linearly approximated as [18]:

Fy = —Ctaij (3)

where C, is the tire cornering stiffness, a;; is the slip angle, and i denotes the front or rear axle,
where j means the left or right side. The cornering stiffness is greatly affected by the tire vertical
load and construction. In this study, the default data of the tire model in TruckSim is applied to

represent the cornering stiffness. The slip angles are calculated geometrically and are given for the
steering axle:

vy+0a

(Xﬂ = tan‘l(m) ) (4)
_ vy, +0a
agr = tan™ 220 = 6 ©)

and for the rear axles on tractor, trailer, and dolly:

_1., Uy—0b

ay = tan l(uxy—T/z) (6)
_ vy, —0b

arr = tan 1(Ux}‘]|‘®6/2) (7)

where § is the steering angle, v, and v, are the longitudinal and lateral velocity of the vehicle,

respectively, @ is the yaw rate, a and b are the distance from the CG to the front and rear axles,

respectively, and c is the axle track width [18].
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2.1.2 Pneumatic Suspension Dynamic Model Development

For the LCV application, all axles except the steering axle are commonly equipped with airsprings
to render extra roll stability and reduce cargo damage from the road disturbance. In order to
reasonably represent the non-linear characteristics of the pneumatic suspension, a thermodynamic
model is developed and interpolated into TruckSim. Equations that govern the dynamic behavior
of airsprings are derived from the ideal gas law by assuming an isentropic process [19]:

(Pa + Patm)Va"=(Pao + Parm)Vao” (8)
where P, and V, are the gauge pressure and inner volume of the airspring, respectively, P,;,, is the
atmospheric pressure, P,, and V,, are the initial gauge pressure and the initial volume of the
airspring, respectively, and y is the heat capacity ratio (1.4 for air). Substituting the expression of
airspring volume into Equation (8) yields [19]:

(P + Paem)[(Lo + x)Ae]"=(Pao + Parm)Vao” )
where L, is the height of the airspring with a static load, A, is the airspring’s effective area, which
is a value normally ranging between 0.6 and 0.8 times the geometry area, and x is the suspension
deflection. The suspension deflection is positive when the airspring is compressed, and negative

when the airspring is extended. Rearranging Equation (9) gives the expression of airspring pressure,

which is multiplied by the effective area to produce the equation of airspring force:

(Pao+Patm)Ly
F,=A4, (O—to - atm) (10)

(Lo—x)¥
As Equation (10) indicates, the curve of airspring force to the suspension deflection is dependent
on ride height, effective area, and initial pressure. The airsprings on various axles behave
dynamically differently from each other due to their different effective areas and ride heights.
Specifically, the trailer airspring possesses a larger effective area and lower ride height, resulting
in a higher stiffness than that of the tractor and dolly, as shown in Figure 5. Moreover, the airspring

on the dolly has a lower stiffness than that of the tractor due to its higher ride height.
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Figure 5. Airspring force with respect to suspension deflection for the airsprings on the tractor, trailer,

and dolly

Based on Equation (10), a 3-D surface plot is created to represent the airspring force at various
heights and static loads (initial pressures). The 3-D plot is then interpolated into TruckSim to

simulate the non-linear characteristics of the pneumatic suspension system.

2.1.3 Trailer Dimensional Inertial (CG) Property Determination

To provide the trailer properties necessary for the dynamic simulation, a 3-D model of the 28-ft
drop-frame trailer is created in SolidWorks, which is shown in Figure 6. Notably, a red mass
(uniform) is placed in the trailer to represent the normal highway load with a weight of 6000 Ib.,
and occupying 75% inner volume of the trailer. Upon assigning corresponding material to each
component, the SolidWorks model produces the required parameters, including sprung weight,
CG position, and moment of inertia in roll, yaw, and pitch, which are shown in Table 2.

