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ABSTRACT
Recently the evaluation of articulated vehicles dynamic performance has been the
focus of a significant research effort, where most of the tractors and semitrailers are
manufactured separately each in a different place. However, the suitable
combinations between them represent a major problem, especially in the military
field where the payloads are characterized by unconventional weights and
dimensions. The objective of this paper is to investigate the scientific basis for
evaluation of the controllability and stability limits of such combinations. In order to
achieve this goal, a theoretical analysis, computer simulation and field
measurements have been carried out.
In the theoretical analysis, the dynamic performance measures of articulated
vehicles have been discussed and analyzed. In the computer simulation, the
validated models developed by UMTRI (University of Michigan Transportation
Research Institute) have been used to evaluate these dynamic performance
measures. In order to show the applicability of using these computer tools, a
practical case is considered for an existing tractor-semitrailer combination used in
the Egyptian army. The possible field measurements are done to obtain the needed
input data. Other data are considered either from the manufacturer manuals, or by
estimation using the published empirical methods. The practical case study shows
the applicability of using this technology in the national scale.
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1. INTRODUCTION
Nowadays the articulated heavy vehicles play an economically important role in the
transportation process, and their numbers have been increasing for several decades.
In the military field, the demands of transporting combat equipment that are
characterized by unconventional weights and dimensions, necessitate using
unconventional transporter. Not only the safety of these vehicles during different
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maneuvers is of prime interest, but also safety of the other vehicles and the highway
infrastructure should be taken into consideration. For assessment of the related
response measures of heavy vehicles, several researches in this field have been
carried out, ([1], [2], [3]). In this paper the performance measures given in [2] are
introduced as a scientific means for evaluation of the safety related measure for the
heavy vehicles. A case study of an actual vehicle is also presented.

2. DYNAMIC PERFORMANCE MEASURES FOR HEAVY VEHICLES
The first set of performance measures that are used in a significant way in North
America was developed for the Canadian Vehicles Weights and Dimensions study
(Ervin and Guy, 1986), [1], adopted by "RTAC", (Road and Transportation
Association of Canada). They were used to provide the technical foundation for
regulatory changes introduced in most Canadian Provinces following the weights and
dimensions study. Several years after the Vehicle Weights and Dimensions Study,
(EL-Gindy, 1995), [2], the National Research Council of Canada (NRC) conducted a
study which found it is necessary to modify RTAC performance measures in order to
reveal the effect that significant change in certain tractor parameters had on the
performance. Seven stability and control measures are to be introduced:
1- Handling performance.
2- Static rollover threshold (SRT).
3- Dynamic rollover stability:
a) Load transfer ratio (LTR).
b) Rearward amplification ratio (RWA).
4- Yaw damping ratio (YDR).
5- Friction demand:
a) Low speed friction demand (LFD).
b) High speed friction demand (HFD).
6- Lateral friction utilization (LFU).
7- Offtracking performance.

2.1 Handling Performance
Handling performance is a measure used for the evaluation of both controllability and
stability of a given combination. It is evaluated by National Research council of
Canada (NRC) method. The NRC three point measure, Fig.1, characterizes the
handling diagram of a vehicle over a complete range of lateral acceleration, Ay. The
diagram is constructed using the {(L.r/U - 8Fw), Ay)} coordinate system, where (SFw) is
the front wheel steer angle, (L) is tractor or truck wheelbase, (r) is the steady-state
yaw rate and (U) is the vehicle speed. It can be described as followed:
First point: This point addresses the level of lateral acceleration at which the vehicle
transforms from understeer to oversteer. It should not be less than .18 g, to ensure a
reasonable level of lateral acceleration before the onset of oversteer.

Proceedings of the 8th ASAT Conference, 4-6 May 1999

Paper SM-16

421

Second point This point addressees the understeer coefficient, Kw at a lateral
acceleration of 0.3 g .The coefficient is to be higher than the critical understeer
coefficient, Kucr, by a certain margin of safety. The critical understeer coefficient is
defined as (-Lg/U2).
Third point: This point is designed to place upper and lower limits on the understeer
coefficient Ku, at a lateral acceleration level of 0.15 g, in order to ensure reasonable
controllability of a heavy truck in the lower levels of lateral acceleration. It is held
within a range from 0.0 to 2.0 deg/g .
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Fig.1. Representation of the three points (NRC) handling diagram.

2.2 Static Rollover Threshold Measure (SRT)
The common definition of the static rollover threshold is "The maximum lateral
acceleration level in g units beyond which static rollover occurs". The recommended
methods for the evaluation of the static rollover threshold are, [3]:
1-Measurement using tilt table.
2-Calculation using a validated static roll model.
The target value is 0.40 g minimum.

