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Abstract: The influence of the cargo weight loaded on the
vehicle and the total gross mass of the vehicle on the brak-
ing characteristics is often researched from the road safety
reason. However, there is not enough knowledge about the
influence of weight and load distribution on the loading
area of small trucks or vans on their braking character-
istics. This article presents the results of measurements
of braking decelerations of the van of N1 category and
the braking characteristics of a vehicle loaded with differ-
ent cargo mass with different cargo locations on the load-
ing area. The impact of the longitudinal cargo position on
the loading area on the load of the individual axles and
thus on the braking deceleration of the vehicle was inves-
tigated. The influence of the height of the center of grav-
ity on the dynamic axle load during braking was also de-
termined. Method of direct vehicle deceleration measure-
ment was used by a decelerometer. There were calculated
cargoweight and cargoposition influences on the dynamic
axle load during braking according to the vehicle deceler-
ation.

Keywords:Braking deceleration, light commercial vehicle,
axle load, load position, center of gravity height

1 Introduction
In general, the ability to brake a vehicle is a very important
aspect in terms of road safety [1]. Braking is a dynamic ef-
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fect, when changing the speed of the vehicle at the time
and at a certain route. It is important that the speed de-
creases as much as possible in the shortest time and dis-
tance [2–4]. As specified in [5] and [6] the decrease in speed
over time is defined by the braking deceleration. It is a
parameter that describes the “greatness” of braking and
is useful for comparing different car types under different
conditions [7–10]. It cannot be said about the braking time
or stopping distance, which vary significantly due to a ini-
tial speed changes from which the vehicle decelerates [11].

The issue of vehicle braking has been described in sev-
eral publications. For example the authors in literature [12]
and [13] discuss that braking deceleration, and therefore
braking characteristics are primarily affected by the ad-
hesion between the wheel and the road surface (also in-
fluenced by atmospheric conditions), the efficiency of the
braking system [14], vehicle gross mass, weight distribu-
tion on the loading area [3] and the technical conditions
of the vehicle [15]. From the perspective of the vehicle op-
erator only vehicle actual mass and load distribution on
the loading area can be changed [16, 17].

The vehicle center of gravity is very important during
the vehicle braking. The actual position of the gravity cen-
ter is given by the gravity center of empty vehicle (techni-
cal parameter) and by actual mass of load and its position
(operation parameter). The actual loaded vehicle center of
gravity effects the actual axle loads. The determination of
the axle loads (front and rear axle) is given by its longitu-
dinal position within the wheelbase. There are two types
of axle load – static and dynamic axle load. The static axle
load is acting by non-moving vehicle. We consider the dy-
namic axle load by vehicle in motion. The difference be-
tween these two axle loads is increasing with the actuat-
ing vehicle-in-motion accelerations – lateral (side differ-
ences of the wheels) and longitudinal (front/rear axle dif-
ferences) and vertical (overall differences).

It is possible to make a direct measurement of the dy-
namic axle loads by using special measuring devices. We
used another way to determine it - the measurement of
static axle load and accelerations acting on the vehicle-
in-motion at first. The second step is to determine the dy-
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namic axle loads by calculation according to data from
the previous measurements and technical vehicle parame-
ters. It is necessary to make higher number of weight and
static axle loadmeasurements to reach some statistical ac-
curacy. This condition is valid also for braking measure-
ments of vehicle deceleration. The static axle load mea-
surement gives results enouncing the longitudinal posi-
tion of the vehicle gravity center. But for the calculation
of the dynamic axle loads it is necessary to know the verti-
cal position of the vehicle gravity center (the height of the
vehicle gravity center). It follows from the above that all
those static weightmeasurementsmust be done before the
dynamic braking measurements.

These time consuming methods were used because of
higher value form the practical point of view. The trans-
port companyor transport operator cannotmeasure actual
dynamic axle loads and this amount has no redeemable
value for them. But it is possible to make a measurement
of static axle loads on almost every loading or unloading
place. And the combination of the actual static axle loads
of the vehicle and the knowledge of its impact on the vehi-
cle deceleration can lead to secure higher traffic safety.

According the theoretical knowledge in this field, the
lowest vehicle gravity center and the equally at the static
axle loads should secure the highest values of the vehicle
deceleration.