Table 2. Parameters for the 28-ft drop-frame trailer simulation

Trailer Body Properties 28-ft doubles

Sprung Weight 14952 Ib.
CG Height to the Ground 6.22 ft
CG Longitudinal Distance to the Kingpin 11.94 ft
Distance from the Kingpin to Axle 23 ft
Roll Moment of Inertia 251898 Ib.-ft?
Yaw Moment of Inertia 1069921 Ib.-ft?
Pitch Moment of Inertia 1013789 Ib.-ft?
Load Weight 6000 Ib.
Load Density 3.81 Ib./ft3
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Figure 6. 3-D model of the 28-ft drop-frame trailer in SolidWorks

2.1.4 Experimental Validation of the 28-ft Doubles Model

Results collected in our truck field test are used to validate the 28-ft doubles model developed in
TruckSim. As shown in Figure 7 (top image), a pair of outriggers were attached underneath the
trailers in the field test to prevent the vehicles from actually rolling over by providing
counterbalance moment when one side contacts the ground. For comparison of outrigger contact
forces, TruckSim built-in outrigger components, acting as two points fixed to the trailer body at

certain distances, are added to the model, as shown in Figure 7 (bottom image).

Outriggers attached to prevent the
vehicle from actually rolling over -
T Field Test (28-ft Doubles)

Figure 7. Outrigger-integrated 28-ft doubles in testing field and TruckSim
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In addition, a load frame was designed and placed inside the testing trailer to ensure that the
outrigger-attached vehicle would possess the same sprung mass properties (such as sprung weight,
CG position, and moments of inertia) as that of the normal highway loading condition, shown in
Figure 8. A steering robot was also employed in the test to allow for accurate and repeatable
steering input without involving the driver's response. The steering wheel angle data is applied to

the model as the input.

3-D Model in SolidWorks Testing Trailer

Figure 8. Load frame installed in the testing trailer to provide the same sprung mass properties as that of
the normal highway loading condition

The model is validated by comparing the simulation results with experiments. As shown in Figure
9, good agreement is obtained between the two in lateral accelerations, articulation angles, and
outrigger contact force. Results in Figure 9 indicate that only the front trailer outrigger contacts
the ground in the test maneuver. It is true regarding the A-train that the front trailer is supposed to
have better roll stability than the rear trailer due to its coupling with the tractor by the fifth wheel.
However, the drop in driving speed and time delay to action make the rear trailer subject to a
smaller lateral acceleration than the front trailer, thereby preventing rear trailer outrigger contact
during this test maneuver. In addition, the front trailer in response to the outrigger contact (t=3.7s)
exhibits a fluctuation of the lateral acceleration, which is not consistent with the model’s prediction.
This inconsistency is mainly due to the fact that the outrigger model in TruckSim is not capable of
simulating the forces resulting from bending and interactions among internal components of the

outrigger.
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Figure 9. Comparison results between simulation and experiment for a step steering maneuver

2.2 28-ft Triple-trailer Truck Model

Adding another A-dolly and 28-ft trailer to the previously-developed 28-ft doubles model produces

the 28-ft triple model, as shown in Figure 10. The added trailer and dolly have the same dynamic

properties as those used in 28-ft doubles.

Figure 10. The 28-ft triple-trailer truck model in TruckSim
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2.3 33-ft Double-trailer Truck Model

In the last simulation, TruckSim is used to establish the model of 33-ft double-trailer truck, which
is shown in Figure 11. As compared to the 28-ft trailer, the 33-ft trailer has a longer wheelbase and

different sprung mass properties in accordance with its extra length.

:,,33~ft Doubles MB’J;;; ruekSim |
Figure 11. The 33-ft double-trailer truck model in TruckSim
In order to perform the dynamic performance comparison with the 28-ft trailer, two load conditions
are applied for the 33-ft trailer in the study:
e Carrying less dense cargo but with the same weight (6000 Ib.) as the 28-ft trailer (referred
to as “33-ftD1”)
e Carrying heavier weight (6949 Ib.) but with the same load density as the 28-ft trailer
(referred to as “33-ftD2”)
A 3-D model of the 33-ft drop-frame trailer is created in SolidWorks, as shown in Figure 12, to
determine the dimensional inertial (CG) properties in the same manner as the 28-ft trailer.