2.3 Dynamic Rollover Stability Measures
Dynamic rollover stability measure is evaluated by considering two different ratios,
the first is the load transfer ratio, and the second is the rearward amplification ratio.

2.3.1 Load transfer ratio (LTR) measure:
The LTR is defined as the ratio of the absolute value of the difference between the
sum of right wheel loads and the sum of left wheel load to the sum of all wheel loads.
LTR = E(IFL-FRI)/E(FL+Fo

(1 )
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Indicates summation over all of the vehicles axles except the tractor

steering axle because of its relatively high roll compliance.
FL and FR represent the left and right vertical load at each axle except the
tractor steering axle.
LTR measure is considered as the maximum of the absolute value of LTR. It serves
as an indicator of the proximity to the total wheel lift-off. It should not exceed 0.6
2.3.2 Rearward amplification ratio (RWA) measure
Defined as the ratio of the peak value (positive or negative) of lateral acceleration
achieved at the mass center of the rearmost trailer to that developed at the mass
center of the tractor. The target value should not exceed 2.2
2.4 Yaw Damping Ratio Measures (YDR)
It characterizes the directional damping ratio level of the rearmost trailer of
articulated vehicle. Low damping results in prolonged swaying and could lead to an
accident. Also it describes how rapidly the oscillations of lateral acceleration of the
rearmost trailers of an articulated vehicle diminish after pulse steer input. This
measure is evaluated at a vehicle speed of 100 Km/hr by applying a steering wheel
pulse input of 80°over a 0.1 sec time interval. From the successive peaks of lateral
acceleration decay of the rearmost trailers, a damping ratio is calculated using the
standard logarithmic decrement procedures. The recommended target value is 0.15
2.5 Friction Demand Measure
Friction demand measure is defined by the following equation:
,u =
Fy / cos F)
Fz1

(2)

where: /Lis the instantaneous friction coefficient at the tractor drive axles' tires.
Fy is the resultant shear force arising simply due to the curvilinear travel.
cos[' is the cosine of articulation angle.
Fz is the vertical load imposed on those tires
The friction demand measure describes the tire/road friction levels measured at the
drive axles of the tractor or straight truck. Excessive friction demand is a contributing
factor to tractor jackknife and also results in excessive tire wear. Liftable axles are
often used to improve cornering ability. The recommended target value is 0.3
2.5.1 Low speed friction demand (LFD)
LFD calculated during low speed path follow maneuver. This is a right hand 90° turn
at 5.0 km/hr where the tractor's front axle center point tracks an arc of 9.8 rn radius
(approximately an 11 m, outside wheel path radius). It should be noted that ttle peak
value of the low speed friction demand is taken which represents LFD measure.
2.5.2 High speed friction demand (HFD)
HFD is calculated during high-speed (100 Km/hr) path change maneuver, the peak
value of the HFD is taken, which represents high speed friction demand measure.
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2.6 Lateral Friction Utilization (LFU)
Characterizes the highest level of the lateral friction utilization at an axle or group of
axles of a vehicle during low and high speed turns maneuvers. The axles or axle
group is referred to as the "critical axle(s)". This measure indicates which axle or
group of axles is expected to lose lateral adhesion (available tire road friction) during
a given maneuver. The tires of the axle or axle group that achieve lateral friction
levels of 100% are said to be saturated.
Result in loss of steering control.
Saturated front axle tires
Result in jackknife
Saturated drive axle tires
Result in trailer swaying.
Saturated trailer tires
The measure also provides information on weather or not a particular maneuver can
be performed at all given particular road surface coefficient of friction.

2.7 Offtracking Performance measures.
Offtracking is defined as the lateral offset of the path taken by the trailing axles of a
vehicle combination from the path taken by the tractor's steering axle in a steady
turn. Each of these aspects is examined in a constant-radius turn maneuver. For the
steady-state options, the vehicle is assumed to be turning continuously in and to
have achieved a steady-state response. For the low-speed transient option, the
maneuver includes a straight line "entry" and straight line "exit" to the constant radius
turn. The path of the centerline of each axle and of the rearmost extremity of the
vehicle are determined by UMTRI simplified offiracking model,
3. COMPUTER SIMULATION MODELS
In this study, three validated models, which are developed by "UMTRI", can be used
to evaluate the mentioned dynamic performance measures. These models are
yaw/roll model, static roll model and simplified offiracking model, [4].
Yaw/Roll Model:
The Yaw/roll model was developed for the purpose of predicting the directional and
roll response of single and multiple-articulated vehicles engaged in steering
maneuvers, which approach the rollover conditions. It should be noted that the model
does not permit the simulation of braking maneuvers. The model is unique in the
sense that it permits the analysis of unconventional vehicle layouts. The equations of
motion are developed in such a fashion that it is possible to use the model for
simulating the vehicles with any number of placement of wheels and tires, any
number of units and articulation points or any of the particular hitch mechanisms.
The computer code permits the simulation of vehicles with up to three articulation
points (i.e. four sprung masses) and 11 axles. In the model, the forward velocity of
the lead unit is assumed to remain constant during the maneuver. Hence, each
sprung mass is treated as a rigid body with five degrees of freedom lateral, vertical,
yaw, roll, and pitch. The axles are treated as beam axles, which are free to roll and
bounce with respect to sprung mass to which they are attached. The validation of
,yaw/roll model was carried out, through which the model output was found to be in a
good agreement with those measured responses, [5].
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4. PRACTICAL CASE STUDY "EVALUATION OF THE DYNAMIC
PERFORMANCE OF A GIVEN COMBINATION"
The case study deals with a combination from the armed forces, which consists of
tractor and semitrailer. A complete study was made to show the possibility of making
use of these models to provide complete dynamic evaluation. The area of work is
divided into three parts, the first deals with the different ways used for getting the
simulation input data, the second is the output of the models through different
maneuvers, the last one is the results analysis and the final evaluation.

