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Abstract

From the perspective of heavy vehicles stability, some criteria of stability should be adhered to highway designs. In particular, the
relationship between minimum radius, superelevation, slope angle, side friction, and design speed should be re-evaluated. In this regard,
the static rollover threshold (SRT) is one of the most important factors used to define the stability of vehicles. This factor is highly dependent
on the maximum lateral acceleration (a,) of a vehicle until it reaches the rollover threshold. This acceleration in turn is dependent on the
vehicle speed and the radius of curvature. Taking into account the stability of vehicles, in this study the highways design is evaluated and
compared with the classic design criterion. This study also suggests that in order to ensure driving safety, the State Highway Agencies
should make a reevaluation of existing speed limits and the design of highway curves.

Keywords: highway design; static rollover threshold (SRT); heavy vehicle; road safety; rollover; slide out.

Disefio de autopistas: efectos de la estabilidad de vehiculos pesados

Resumen

Desde la perspectiva de estabilidad de los vehiculos pesados, se deben adherir algunos criterios de estabilidad al disefio de carreteras. En particular,
la relacion entre el radio minimo, el peralte, el angulo de pendiente longitudinal, la friccion lateral y la velocidad de disefio deberian reevaluarse. En
este sentido, el umbral de vuelco estatico (SRT) es uno de los factores mas importantes utilizados para definir la estabilidad de los vehiculos. Este
factor depende en gran medida de la aceleracion lateral maxima (a,,) cuando un vehiculo alcanza el umbral de vuelco, esta aceleracion a su vez
depende de la velocidad del vehiculo y del radio de curvatura. Teniendo en cuenta la estabilidad de los vehiculos, en este estudio el disefio de carreteras
se evallia y se compara con el criterio de disefio clasico de vias. Este estudio también sugiere que para garantizar la seguridad de conduccion, las
agencias de carreteras estatales deberian hacer una revaluacion de los limites de velocidad existentes y el disefio de curvas de carretera.

Palabras claves: disefio de vias; umbral de vuelco estatico (SRT); vehiculos pesados; seguridad vial; vuelco; salida de la via.

1. Introduction directly by the next simplified curve formula™:

VZ
127(0.01e0x + frnax)

According to Hancock & Write [1], NYSDOT [2], and
Chang [3]: “The minimum radius is a limiting value of
curvature for a given design speed, and is determined from
the maximum rate of superelevation (bank angle in

Ripin =

@

percentage — e,,q,) and the maximum side friction factor
selected for design (fiqex)- Use of sharper curvature for that
design speed would call for superelevation beyond the limit
is considered comfortable by many drivers, or both. Although
based on a threshold of driver comfort, rather than safety, the
minimum radius of curvature is also an important control
value to determine superelevation rates for flatter curves. The
minimum radius of curvature, R,,;,, (M), can be calculated

where V is the vehicle speed (km/h).

However, this method is based on using the limiting
values of the superelevation (e) and the friction factor (f);
yet, this is a problem because the vehicles in general have
two accident possibilities when taking a curve: slide out and
rollover, as shown in Fig. 1.
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Figure 1. Accident possibilities of heavy vehicles.
Source: The authors.

Taking into account the second possibility; the stability of
heavy vehicles (HV’s) has been the focus of research efforts
in recent decades. A variety of measurements have been
defined to parameterize the stability of HV’s. The static
rollover threshold (SRT) is one of the most important
parameters used to define the stability of vehicles. This factor
is highly dependent on the location of the vehicle’s center of
gravity (CG), and it represents the maximum lateral
acceleration - a,, (expressed in terms of gravity acceleration
- g) in a quasi-static situation immediately before one tire
loses contact with the ground [4-6].

This aspect is very important, since the lateral
acceleration (a,) can also be expressed in terms of the speed
of the vehicle and the radius of the curve that is making.

In relation to calculating the SRT factor of heavy vehicles,
in our previous research [7-10], we developed a three-
dimensional simplified mechanism model that represents the
last trailer of a HV. This model considers the main
characteristics of trailer and the road such as: suspension,
tires, fifth-wheel, chassis, bank angle, longitudinal slope
angle and the trailer/trailer angle.