Parameters of the trailer with the load conditions as mentioned earlier are provided in Table 3.

Figure 12. 3-D model of the 33-ft drop-frame trailer in SolidWorks
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Table 3. Parameters for the 33-ft drop-frame trailer simulation
33-ftD1 (same load as 33-ftD2 (same load

Trailer Body Properties 268-f) s s 25T
Sprung Weight 15775 Ib. 16855 Ib.
CG Height to the Ground 6.22 ft 6.27 ft
CG Long. Distance to Kingpin 14.37 ft 14.37 ft
Distance from Kingpin to Axle 28 ft 28 ft
Roll Moment of Inertia 279126 Ib-ft? 291646 Ib.-ft?
Yaw Moment of Inertia 1486997 Ib-ft? 1566562 Ib.-ft?
Pitch Moment of Inertia 1547891 Ib-ft? 1629894 Ib.-ft?
Load Weight 6000 Ib. 6949 Ib.
Load Density 3.29 Ib./ft3 3.81 Ib./ft?

3. Simulation Results and Analysis

Double lane change (DLC) and J-turn maneuvers are adopted in the study to assess the lateral
performance of the LCVs [20]. The paths of the two maneuvers are shown in Figure 13a and 13b,
respectively. The safety-related performance is compared among those aforementioned truck
configurations for the selected maneuvers at various speeds, in terms of rearward amplification,

rollover likelihood, and off-tracking.
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Figure 13. Paths of (a) double lane change and (b) J-turn maneuvers
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3.1 Simulation Study on Rearward Amplification

Rearward amplification is a tendency of the rearmost trailer to laterally over-respond in obstacle-
avoidance maneuvers, which is an undesirable dynamic behavior for LCVs [21]. A severe rearward
amplification imposes more risk for the rearmost trailer to hit other objects on the road or to roll
over. The rearward amplification needs to be small such that the rearmost trailer can follow the
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tractor’s path with adequate fidelity. Figure 14 a-d show the time trace of the lateral accelerations
of the tractor and the last trailer responding to the double lane change maneuver at 50 mph. For all
LCVs, a time lag is observed between the actions of the tractor and the last trailer, mainly due to
the tractrix geometry that basically governs the kinematic motion of the LCVs. It is significant to
note that all truck combinations exhibit an exaggerated lateral acceleration response on the
rearmost trailer, which is known as the rearward amplification phenomenon. Among the truck
configurations, the 28-ft triples have the highest peak-lateral-acceleration difference between the

tractor and the rearmost trailer during the lane change maneuver.

28-ft Doubles (28-ftD) 28-ft Triples (28-ftT)
@ == == Tractor _ @ == === Tractor i 4 \
c 0.5 = = Rearmost trailer Z 7 \ - 0.5 = = Rearmost trailer -~ I
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5 280 WY A N g I
© L / \ ’ l ‘ - © L ‘ ¥ LN ‘ |
5 Qpesm—— vV ,I N\ g Qe ,I e
< AL - < RV \
© . > o b ’ | i
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0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)

Figure 14. Time trace of the lateral acceleration of the tractor and rearmost trailer for double lane change
at 50 mph

To quantify the severity of the rearward amplification, the amplification factor (AF), a ratio of

peak lateral acceleration of the rearmost trailer divided by that of the tractor, is introduced [21]:

Amplification Factor (AF) = Pea:::zgz;la“ tm;ler) (11)
tractor

Lower values of AFs imply better performance for the rearmost trailer to follow the tractor’s path.
The best value is one where no rearward amplification occurs. Figure 15 summarizes the AFs of
the truck configurations for the double lane change at speeds ranging from 35 to 55 mph. In the
following figures, the 28-ft doubles, 33-ft doubles, and 28-ft triples are abbreviated by “28-ftD,”
“28-ftT,” and “33-ftD.” As shown in Figure 15, at the speed of 35mph, the value of AF is below
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1, and no rearward amplification occurs. As the speed increases, the value of AF increases over 1,
resulting in the trailer being subjected to a larger lateral acceleration and thus more prone to
rollover than the tractor. Compared to the other configurations, the 28-ft triples have the lowest
speed threshold of rearward amplification while exhibiting the largest AF at subsequent speeds,
making the rear trailer most likely to collide with obstacles on the road or rollover. At the speed
of 55 mph, the triples exhibit a rearward amplification of 2.6, 51% more than that of the 28-ft
double. The 33-ft doubles with longer wheelbase display favorable performance in the rearward
amplification, with the AF approximately 9% less than that of the 28-ft doubles. No explicit
difference of AF is observed between the 33-ft doubles with different load conditions. In summary,
the triples with two more yaw articulation points have a greater rearward amplification than the
doubles, and increasing the trailer length from 28-ft to 33-ft slightly mitigates the rearward
amplification for the double-trailer combination.

e 28_ﬁD :

= == 33-ftD1(Same load as 28-ft) e
o |- 33-ftD2(Same load density as 28-ft) .

N
&)
[
i
=+
=
-
AJ
b

Amplification Factor

35 40 45 50 55
Speed (mph)

Figure 15. Simulation results of AF for DLC maneuver at speeds from 35 to 55 mph

The AFs extracted from peak lateral accelerations during the J-turn maneuver at various speeds
are summarized in Figure 16. As shown, the AF stays close to 1 and has minimal change with
increasing speed for all truck configurations. It is concluded that the rearward amplification of the
LCVs is not easily elicited in a slow and steady steering maneuver such as the J-turn maneuver

considered in this study.
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Figure 16. Simulation results of AF for J-turn maneuver at speeds from 15 to 35 mph

3.2 Simulation Study on Rollover Likelihood

The rollover happens as tires lose contact with the ground, causing the truck to flip over sideways
completely [22]. The severity and susceptibility to rollover depend on the load’s CG height,
steering sensitivity, axle track width, and driving speed. For quantitatively evaluating the potential
likelihood of a rollover event, a metric known as the rollover index is used [23]. The rollover index
derived from the side-to-side vertical tire forces is defined as:

Rollover Index(RI) = [Par=Fau] (12)

FzR+FzL
where F, r and F, ; denote the vertical tire forces on the passenger and driver sides, respectively.
During straight driving and assuming an in-center load, the vertical tire forces are equal from side
to side, and the Rl is zero. If tires on either side lift off the ground or rest on the road surface with
negligible load, the RI equals 1. Figure 17 shows the time-history results of vertical tire forces on
the rearmost trailer axle when performing the J-turn maneuver at 35 mph. In response to the J-turn
maneuver, the rearmost trailer has the vertical tire force on the inner side decreased, while
generating more vertical forces upon the outer-side tires. At t=7.6s, the wheel lift occurs on the
driver side for 28-ft triples; at this moment, the RI reaches 1, which is not observed for the other

truck configurations.
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Figure 17. Time trace of the vertical tire force on the rearmost trailer for J-turn at 35 mph

Figures 18 provides a summary of the maximum RIs of the truck configurations for double lane
change maneuver at speeds between 35 and 55 mph. Only simulation results on the rearmost trailer
are presented here due to the rollover always occurring at the rearmost trailer in the simulation.
The maximum RI of 0.8 is considered as an upper limit that brings the truck into an unsafe
condition where it has a high likelihood of rollover. As shown in Figure 18, the maximum RI
increases with increasing speed, while the triple configuration, with a nearly 3-mph lower rollover
speed threshold, is more likely to roll over than the double configuration. Additionally, the longer
wheelbase makes the 33-ft doubles tolerate a 1-mph higher rollover speed better than the 28-ft
doubles. Comparing the 33-ft doubles with different load conditions, the 33-ft doubles with the
heavier load (33-ftD2) exhibit a slightly higher maximum RI than the 33-ft with the same load as
the 28-ft (33-ftD1). The results in Figure 18 are consistent with those in Figure 15 since the
rearward amplification is believed to be the primary cause of rollover of LCVs in the lane change

maneuver.
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Figure 18. Simulation results of maximum RI for DLC maneuver at speeds from 35 to 55 mph