4.1 Getting Simulation Input Data
The major step in the simulation procedures is to get the input data of the models.
The more accurate input data, the more accurate results are obtained. The input
data can be classified into three groups:
1.Data collected from the manufacturer manuals.
2.Data measured, which are difficult to get from the manufacturer.
3.Data calculated or estimated which are difficult to obtain by measurements.
It should be noted that, .a summary of the obtained input data is given in appendix-A.
In the following sections, the methods of obtaining these data are highlighted.
4.1.1 Data obtained from the manufacturer manuals, [6]:
1. Sprung mass parameters: [number of sprung mass units].
2. Unsprung mass (axles) parameters: [number of axles and tandem axle spread].
3. Articulation parameters: [type of articulation point, height of the articulation point
and location of the articulation point from the tractor tandem axle centerline]..
4. Suspension parameters: [suspension lateral spread, shock absorber (exist or
not), spring stiffness and suspension type].
5. Tire parameters: [track width, dual tire spacing, Inflated and loaded dimensions
(overall width and diameter), tread pattern shape, and load at inflation pressure].
6. Steering system parameters: [steering gear box ratio].
7. Payload parameters: [dimensions, weight and C.G. location].
4.1.2 Measured parameters:
The following parameters are obtained using truck load scale, which is shown in
ig.2. This scale is capable of measuring weights up to (100,000 Kg), its length and
width are (18m, 3m) respectively. Before measurement, the scale was calibrated to
measure a known weight. The error in reading was found to be 0.01% (10 kg). Dial
indicator with accuracy of 0.01 mm and range output 50 mm was used to measure
the position of the axles relative to the ground and frame. Measured parameters are:
1- Tractor only:
a- Total weight of the tractor.
b- Load on the tractor front axle only.
c- Combined load on the tractor rear axles only.
d- Load on the tractor front axle, when its rear end is lifted at slope (15 Deg).
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2- Tractor combined with empty semitrailer'
a- Total weight of the tractor only.
b- Combined load at the semitrailer axles.
c- Combined load at one side of the semitrailer axles.
3- Tractor combined with semitrailer loaded with tank M88:
a- Weight of the test payload (Tank M88).
b- Combined load at one side of the semitrailer axles.
c- Corresponding axle deflection relative to the frame.
d- Corresponding axle deflection relative to the ground.
4- Tractor combined with semitrailer loaded with tank M109:
a- Weight of the test payload (Tank M109).
b- Combined load at one side of the semitrailer axles.
c- Corresponding axle deflection relative to the frame.
d- Corresponding axle deflection relative to the ground.
5- Tractor combined with semitrailer loaded with tank M1A1:
a- Weight of the test payload (Tank M1A1).
b- Combined load at one side of the semitrailer axles.
c- Corresponding axle deflection relative to the frame.
d- Corresponding axle deflection relative to the ground.