In this regard, the fifth-wheel is a coupling device. Its
purpose is to connect a tractive unit to a towed unit. The
tractive unit is normally a tractor, but in the case of a multiple
trailer train, the fifth-wheel also can be located on a lead
trailer. The fifth-wheel allows an articulation between the
tractive and the towed units, and consists of a wheel-shaped
deck plate usually designed to tilt or oscillate on mounting
pins. The assembly is bolted to the frame of the tractive unit.
A sector is cut away from the fifth-wheel plate (sometimes
called a throat), allowing a trailer kingpin to engage with
locking jaws in the center of the fifth-wheel. The trailer
kingpin is mounted on the trailer’s upper coupler assembly.
The upper coupler consists of the kingpin and the bolster
plate [11,12].

The paper is organized as follows. Section 2 introduces
the mechanism of the three-dimensional trailer model with
the characteristics mentioned above. Section 3 presents the
static analysis of the proposed model; the result presented in
Section 3 is analyzed and discussed within a case study in
Section 4; and finally, conclusions are drawn in Section 5.

2. Mechanism trailer model

Some researchers have described that the last unit (trailer) of
a HV is subjected to high lateral acceleration in comparison
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Figure 2. Simplified last trailer' of heavy
Source: The authors.

to the tractor unit. This acceleration is caused by the
phenomenon known as rearward amplification (RA),
impacting the rollover threshold of the last unit and the
vehicle [13-15]. Thus, the last trailer of the HV is the critical
unit and it is prone to rollover; taking into consideration this
aspect, a simplified trailer model (Fig. 2) is modeled and
analyzed to calculate the SRT factor.

During cornering or evasive maneuvers, the weight and
the lateral inertial forces acting on the center of gravity cause
its displacement, which can lead to vehicle rollover.

Mechanical systems can be represented by kinematic
chains composed of links and joints, which facilitates their
modeling and analysis [16-18]. Using mechanism theory, a
three-dimensional model that represents the last trailer of
HV’s is proposed (Fig. 3) [10].

The model of the Fig. 3 is composed of three mechanisms:

o the first mechanism is located at the front of the trailer,
and it is composed of sub-mechanisms that represent the
tires (tire system), the suspension (rigid suspension
system), and the fifth wheel (fifth-wheel system),

o the second mechanism is located at the rear of the trailer, and
it is composed of sub-mechanisms that represent the tires (tire
system), and the suspension (rigid suspension system); and

o the third mechanism represents the trailer body (chassis),
and it links front and rear trailer mechanisms.

e The kinematic chain of the three-dimensional trailer model
(Fig. 3) is composed of thirty joints (j = 30; 16 - revolute
joints “R”, 12 - prismatic joints “P”, and 2 spherical joints
“S™), in addition to twenty-five links (n = 23). However,
making the expansion of the spherical joint the kinematic
chain is composed of thirty-four joints (j = 34) and twenty-
nine links (n = 29), making the workspace planar (A = 3)
and according to mobility equation Eq. (2) the system has 16-
DoF (M = 16) [16-18].

M=An-j—-1)+j 2

Making the simplification of the model, the revolute joint
and the prismatic joint of the tires 2 and 3 can be changed by
a spherical slider joint (S;), with constraint in the z-axis,
which does not modify the operation of the mechanism; the
kinematic chain of the trailer model (Figure 4) is composed
of twenty-eight joints (j = 28; 14 - revolute joints “R”, 10 -
prismatic joints “P”, 2 spherical joints “S”, and 2 spherical
slider joints “S;™), and twenty-three links (n = 23).
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3. Static analysis of the mechanism

Several methods allow us to obtain a complete static
analysis of a mechanism. In this study, the formalism
presented by Davies [19] was used as the primary
mathematical tool to analyze the mechanisms statically.

The Davies method appears in many publications in literature
[10,20-22], and was selected due to the fact that it allows the static
model of the mechanism to be obtained in a straight forward
manner and it is also easily adapted using this approach.