2 Data and Methods
The methods used to determine the influence vehicle cen-
ter of gravity on the braking characteristics were:

1. Loaded vehicle mass measurement – measurement
of static axle loads

2. Loaded vehicle height of gravity center measure-
ment – measurement of static axle load during dif-
ferent relative heights of axles

3. Braking deceleration measurements – measure-
ment of vehicle deceleration during its full braking
by measuring device – accelerometer

4. Calculation of the dynamic axle loads according to
measured values and technical dimensions of the ve-
hicle

The braking characteristics were measured on a two-
axle vehicle N1 Citroën Jumper Furgon 4-35 L4H3 , which is
the longest andhighest version of thismodel line designed
for cargo transportation. The weight of the empty vehicle
with the driver was detected by the mobile scales. It was
found that the front axle was 1560 kg while the rear was

920 kg, so theweight of the empty vehiclewith the driver is
2480 kg. By subtracting the empty vehicle weight from the
maximumpermissible vehicleweight, thehighest possible
payload can be obtained at 1020 kg. In this way it was also
easy to calculate:

– maximum front axle payload: 540 kg;
– maximum rear axle payload: 1480 kg.

2.1 Load distribution diagram of Citroen
Jumper L4H3

Based onmaximum permissible load of both axles, on the
informationaboutmaximumpayloadof the vehicle andon
the dimensions of the used car for measuring, a load dis-
tribution diagramwas drawn up. The black dot also shows
all the loads mentioned above.

The area of correct positioning of the cargo in the di-
agram is bounded by the curve of maximum permissible
front axle load, and in particular the maximum payload
line, whichmay be higher depending on the driversweight
and the fuel level in fuel tank. In the case of any load dis-
tribution there are no axle load limits exceeded.

2.2 Calculation of vehicles center of gravity
height

The amount of tipping moment, which changes the axle
load during braking, depends on the braking deceleration
and the center of gravity position and thus the center of
gravity height [18–20]. It was therefore crucial to calculate
the vehicles center of gravity height to obtain axle load
data during braking [21, 22]. This can also be determined
by considering the weight on any of the axles on an in-
clined plane of known slope. Then the vehicles center of
gravity height is calculated according to formula (1):

ht =
mz2 · L − m · L1

m · tg α + rs (1)

where:
ht – height of center of gravity [m]
mz2 – vehicle mass in inclination per lower axle [kg]
L – wheelbase [m]
m – vehicle gross mass [kg]
L1 – distance of the higher axle from the center of gravity
in the horizontal plane [m]
α – angle between horizon and inclined plane [∘]
rs – wheel radius [m]
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The Legend:
A – maximum permissible front axle load
B – maximum permissible rear axle load
C – maximum payload of the vehicle

Figure 1: Load distribution diagram of Citroen Jumper L4H3. Source: Authors

After inserting all known values into equation (1), the
vehicles center of gravity is obtained (2):

ht =
1600 kg · 4035 mm − 2480 kg · 2538 mm

2480 kg · tg 8, 4∘ (2)

+ 355 mm .= 797 mm

After the calculation it can be stated that an empty Cit-
roën Jumper Furgon L4H3with a driver has a center of grav-
ity height of 797 mm, which, given the location of the pow-
ertrain, the entire chassis and the floor of the loading area,
may be sufficiently accurate.

2.3 Calculation of axle loads during braking

The braking tests of the vehicle were carried out with dif-
ferent load distribution with different weight but always
with an initial speed of 75 kmph. The test results were au-
tomatically measured by a decelerometer, with measuring
of themost important parameter -MFDD (mean fully devel-
oped deceleration), which is the best value characterizing
the braking of the vehicle. To verify that the results were
not affected by the low value of the operating force on the
brake pedal, the magnitude of this force were recorded by
a pedometer. Three pallet units filledwith river stoneswith
a totalweight of 250kg, 500kg and 750kgwereused for the
measurement. For the purpose of calculating the axle load
change during braking, the height of the center of gravity
was also estimated.

The cargo has been loaded on the loading area in the
longitudinal plane in three different places. The front of
the loading area, directly over the axis of the rear axle and
at a place between them (see Figure 1). At each of these
three locations, each of the three loading transport units
was successively loaded and secured individually. This
placement of the loading transport units gave 9 stowage
options thus 9 different axle loads. A load of 1000 kg of
cargowas achieved by using the yellow 250 kg pallet at the
same time behind the blue 750 kg loading transport unit.
Both pallets were secured in two places, so that their com-
mon center of gravity was above the rear axle and at the
place between the front wall of the loading area and the
rear axle.

To determine the impact of the height of center of grav-
ity of the cargo on braking, it was also placed at different
heights from the floor in addition to the longitudinal axis
of the vehicle. All three pallet units were gradually loaded
on five stacked pallets in themiddle between the frontwall
of the loading area and the rear axle. The 1000 kg load
was simulated by using the pallet with mass 750 kg load-
ing unit over the pallet of 250 kg.