Fig.2. Truck load scale capacity and dimensions
4.1.3 Estimated data based on measurement and/or calculation:
The major set of input data is obtained either by calculation or estimation, based on
the data collected from technical manuals or measured. These data are listed below:
1. Sprung mass parameters*:
[weight, roll, pitch, yaw moment of inertia and C.G.
location for each unit].
2. Unsprung mass parameters:
[weight**, roll moment of inertia*, axle location from
C.G. of the unit which is mounted* and C.G. height (above the ground)**].
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[articulation point roll stiffness** and location from each
3. Articulation parameters:
unit sprung mass C.G. 1,.
, auxiliary roll
[roll center height**, roll steer coefficient**
Suspension
parameters:
pension
4.
ess * and
stiffness**, viscous damping coefficient**, spring stiffn
coulomb friction**]. [tire vertical stiffness*, cornering stiffness*, aligning torque
5. Tire parameters:
stiffness* and overturning stiffness**].
[steering system stiffness**, tie rod linkage
6. Steering system parameters:
stiffness** and mechanical train.
[tractor frame torsional stiffness, tractor frame
7. Miscellaneous parameters":
Coulomb friction and Lash in fifth wheel plates].
It should be noted that, (*) is used for calculated data and (**) for estimated data.
1- Sprung mass parameters:
A- Tractor sprung mass parameters:
(1)Tractor sprung mass weight:
The empty tractor weight is obtained by the scale, Fig.3, and the unsprung mass
weight are estimated as follow, [1]:
•Tractor front axle: 1,200 lbs.
•Tractor drive axle: 2,300 lbs.
The tractor sprung mass is calculated as follow:
Sprung mass weight = Empty tractor weight - total unsprung mass weight (3)
(2) Tractor sprung mass C.G. location:
(a)Tractor sprung mass longitudinal C.G. location:

IRE

Fig.3. Determination of tr;:ctor longitudinal C.G. location
The simplest method to determine the longitudinal C.G. location is by using truck
and tandem rear axles,
load scale. Measuring the reactions under the front, (RF),
separately. Then, the portons of the tractor sprung mass weight on each axle
(RR),
are calculated as follow:

WSF = RF — WaxF
WSR = RR — WaxR

(4)
(5)
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where:
WsF,WsR are the portions of the tractor sprung weight on the front and combined
rear axles respectively.
WaxF,WaxR are the unsprung mass weights of the tractor front, and rear axles.
The tractor sprung mass C.G. location is calculated from the following equation:
WSR
(6)
a = X WB
(WSF + WSR)
Where, a, is the longitudinal C.G. location of the tractor sprung mass from front axle
WB is the tractor wheelbase, as shown in Fig.3.
(b) Tractor sprung mass C.G. height:
A commonly used technique to determine this paramete is illustrated in Fig.4, where
the following procedures are made:
1. The tractor front axle only is put on the load scale.

2. The rear end of the tractor is lifted by a vertically applied force (using crane), the
load at the tractor front axle (F1) is Measured, Fig.5, and then C.G. height is
calculated from the following equation:
Lo=(

LixFi

L2)x ctn0

Fix L3

All the notations are shown in Fig.4.

Fig.4. Vertical C.G. height Position measurement

(7)
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Fig.5. Measurement of the tractor front axle load when it is lifted
(3) Estimation of the moments of inertia:
(a) Roll moment of inertia:
The tractor sprung mass roll moment of inertia is determined according to the
following equation, [1]:
Ixx = 2.178 x
(8)
where: lxx is the tractor sprung mass roll moment of inertia, [lb.in.sec2].
Ws is the tractor sprung mass, [Lb.].
(b) Pitch and Yaw moments of inertia:
The sprung mass pitch and yaw moments of inertia, Iii (j=y,z), are determined from
the .'ollowing empirical formula, [1]:

/./ j

[(Wf + 0.4W-)X 2 + 0.647,“

1/g

(9)

Where: Subscript j = Y, Z for pitch and yaw moment of inertia respectively.
Wf and Wr are partial sprung weights supported by front and rear axles.
X, (L-X) are the distances from the sprung mass center of gravity to the
tractor front and rear axles respectively.
g is the gravitational acceleration (386 in/sect).
B- Semitrailer sprung mass Parameters:
(1)Semitrailer sprung mass weight:
Referring to Fig.6, and using the load scale, the tractor weight with and without the
semitrailer is measured (Wts, Wt respectively). The reaction at the fifth wheel (W)
ther is given by (W5 = Wts - WO. The reaction at the combined semitrailer axles is
measured (RaxT). Knowing (W5) and (R.T), and using the same procedures for truck
sprung mass weight determination, the sprung mass weight of the semitrailer is
obtained. It should be noted that, Semitrailer unsprung mass weight for each axle
=1,760 : 2,000 [Lb.], [1].
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(2) Semitrailer sprung mass C.G. location
(a)Semitrailer sprung mass longitudinal C.G. location
The distribution of the semitrailer sprung mass weight on both the fifth-wheel, (W5),
and at the rear axles, (Rs,ax-r), can be calculated, then the semitrailer sprung mass
longitudinal C.G. location (Li) is calculated as follow, Fig.6:
( RS, car
Li =
xL
(10)
W5 + RS, axT)

Where, W5, RS,axT are the portion of the semitrailer sprung mass on the fifth-wheel
and the combined rear axles respectively.
L is the semitrailer wheelbase.
L1 is the semitrailer sprung mass longitudinal C.G. location (from fifth wheel).
L