Figure 19 summarizes the results of maximum RIs for the J-turn maneuver. The difference among

the configurations is not evident at speeds below 25 mph, while results over 25 mph are consistent

with those of the double lane change maneuver.
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Figure 19. Simulation results of maximum RI for J-turn at speeds from 15 to 35 mph

3.3 Simulation Study on Off-tracking

This section examines the tracking fidelity of the truck combinations considered in this paper. The

double lane change and J-turn maneuvers in Figure 13 are applied to evaluate their off-tracking

performance as determined by the path difference between the centers of the steering axle and the

rear trailer axle. The off-tracking falls into two categories: inboard and outboard off-tracking. As

the name implies, the inboard off-tracking indicates that the rear trailer axle follows inside the path
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of the tractor steering axle, typically occurring at low-speed turns. A large inboard off-tracking is
unwanted when the driver negotiates a low-speed turn in an intersection or interchange because
the truck may require more road space than what is available, resulting in a collision with other
vehicles or obstacles on the road. If the truck performs a high-speed or a sudden swerve, there is a
tendency for the rear trailer axle to sway outward of the path of the tractor steering axle, which is
referred to as the outboard off-tracking. A large outboard off-tracking will cause the trailer to hit
the object that the driver attempts to avoid in an avoidance maneuver [24]. Figure 20 shows the
outboard off-tracking when the trucks negotiate with the double lane change at 50 mph. At
X=420ft, the rear trailer axle of all truck combinations tracks outboard of the tractor steering axle.
The amount of the trailer overshoot is 4.1 feet for the 28-ft triples, apparently larger than the other

truck configurations.
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Figure 20. Paths of the tractor steering axle and rear trailer axle for double lane change at 50 mph

Figure 21 compares the maximum outboard off-tracking among the truck configurations for the
double lane change maneuver. Trends of the results in Figure 21 are similar with those of rearward
amplification due to the fact that the lateral movement of the rear trailer is strongly tied to the
rearward amplification at the high-speed lane change maneuver. A larger rearward amplification
promotes the body yaw motion of the rearmost trailer (more lateral CG displacement) with tires
sliding outside of the tractor path at a certain road roughness level. Thus, the 28-ft triples have the
worst off-tracking performance among the others, as shown in Figure 21. Interestingly, the 28-ft

doubles exhibit a 1.5% larger maximum off-tracking than the 33-ft doubles, indicating that the
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extra length of the trailer results in a better outboard off-tracking performance. No discernible

difference is found between the 33-ft doubles with the different load conditions.
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Figure 22 shows the simulation results of maximum off-tracking for the J-turn maneuver at speeds

from 15 to 35 mph. The positive value represents the outboard off-tracking, while the negative

value indicates the

inboard off-tracking. At speeds below 32 mph, the tractor-semi-trailer

combinations have the inboard off-tracking, while the outboard off-tracking occurs for the 28-ft

double and triples when the speed goes over 32 mph. As shown in Figure 22, the 28-ft triples have

nearly the same amount of inboard off-tracking as the 33-ft doubles, which is far larger than the

28-ft doubles. However, the triple combination exhibits a quicker transition from the inboard to

the outboard off-tracking with increasing speed than the double configurations.