With the value of the center of gravity height, the
weight on the axles during braking may be calculated by
deriving from equations (3) and (4). The only unknown
remains the braking force, which can be calculated from
equations (5) and (6).
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The Legend:
Fi – inertia force [N]
T – center of gravity of the vehicle
G – gravity [N]
M – torque changing the axle load [N.m]
hT – center of gravity height [m]
Fb1 – front axle braking force [N]
Fb2 – rear axle braking force [N]
Fz1 – front axle load [N]
Fz2 – rear axle load [N]
L1 – distance of front axle axis from center of gravity [m]
L2 – distance of rear axle axis from center of gravity [m]
L – wheelbase [m]

Figure 2: The forces applied to the braked vehicle. Source: Authors

Fz1 =
G × L2 + Fi × ht

L [N] (3)

Fz2 =
G × L1 − Fi × ht

L [N] (4)

Fb1 = mc · b
(︂
L2
L + htL · bg

)︂
[N] (5)

Fb2 = mc · b
(︂
L1
L − htL · bg

)︂
[N] (6)

Where:
mc – vehicle gross mass [kg]
b – braking deceleration [m·s−2]
g – acceleration of gravity [m·s−2]

2.4 The cargo, its loading and securing

Since during the tests the vehicle developed maximum
braking deceleration, it had to be given to ensure a level

playing field for each trio of braking tests, ruled out any
slide of the cargo [23, 24]. Most critical was securing of
1000 kg load with a high center of gravity by using a com-
bination of top-over lashing and spring lashing with three
pcs of lashing straps ensure the cargo against sliding even
at maximum braking deceleration [25–28].

When securing lighter cargo enough top-over lashing
and direct diagonal lashing. The top-over lashing was the
most important because by increasing the frictional force
to the mat, it prevented the cargo from sliding in all direc-
tions [3, 16, 29–33].

3 Results
Since the cargo has been loaded in up to 15 different ways
and also itwasmeasured an empty vehicle,measured data
from 16 different axle loads are available. In fact, up to
three braking tests were performed at each particular load,
which were then averaged to eliminate an accidental mea-
surement deviation. MFDD size together with the stopping
distance is compared in the following table (Table 1) with
the position of the center of gravity of the cargo and the
front axle load at rest and during braking that is deter-
mined by calculation. The calculated braking force also
adds data.

From the weight difference in the table, its possible
to see, how much mass is added to the front axle when
braking. In the extreme case, when the 1000 kg cargo was
loaded in height, a load of up to 638 kg was shifted from
the rear axle.

3.1 Influence of the cargo mass and cargo
position on the floor on MFDD

MFDD data from the first nine cases in which the load
was loaded and secured directly to the floor of vehicle are
graphically compared in the following figure (Figure 5).

From the graph it seems that MFDD size (deceleration
size) depends on the weight of the cargo, but its size de-
pends primarily on its distance from the front wall of the
loading area. In particular, there is a visible change in the
developed deceleration of a vehicle with a cargo of more
than 250 kg. The more the cargo is located from the front
wall of the loading area, the more MFDD increases.

There is only a small difference between MFDD val-
ues depending on the mass of the cargo. However, an in-
creasing trend of the MFDD can be seen as a function of
increasing weight and distance of the cargo from the front
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Figure 3: Securing of the 1000 kg load with high COG. Source: Authors

Figure 4: Securing of the 500 kg load with high COG. Source: Authors

wall of the loading area. The graph (Figure 5) shows that
with a higher weight cargo, both better and worse braking
deceleration results can be achieved than with a lighter
cargo. The result depends mainly on the cargo location. It
can therefore be assumed that when transporting heavier
cargo, this difference will be more noticeable and this re-
sults will be reflected also in the stopping distance.

However, the above has not been confirmed by the re-
sults of the measurement of vehicle characteristics with
only a 250 kg cargo. Since the increase in the distance of
the cargo from the front wall of the loading area showed
a slight increase and a further considerable decrease of
MFDD, it is not possible to speak about dependence. That
means, the position of the light cargo does not seem to af-
fect the braking deceleration. A measurement error is also
acceptable. But, the developed decelerationwas definitely

not low, and the cargo position at the front achieved the
second highest value after the empty vehicle test values.
Just an empty vehicle achieved almost the highest decel-
eration result. The higher value was developed only by a
vehicle with a 1000 kg cargo placed directly above the rear
axle. Conversely, the worst MFDD was achieved with 750
kg of cargo at the front of the loading area [34, 35].