RaxR

Fig.6. Empty tractor-semitrailer axle loads
(b)Semitrailer sprung mass C.G. height:
As the semitrailer sprung mass C.G. height is not given by the manufacturer, it can
be estimated as the height above ground of the main semitrailer longitudinal beams
centerline, [1].
(3) Semitrailer sprung mass moments of inertia:
Based on the work in reference [1], and the published data of moments of inertia of
different semitrailers, [7], semitrailer roll, pitch and yaw moment of inertia can be
estimated from Fig.7.
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Fig.7. Semitrailer sprung mass moments of inertia

Proceedings of the 8th ASAT Conference, 4-6 May 1999

Paper SM-16

430

(4) Combined semitrailer and payload moments of inertia
The combined roll, pitch, and yaw moments of inertia of the combined semitrailer
and payload lxxc, lyyc, Izzc about the axes, Xc,
Zc passing through the combined
sprung mass center of gravity (xc, ye, zc), Fig.8, are given by the following equations.
Ixxc = Lep
yyc = Iyyp

Izzc = Izzp

Mp{(yp —

+(zp—zc)2 1+ I.+

Mp{(Xp — Xc)z (Zp — Zc)2
Mpl(Xp — Xc) 2

ins* {(y, — yc)2 +(zs— z,)2 }

Iyys + Ms * {(Xs Xc)2 + (Zs — Zc)`I } ( 11)

+ (yp — yr) 2 + Lzs + Ms * (Xs - Xc) 2 + (ys

yc)2 11

where:
lxxp, lyyp, izzp

are Payload roll, Pitch and yaw moments of inertia about the axes Xp, V.
passing through the payload center of gravity (xp, yp, zp) respectively.
ixxs, lyys, Izzs are empty semitrailer sprung mass roll, pitch, and yaw moments of inertia
about the axis Xs, Ys, Zs passing through the empty semitrailer sprung mass
center of gravity (xs, ys, zs), respectively.
mp, ms are the masses of the payload, and empty semitrailer sprung mass.
(X,Y,Z) are reference axes, where any dimension is taken relative to them.
zp

Payload

Xp

Xc

r
vs

,Semitrailer
zc

zs

vzp

Fig.8. Combined payload semitrailer sprung mass

-

2 Suspension parameters:
The developed vehicle simulations require some input data relating suspension
properties, which are spring rates, roll center height, roll stiffness, lateral stiffness
and roll steer coefficient.
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A- Semitrailer Spring rate measurement
For the case studied it is difficult to get the semitrailer springs rate from the
manufacturer. So an approximate technique is used to roughly measure the spring
stiffness of the suspension when it is mounted on the vehicle, [8], [9]. The idea of this
technique is to apply a vertical load to the semitrailer frame rails, and measure the
appropriate displacement of the suspension spring against the existing load. In order
to measure the semitrailer suspension spring stiffness, Fig.9, 10, the load versus
spring deflection is measured and obtained by using different payloads. The
corresponding deflection for each load is measured using a dial indicator between
the axle and the frame, Fig.11.

Fig.9. Measurement of the load when loaded with tank "M88"

Fig.10. Measurement of the corresponding axles deflection
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Fig.11. Semitrailer suspension characteristics.
B- Roll stability parameters
Data obtained from the measurement of ninety-four heavy vehicle suspension was
presented by C. B. Winkler, [10]. The study includes a generic description of the
suspension including class, spring type, European or American origin, load rating
and test load, measured roll-center height, roll stiffness (total and auxiliary), and
lateral stiffness and roll steer coefficient-are—reported.
3-Tire parameters.
A-Tire cornering and self-aligning torque stiffness
A simple empirical model was created for both cornering and self aligning torque
stiffness as a function of load, inflation pressure, and tread element stiffness factor,
The tread element stiffness factor was developed by considering the tread in the
contact area during cornering to be under unilateral shear, It was next assumed that
the tread elements in this contact region behaved like rubber block bonded to two
parallel plates, with one plate being tire casing and the other plate being the
roadway. A shear stiffness per unit footprint length term, called tread stiffness factor,
was calculated using non-skid depth, tread width, and net-to-gross ratio tire
parameters. Tread rubber shear modulus of 1.5 MPa was assumed.
The empirical model used for cornering stiffness, [11]:

Cs = Co +(Ci x Fz ) + (C2 x Fz2 )+ (C3 x TSF )

(12)

The empirical model rased for self-aligning torque stiffness, [11]:

ATS = 10 + (A1 x F,) + (A2 x F,2 ) + ( A3 x P)+ (A4 x 'TSF )