Applying this theory to the wvehicle stability, and
considering all characteristics of the trailer and the road, the
static rollover threshold (SRT) of the three-dimensional
model of the last trailer is represented by the Eq. (3) [10].

ay hicosg+hyecosg
g hz - (hl + P1)€ (3)
(1 t,F,3 cosy + Py (F,;;, — W cos ¢ cos (p))

W cos ¢ (hy cos ¢ + hye cos @)

SRT3p,,, =

Where SRT3DM is the three-dimensional static rollover
threshold for a traifer model with trailer/trailer angle (¥),
bank angle (¢) and grade angle (¢), h; is the instantaneous
lateral distance between the zero-reference frame and the
center of gravity, e is the bank angle in percentage, h; is the
instantaneous CG height, t; is the front track width of the
trailer model, W is the weight of the trailer, F 3 is the normal
force on the front inner tire, F,;; is the normal force on the
rear outer tire, P, is a system variable (P; = (2ly3siny +
ty(cosyp — 1)/2), l13 is the distance between the fifth-wheel
and the front axle, and t, is the front axle width.
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Figure 3. Three-dimensional trailer model.

Source: The authors.
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Figure 4. Trailer simplified model.
Source: The authors.
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Figure 5. Three-dimensional trailer model.
Source: The authors.

Table 1.
Parameters of the trailer

Parameter of the trailer Value Unit.
Trailer weight (W) 355.22 kN
Front and rear track widths (t; 33) 1.86 m
Front and rear axle widths (t; 44) 1.86 m
Stiffness of the suspension per axle (k) [24] 1800 kN.m*
Number of axles at the front (4 tires per axle) 2
Number of axles at the rear (4 tires per axle) 3
Vertical stiffness per tire (k;) [24] 840 kN.m?
Initial suspension height (I;) 0.205 m
Initial dynamic rolling radius (L) [25] 0.499 m
Initial height of the fifth wheel (I;) 0.1 m
Lateral separation between the springs (b) 0.95 m
Fifth-wheel width (b;) 0.6 m
CG height above the chassis (1;) 1.346 m
Distance between the fifth wheel and the front

0.15 m

axle (l;3)
Wheelbase of the trailer (L) 4.26 m
Distance between the front axle and the trailer 3 m

CG (a)

Source: Adapted from [23-25]

4. Case study

In this research study, the last trailer of a B-train with two
front axles and three rear axles is analyzed. In this model a
suspension system with tandem axle is used. Table 1 and Fig.
5 show the parameters of the trailer used in this analysis [23].

The SRT factor calculation was obtained using the steady
state circular test [26] and the load condition is a load
laterally centered.

The simulation model was applied using MATLAB®
[27]. To calculate the SRT factor, the inertial force was
increased until the lateral load transfer in the rear axle
become complete (the normal force in the rear inner tire F,;4
reaches zero).
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Table 3.
Speed limits and friction factors.
Speed limit — (V) (km/h)

Friction factor (f)

30 0.17-0.28
40 0.17-0.23
50 0.16-0.19
60 0.15-0.17
70 0.14-0.15
80 0.14

90 0.13-0.14
100 0.12-0.13
110 0.11-0.12
120 0.09-0.11

Figure 6. Three-dimensional trailer model on a downhill corner.
Source: The authors.

Table 2.
Static rollover threshold (SRT) of the trailer model on downhill corners.

Trailer/trailoer ang;aen(lz)_ Downhill corners - Slope angle (¢)-(%)
angle (¥)-(°) (%) 0 2 4 6 8

0 0 0.202 0.198 0.194 0.190 0.186

0 4 0.244 0.239 0.234 0.230 0.226

0 8 0.285 0.281 0.276  0.272 0.268

0 12 0.328 0.324 0.319  0.315 0.311

10 0 0.202 0.197 0.193 0.189 0.185

10 4 0.243  0.239  0.233  0.229 0.225

10 8 0.285 0.280 0.276  0.271 0.267

10 12 0.328 0.323 0.318 0.314 0.310

20 0 0.200 0.195 0.191 0.187 0.182

20 4 0.242 0.236 0.232  0.227 0.224

20 8 0.283 0.278 0.274  0.270 0.265

20 12 0326 0321  0.316  0.312 0.308

Source: The authors.