After a complete analysis of the graph can be said
that the braking deceleration decreases at a low mass of
the cargo with an increase in distance from front wall of
the loading surface [36, 37]. Furthermore a heavier load
affects braking deceleration more by its position on the
loading surface than by theweight itself. Thus, placing the
cargo further from the front wall increases the MFDD val-
ues, which may also exceed the values measured with an
empty vehicle [38–40].
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Table 1:Measured and calculated data recorded during braking tests Source: Authors

Weight of the
Cargo [kg]

Total Gross
Mass [kg]

LL
[mm](2)

COG Height of
the Cargo [mm]

MFDD
[m·s−2]

Stopping
distance [m]

m1
(3)

[kg]
m′
1
(4)

[kg]
Fb(5)

[N]
250 2730 455 210 7,95 30,32 1698 2118 21704

1600 210 7,96 29,64 1628 2060 21731
2690 210 7,91 30,12 1560 1991 21594

500 2980 455 266 7,83 30,80 1837 2289 23343
1600 266 7,89 30,52 1695 2161 23502
2690 266 8,00 30,00 1560 2039 23830

750 3230 455 325 7,81 31,05 1975 2468 25226
1600 325 7,88 30,51 1763 2270 25463
2690 325 8,01 29,75 1560 2083 25883

1000 3480 1600 296 7,90 30,05 1830 2376 27480
2690 296 8,05 29,33 1560 2102 28014
1600 760 7,89 30,28 1830 2468 27457

843 (1) 3323 1600 951 7,79 31,12 1856 2460 25886
593 (1) 3073 1600 869 7,83 30,26 1788 2320 24072
343 (1) 2823 1600 758 7,87 29,63 1721 2182 22208
Empty
Vehicle

2480 - - 8,02 29,28 1560 1961 19898

(1) weight of cargo including weight of 5 pallets (93 kg)
(2) LL – distance of the center of gravity of the cargo from the front wall of the loading area [mm]
(3) m1 – mass of the vehicle stationary on the front axle [kg]
(4) m′

1 – front axle mass during braking [kg]
(5) Fb – vehicle braking force [N]

Figure 5: Influence of the cargo mass and its position on the floor on MFDD Source: Authors
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Figure 6: Impact of front axle load during braking on MFDD Source: Authors

3.2 Effect of load during braking

If we want to objectively assess the impact of cargo stored
in height, the position of the center of gravity in the hori-
zontal and vertical direction must be replaced by one vari-
able. Such a variable can be for example weight on each
axle during braking, because this variable dependsmainly
on the position and weight of the load.

The development of different load distribution values
is indicated by the trend line with the polynomial func-
tion of the third degree. It can be seen that the increase
in the load transmitted by the front axle during braking
reduces the MFDD value. All these values are higher in
the left part of the graph and lower in the right part. The
point on the x-axis that split them is approximately 2125 kg.
This value is actually identical to the maximum permissi-
ble front axle load (2100kg). It is questionablewhether this
phenomenon is caused by an under-dimensioned braking
system or by a friction coefficient between the tire and the
road, which makes the tire unable to pass on higher loads.

Depending on the carried cargo dimensions, an even
greater overload of the front axle can be achieved, for ex-
ample by shifting the cargo forward. During the tests with
mass of stacked cargo 1000 kg, there was the option to
move the cargo more about 1 meter closer to the front wall
of the loading area,while respecting themaximumpermis-

sible front axle load. This would be achieved during brak-
ing even greater overloading of the front axle estimated
2700 kg (depending on the achieved MFDD).

3.3 Effect of payload utilization rate

The following two graphs illustrate the importance of uti-
lizing the payload that the axles are able to transfer within
their permissible load and its impact on MFDD.

According to Figure 6 a higher payload utilization rate
is reflected in lowerMFDD values achieved during braking.
Since the utilization rate of the maximum payload of the
front axle is related to the absolute load during braking,
this graph provides the same conclusions as the previous
one. For this reason, it can be concluded that shifting of
the cargo closer to the front wall of the For heavier vehi-
cles of category N2, this seemingly small change in MFDD
(0.26 m·s−2) between the highest and the lowest payload
utilization rate results in a much more noticeable differ-
ence (more than 1 m·s−2).

In order tounderstand thegraph inFigure8, it is neces-
sary to see the context of Figure 6. There theMFDD reached
the higher values, the lower the payload rate was trans-
ferred by the front axle. Less than 0% utilization rate can
be achieved practically only by the placing cargo behind
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Figure 7: Dependence of the payload utilization rate of front axle on the MFDD Source: Authors

Figure 8: Dependence of the payload utilization rate of rear axle on the MFDD Source: Authors
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Figure 9: Influence of cargo location and its weight on braking deceleration Source: Authors

the rear axle, thereby relieving the front axle and loading
the rear axle. This would move the cargo from the front
wall of the loading area and at the same time increase the
value of the MFDD.