(13)
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Where:
Cs is the cornering stiffness, (KN/Deg.).
Fz is the tire load, (KN).
TSF is the tread stiffness factor, (TSF= G.TW.NTG/NSD).
G is the rubber shear modulus, (Mpa).
TW is the tread width, (cm).
NTG is the tread pattern net-to-gross ratio.
NSD is the tread non skid depth, (cm).
Co,C1,C2,C3 are constants that are given below.
Co= -0.71602669, C1= 0.16299723, C2= -0.002012783, C3= 0.00240035
ATS is the aligning torque stiffness, (N.m/Deg.).
P is the tire inflation pressure, (bar).
Ao,A1,A2,A3,A4 are constants that are given below.
A0= 11.91324890, Al= 6.13365504, A2= 0.02270090, A3= -13.17650471,
A.4= 0.01827841
B- Tire vertical stiffness.
The tire vertical stiffness is calculated from the following equation:

Tire vertical stiffness =

Rated capacity load
free radius — static loaded radius

(14)

4- Steering system parameters
STEERING SYSTEM STIFFNESS:
This value describes the stiffness at the road wheel when the steering wheel is held
fixed. It is considered as a constant value equal (11000. Lb.in/deg), [4]
THE TIE ROD LINKAGE STIFFNESS:
This value describes the stiffness at the right road wheel when the left road wheel
remains stationary. It is considered as a constant value (11000. Lb.in/deg), [4]
MECHANICAL TRAIL:
The mechanical trail equal to the caster angel times the front tire radius. A positive
value corresponds to positive caster. It is considered as a constant value (1 in), [4]

4.2 Computer Simulation and Performance Measures Output
The input data, obtained in section (4.1), are fed to both the yaw/roll and static roll
model. Evaluation of the dynamic performance of the studied combination during
different maneuvers based on RTAC and NRC methods, which are summarized in
section2, are given in table1.
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Table 1. Overall evaluation based on RTAC performance measures

a

b

c
d
e

f

Result
Performance measures
0.46
Static rollover threshold, [g], (by Static roll model)
0.522
Static rollover threshold, [g], (by yaw/roll model).
0.333
Dynamic load transfer ratio, (LTR).
1.26
Rearward amplification ratio, (RWA).
0.225
Three point handling
i-ER:4M Point (A)
ifkinallE= Point (B)
-0.063
characteristics
0.908
NRC)
'1 . mlimi Point C
3.697
Maximum low speed offtracking, [m], (LOF).
0.385
Transient high speed offtracking, [m], (TOF).
0.391
High speed steady-state offtracking, [m], (HOF).
0.117
Low speed friction demand, (LFD).
0.173
High speed friction demand, (HFD).
Lateral friction utilization, at low speed, (LFU).
87%
1:1
Axle group
23.3%
Lateral friction utilization, at high speed, (HFU)
4:7
Axle • rou •
Yaw dampin• ratio, (YDR , NRC)
0.1325

Limit
0.40 min.
0.40 min.
0.6 max.
2.2 max.
>0.18
Ku>-3.98
2.0>Ku>0.0
5.0 max.
0.8 max.
0.46 max.
0.3
0.3

max.
max.

80%

max.

80% max.
1

0.15

min.

......:
...=-...1
Evaluation
Pass ✓
Pass
V
Pass ✓
Pass ✓
Pass
✓
Pass
✓
Pass
✓
Pass
Pass ✓
Pass
✓
Pass
Pass
Fail
Pass
Fail

x

4.3 Discussion of the results
Referring to table 1., the results obtained based on both RTAC and NRC methods
are to be discussed from the following view points:
a. Rollover stability
Rollover stability is considered as the most important performance measure in
evaluating the dynamic performance of the heavy vehicles, so it is examined from
different points of view as follows:
Static rollover threshold: The static rollover threshold, which is predicted from both
static roll model and yaw/roll model (0.46 and 0.522 respectively), indicates that, the
vehicle has a good level of rollover stability, the threshold limit is (0.4 ,minimum).
Dynamic rollover stability: Which is expressed in terms of load transfer ratio and
rearward amplification ratio. The results obtained from RTAC method (0.333 and
1.26 respectively) ensure that the vehicle has a good rollover stability. where the
threshold limits are (0.6 and 2.2, maximum).
b. Handling characteristics
As discussed before, handling characteristics is a good measure of both the
controllability and stability of the vehicle. NRC three point handling curve indicates a
good yaw stability and controllability of the case studied, and this may be referred to
the increased number of semitrailer rear axles.
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c. Offtracking performance
Offtracking performance is a measure showing the ability of the combination to track
different curvatures with different speeds. The calculations of offtracking obtained
from RTAC method give good results.
d. Friction demand properties
The friction demand measure describes the tire friction levels measured at the drive
axle of the tractor during low and high-speed maneuvers. The results obtained based
on RTAC method show that low level of the friction demand, which gives impression
of low possibility of jackknifing occurrence. This may be attributed to the higher load
at the tractor drive axles.
e. Lateral friction utilization
Characterize the level of lateral friction utility at an axle group of the combination
axles. The results obtained based on RTAC method show increased lateral friction
utility at the tractor front axle at low speed maneuvers (87%), where the threshold
limit is (80%), which may be an indicator to the loss of the steering control, moreover
the side skidding of the tires gives excessive tire wear.
f. Yaw damping ratio coefficient
The yaw damping measure describes how rapidly the lateral acceleration oscillations
of the rearmost trailer of an articulated vehicle diminish. It is a new measure
developed by NRC. The calculation of yaw damping ratio based on NRC method
(0.1325) shows low level of the damping ratio results in prolonged swaying, where
the threshold limit is (0.15, minimum).
Final evaluation:
For the case studied, it is found that, the combination has a good dynamic rollover
stability, yaw stability, controllability and friction demand, while it has undesirable
lateral friction utilization and yaw damping ratio, which indicates tendency for
uncontrollable behavior of the combination may occur. It should be noted that, it is
reported for this combination that there is an extra tire wear, which explains that the
tires work near the adhesion limit leading to a tire side skid. Also prolonged swaying
of the semitrailer increases this side skidding, which results in more tires failure.