Additionally and taking into account the flexibility of the
chassis and the fifth wheel for the stability analysis, it is
considered that when a heavy vehicle makes a spiral
maneuver, the lateral load transfer on the front axle (LLR) is
approximately 70% of the LLT, coefficient on the rear axle
[28]; and that the recommended maximum lateral load
transfer for the rear axle (LLT,.) is 60% [29, 30] and also the
recommended bank angle and longitudinal slope of the road
must be included [1,2], taking into account all these
characteristics, the SRT factor was calculated for a trailer
model on downhill corners, when the vehicle is more prone
to rollover, as shown in Fig. 6.

Table 2 shows the influence of the bank angle,
longitudinal slope angle, and the trailer/trailer angle on the
SRT factor calculation on downhill corners.

In the worst-case scenario, the SRT factor for the trailer
model on a downhill corner with 0 % of bank angle (e), 8 %
of longitudinal slope of the road (¢), and 20 degrees of
trailer/trailer angle (), is 0.182.

4.1. Road design minimum radius of curvature
Taking into account the Eq. (1), the radius minimum can be
calculated replacing the bank angle of the road (e), and the side

friction (demand) factor (f;,4,)- Table 3 shows the recommended
friction factors in relation to speed limits on roads:

208
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Figure 7. Minimum radius of curvature (R,,;;,) — Bank angle (e = 0 %).
Source: The authors.

On the other hand, as previously mentioned, the SRT factor is
dependent on lateral acceleration (a,). Rearranging the Eq. (2)
and replacing the lateral acceleration, the minimum radius of
curvature, R,,;, (m) can be expressed in terms of the SRT factor
and the vehicle speed (V' - km/h), as shown in Eq. (3)

s _a, V?
RTsogee =5 =1 g
3
. ®
Ripin = e
™ 127 SRTyp,,,

Using the data from the Tables 2 and 3, Figs. 7 to 11
compared the minimum radius given by the Eq. (1) and the
minimum radius given by the Eq. (3); in these figures the
bank angle (e) is fixed and the slope angle (i) is varied.

Figs. 7 to 11 show that in certain situations and using the
classical minimum radius given by the Eq. (1), the trailer is
prone to rollover. This shows that the SRT factor plays an
important role in road design and the speed limits of vehicles,
which contributes to road safety and decreases accidents
related to vehicle stability, which are very high nowadays.
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Figure 9. Minimum radius of curvature (R,,;,) — Bank angle (e = 4 %).
Source: The authors.

Figs. 7 to 11 also show that it is important to re-evaluate
the speed limits in certain situations, when the vehicles do not
slide out, but instead they are prone to rollover.

5. Conclusions

The analysis showed that, the last trailer of the HV is the
critical unit and it is prone to rollover when taking a curve,
then it is important to re-evaluate the speed limits and the
design of roads, which can guarantee greater road safety.

Minimum Radius of curvature - Rmm‘ Maximum e(%) (e = 6)

700 .
~R
Slide out / :
Rmm by fmax j :
600 - LT T (e B RS & "(*'Rs\h'pe:n%
500 ) ‘
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2 :
he]
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£
g
= 300
=

. i
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I I
30 40 50 80 70 80 90
Design Speed - (km/h)

Figure 10. Minimum radius of curvature (R,,;,) — Bank angle (e = 6 %).
Source: The authors.
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Figure 11. Minimum radius of curvature (R,,;,) — Bank angle (e = 8 %).
Source: The authors.

Therefore, when road design studies are made, it is
important to take into account that the vehicle has two
accident possibilities: slide out and rollover.

This research study shows that the SRT factor plays an
important role in road design and the speed limits of vehicles.
We also found that the parameters of the road, such as the
bank angle and the longitudinal slope angle, can affect a
vehicle’s stability. This situation is closer to the actual
problem: when the road is not flat, the lateral and the
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longitudinal load transfer play an important role in reducing
the stability. On the other hand, this provides a very
important warning, because some simplifications carried out
when estimating the SRT factor can lead to a considerably
higher stability value. This is a point of concern, leading to
the perception that our roads are safer than they really are.

This study also suggests that in order to ensure driving safety,
the State Highway Agencies should make a revaluation of
existing speed limits and the design of highway curves.
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