—
]

N

o

ro

|
=N

= = 33-ftD1(Same load as 28-ft) OUtboaﬂ_i
R 33-ftD2(Same load density as 28-ft) off-tracking K

*
&,

Maximum Off-tracking (f

-6
1

e e ——————— N Ral
Inboard off-tracking P
-t /‘ S
e
—
o T ——
S 20 25 30 35

Speed (mph)

Figure 22. Simulation results of maximum off-tracking for J-turn at speeds from 15 to 35 mph
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4. Conclusions

This paper presents the results of a comparison study on the lateral characteristics of 28-ft doubles,
28-ft triples, and 33-ft doubles. The results are critical for better understanding rollover
characteristics and off-tracking performance of Long Combination Vehicles (LCVs). For this
study, a validated multi-domain dynamic model is developed in TruckSim. The model is used to
emulate and evaluate the lateral performance of the selected LCVs in three specific aspects:
rearward amplification, rollover likelihood, and off-tracking. The key findings of this study are
provided in Table 4, while the simulation results are summarized as follows:

(1) Compared with the double combination, the 28-ft triples exhibit a larger AF and worse transient
side-to-side dynamics because they have two more yaw articulation points.

(2) Increasing the trailer length from 28 to 33 feet does not increase the rearward amplification,
rollover propensity, or outboard off-tracking, mainly because of the increased wheelbase. The
extra length of the trailer, however, increases inboard off-tracking.

(3) For heavier load conditions, 33-ft doubles do not exhibit more off-tracking or rearward

amplification, but the rollover likelihood could increase if the added load results in a higher CG.

Table 4. Comparison results of lateral characteristics of the LCVs

LCVs Characteristics 28-ftD 33-ftD1 33-ftD2 28-ftT

Rollover likelihood Fair Best Good Worst
Rearward amplification Good Best Best Worst
Off-tracking (DLC) Good Best Best Worst
Off-tracking (J-turn) Best Good Good Worst
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Appendix A

Vehicle Unit

Table 5. Parameters for the tractor and dolly simulation

Parameter Value
Longitudinal distance from the tractor CG to the steering axle 75.7'in
The vertical distance from the tractor CG to the ground 394 in
Tractor body weight 14.89 kips

Roll inertia of sprung mass

1.75x10° Ib.-ft?

Pitch inertia of sprung mass

5.52x10° Ib.-ft?

Yaw inertia of sprung mass

4.99x10° Ib.-ft?

Longitudinal distance from the fifth wheel to the steering axle 199.0in
The vertical distance from the fifth wheel to the ground 43.31in
Fifth-wheel roll freedom + 0.5 deg
Fifth-wheel pitch freedom -11.0~7.0 deg
Fifth-wheel yaw freedom +90.0 deg
Distance from the front drive axle to the steering axle 186.0in

. Distance from the rear drive axle to the steering axle 237.81in

Semi-Tractor - - -

The track width of the steering axle 83.6in
Leaf spring stiffness on the steering axle 1427.5 Ib./in
Damping coefficient on the steering axle 97.4 Ib.-s/in
The lateral spacing between leaf springs on the steering axle 35.0in
The lateral spacing between dampers on the steering axle 43.3in
The track width of the front drive axle 72.61in
Damping coefficient on the front drive axle 177.0 Ib.-s/in
The lateral spacing between airsprings on the front drive axle 30.0in
The lateral spacing between dampers on the front drive axle 42.0in
The track width of the rear drive axle 72.61in
Damping coefficient on the rear drive axle 177.0 Ib.-s/in
The lateral spacing between airsprings on the rear drive axle 30.0in
The lateral spacing between dampers on the rear drive axle 42.0in
Dolly body weight 1.33 kips

A-Dolly

Roll inertia of sprung mass

2.86x10° Ib.-ft?

Pitch inertia of sprung mass

3.58x10% Ib.-ft?

Yaw inertia of sprung mass

3.58x10° Ib.-ft?

The vertical distance from the dolly CG to the ground

34.8in

Longitudinal distance from the dolly CG to the hitch

70.8in
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