5. CONCLUSIONS
1. A systematic method based on computer simulation has been highlighted and
applied on an actual case study.
2. This method can be used in the national scale to evaluate the controllability and
stability limits for heavy articulated vehicles.
3. For the case study considered the combination has passed all tests except lateral
friction utilization (LFU) and yaw damping ratio (YDR), where the simulation
results give a value of 87% for LFU, while the maximum limit is 80%, and a value
of 0.132 for YDR, while it should be grater than 0.15. These results may explain
the complaint of the excessive tire wear of the considered combination. More
investigation is needed to compensate for these unsatisfactory responses.
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AVrtNUIA (A) LIST OF THE CASE STUDY INPUT DATA
UNIT N 1
N OF AXLES ON THIS UNIT = 3
WEIGHT OF SPRUNG MASS =
24387.60 LB.
ROLL MOMENT OF INERTIA OF SPRUNG MASS =
53116.20 LB.IN.SEC**2
PITCH MOMENT OF INERTIA OF SPRUNG MASS = 691534.50 LB.IN.SEC**2
YAW MOMENT OF INERTIA OF SPRUNG MASS = 691534.50 LB./N.SEC**2
HEIGHT OF SPRUNG MASS CG ABOVE GROUND =
39.20 INCHES
AXLE N 1 AXLE It 2 AXLE # 3
LOAD ON EACH AXLE (LB.)
AXLE WEIGHT (LB.)
AXLE ROLL M.I (LB.IN.SEC**2)
X DIST FROM SP MASS CG (IN)
HEIGHT OF AXLE C.G. ABOVE
GROUND (INCHES)
HEIGHT OF ROLL CENTER ABOVE
GROUND (INCHES)
HALF SPRING SPACING (IN)
HALF TRACK - INNER TIRES (IN)
DUAL TIRE SPACING (IN)
STIFFNESS OF EACH TIRE (LB/IN)
ROLL STEER COEFFICIENT
AUX ROLL'STIFFNESS (IN.LB/DEG)
SPRING COULOMB FRICTION PER SPRING (LB)
VISCOUS DAMPING PER SPRING
(LB.SEC/IN)
SPRING TABLE N
CORNERING FORCE TABLE #
ALIGNING TORQUE TABLE #