A higher payload utilization rate of rear axle of tested
vehicle and in the given measurement conditions without
relieving the front axle is not possible. The reason is the
placing of the heavier cargo between the front wall of the
loading area and the rear axlewould exceed themaximum
permissible gross mass of the tested vehicle (3500 kg).

4 Discussion
Previous graphs have provided important insights into
how the cargo effects on the vehicle braking. However, it is
difficult to tell where exactly the cargo needs to be loaded
on loading area to rich the optimal braking characteris-
tics [41, 42]. Such knowledge can be found in the following
picture.

The position of the cargo is here (Figure 9) precisely
scaled relative to the x-axis - the distance of the center of
gravity of the cargo from the front wall and with respect
to the y-axis - the height of the center of gravity of the
cargo from the floor of the loading area. The color scale
shows the MFDD value can be achieved by the van with
such the load distribution. To the right of each center of

gravity (numbers close to colored cells) is the mass of the
load.

It can be seen in the figure that lower weight of cargo
does not greatly affect vehicle braking, although they
cause a decrease in MFDD compared to zero load. Thus,
the horizontal position of the lighter cargo does not have a
clear effect on the vehicle braking [43]. The heavier cargo
already shows the influence of its mass and its position.
Placing a heavier cargo in the front of the loading area
worsens braking. Conversely, the heavier goods loaded in
the rear part of the loading area improveMFDD values and
thus reduce the stopping distance. It is important to en-
sure that the cargo is distributed correctly in relation to the
height of the center of gravity from the floor of the load-
ing area. In fact, the high center of gravity of the cargo will
easily cause the lower MFDD values, as can be seen in the
color range of goods of different mass with high center of
gravity, loaded between the front wall of the loading area
and the rear axle.

With an empty vehicle, almost the bestMFDDvalues is
achieved. With the increasing weight of the cargo in front
part of the vehicle, the value of MFDD decreases. After ex-
ceeding a certain cargo weight (between 250 and 500 kg),
the front axle is overloaded during braking and the MFDD
further decreases. This value may be higher only if the
cargo is located near the rear axle, causing the front axle
will transmit lower load. If the cargo is over 500 kg and
placed directly above the rear axle, the total center of grav-
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ity of the cargo will be shifted more to the rear axle than
to the front axle. For this reason, when loading cargo, it
is important to look not only at braking characteristics as
well as other aspects of driving dynamics. For example, in
a situation where 1000 kg of cargo were loaded, the load
was split in a 45/55 ratio (front/rear axle).

The used methods to determine the dynamic axle
loads are numerous and time consuming. The accuracy
of the given results is decreasing with increasing the dif-
ficulty of the methods, numbers of them and usedmeasur-
ing devices. Results introduced in this work have a scien-
tific value but they are more useable in the operation of a
transport company to achieve the highest safety of the pro-
cess.We could reach the resultswith higher scientific accu-
racy by directmeasuring of the dynamic axle loads but it is
not possible to use in praxis. So higher redeemable value
for praxis has this used one but more complicated combi-
nation of methods.

5 Conclusion
The results confirm expectations based on theoretical
knowledge of the solving problem, that with the increas-
ing height of the center of gravity (at the same cargo mass)
the braking deceleration decreases (Figure 9) and that the
vehicle is able to reach higher values of the braking de-
celeration within smaller axle load differences (Figure 7
and 8) what can be introduced in the practical expression
by cargo position on the loading area (Figure 9).

Based on the results of the measurements, it is recom-
mended to loading heavy goods in N1 vehicles as low as
possible and as close to the rear axle as possible. In some
cases, the highest braking deceleration can be achieved
even if the cargo center of gravity position is beyond the
rear axle of the vehicle. However, the loss of directional
stability when driving forward caused by a center of grav-
ity closer to the rear axle than to the front could be prob-
lematic [44, 45].

In practice, it is sometimes very stressful, inconve-
nient and, due to the timepressure, complicated to loading
the cargo further away from the front wall of the loading
area. In this way of loading, the cargo must be secured in
another way or use a larger number of the lashing strips. It
should be noted that shifting of the cargo closer to the rear
axle can shorten the stopping distance by up to 1.5 meters.
At first glance, it seems to be a very short distance to the
total stopping distance of approximately 30 meters. How-
ever, such a shortening can prevent damage event, a road
accident, injuries or loss of life. It should be noted that the

N1 vehicle weighing 3500 kg, will reduce the driving speed
by 18 kmph over a distance of 1.5 meters.
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