17367.70
2000.00
3700.00
101.00
24.00

34332.00
3000.00
5100.00
-83.00
24.00

34332.00
3000.00
5100.00
-143.00
24.00

26.77

32.28

32.28

16.14
38.38
.00
3692.00
.00
.00
475.00

17.72
29.71
14.20
3692.00
.10
.00
1000.00

17.72
29.50
14.20
3692.00
.10
.00
1000.00

.00

.00

.00
2
1
1

UNIT It 2
IS OF AXLES ON THIS UNIT = 4
WEIGHT OF SPRUNG MASS = 160643.70 LB.
ROLL MOMENT OF INERTIA OF SPRUNG MASS = 3213335.00 LB./N.SEC**2
PITCH MOMENT or INERTIA OF SPRUNG MASS = 7106993.00 LB.IN.SEC**2
YAW MOMENT OF INERTIA OF SPRUNG MASS = 3858871.00 LB.IN.SEC**2
HEIGHT OF SPRUNG MASS OU ABOVE GROUND =
88.16 INCHES
- AXLE N 4 AXLE N 5 AXLE 0 6 AXLE N 7
I
*********
LOAD ON EACH AXLE (LB.)
3007340
30073.30
30073.30
30073.30
AXLE WEIGHT (LB.)
332).40
3323.40
3323.40
3323.40
AXLE ROLL M.I (LB.IN.SEC**2)
4)00.00
4100.00
4100.00
4100.00
X DIST FROM SP MASS CG (IN)
-74.33
- 124.33
-174.33
-224.33
HEIGHT OF AXLE C.G. ABOVE
20.00
20.00
20.00
20.00
GROUND (INCHES)
HEIGHT OF ROLL CENTER ABOVE
20.87
20.87
20.87
20.87
GROUND (INCHES)
HALF SPRING SPACING (IN)
37.99
37.99
37.99
37.99
HALF TRACK - INNER TIRES (IN)
50.63
50.63
50.63
50.63
DUAL TIRE SPACING (IN)
14.10
14.10
14.10
14.10
STIFFNESS OF EACH TIRE (LB/IN)
2831.00
2831.00
2831.00
2831.00
ROLL STEER COEFFICIENT
.15
.15
.15
.15
AUX ROLL STIFFNESS (IN.LB/DEG)
.00
.00
.00
.00
SPRING COULOMB FRICTION 950.00
950.00
950.00
950.00
PER SPRING (LB)
VISCOUS DAMPING PER SPRING
.00
.00
.00
.00
(LB.SEC/IN)
SPRING TABLE N
3
3
3
3
CORNERING FORCE TABLE N
1
1
1
1
ALIGNING TORQUE TABLE It
1
1
1
1
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= 206325.00 LB.
3.11 M.P.H

DISTANCE AHEAD HEIGHT BELOW ROLL STIFFUESS
OF SPRUNG MASS
SPRUNG MASS
(IN.LB/DEG)
C.G. (INCHES) C.G. (INCHES)
-103.00
-4.80
999999.90

ON UNIT # 1
ARTICULATION PT # 1
ON UNIT # 2
297.91
TYPE OF CONSTRAINT : 01 CONVENTIONAL 5TH WHEEL
02 INVERTED 5TH WHEEL
03 PINTLE HOOK
04 KING PIN(RIGID IN ROLL & PITCH)

TYPE OF
CONSTRAJ
1

44.16

CORNERING FORCE TABLE # 1

LATERAL FORCE VS. SLIP ANGLL

.00
1983.00
5967.00
9441.00

1.00
356.94
835.38
944.00

2.00
634.56
1611.09
1793.79

4.00
1070.82
2804.49
3398.76

8.00
1526.91
3938.22
5192.55

12.00
1904.53
4355.91
5759.01

4.00
660.00
2256.00
4344.00
6720.00
8604.00

8.00
444.00
1728.00
3240.00
5304.00
7104.00

12.00
292.00
1092.00
2184.00
3576.00
4620.00

ALIGNING TORQUE TABLE # 1
ALIGNING TORQUE VS. SLIP ANGLE
.00
2000.00
3980.00
5970.00
7950.00
9440.00

1.00
336.00
1020.00
1764.00
2484.00
3000.00

SPRING TABLE # 2
****** *******
FORCE
LB
-36750.00
-29400.00
-22050.00
-14700.00
00
14700.00
22050 00
29400.00
36750.00

DEFLECTION
INCHES
-2.50
-2.00
-1.50
-1.00
.00
1.00
1.50
2.00
2.50

2.00
128.00
1716.00
3156.00
4600.00
5616.00

SPRING TABLE # I
****** *******
FORCE
LB
-9920.00
-7440.00
-4960.00
.00
4960.00
7440.00
9920.00

DEFLECTION
INCHES
-2.00
-1.50
-1.00
.00
1.00
1.50
2.00

SPRING TABLE # 3
******
FORCE
LB
-19700.00
-18000.00
-8200.00
.00
8200.00
18000.00
19700.00

DEFLECTION
INCHES
-.45
-.40
-.18
.0C
.18
.40
.45
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Appendix (B) Conversion Factors

, a.zt.;.1,%:, „ . ;.ia.

Unit
ft/s2
ft2

in.2
Energy
r,,

.

to

Length

Mass
Moment of a force
-

-

- 'Or stress
Speed

.Veltrme

ft.Ib
lb
ft
in.
mile
Slug
ton
lb.ft
hR..
lb/ft'
lb/in.2 (Psi)
ft/s
mph
ft3

in.3
• al Li • uids

2
0.3048 m/s
0.0929 m2
645.2
mm2
1.356
J
4.448
N
0.3048 m
25.4
mm
1.609
km
14.59
Kg
907.2
Kg
1.356
N.m
745.7
w
47.88
Pa
6.895
KPa
0.3048 m/s
1.609
km/h
0.02832 m3
16.39
cm2
3.785
liter

'

