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Abstract

The technical condition of a vehicle is crucial for ensuring cargo securing. One aspect is the
age of the vehicle and its mileage. Modern sensor technology makes it possible to collect
data during transport relatively cheaply and easily and then evaluate it using Freight Vehicle
Management for the purpose of rationalizing cargo transport. The paper deals with aspects
of cargo securing in relation to the mileage of T-815-7 Multilift vehicles. The assumption is
that higher mileage will have a significant impact on the choice of cargo securing method. To
identify differences, appropriate statistical methods (Kruscal-Walis tests) are used to evalu-
ate acceleration coefficients from real transport experiments of two pairs of tested vehicles.
Acceleration coefficients are measured using a three-axis accelerometer with a data logger,
and for extreme values, the corresponding inertial forces affecting the cargo securing sys-
tem, demonstrating different requirements for cargo securing. The results show that there
are statistically significant differences between selected vehicles, determining different re-
quirements for the fastening system, which are summarized in the recommendations. In the
tested vehicles (both pairs), it was proven that mileage has a significant impact on cargo
securing even in cases where the difference in mileage is relatively small.
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1 Introduction

Road freight transport is a key element of today’s transport system, ensuring the smooth
functioning of the economy, logistics, and the state’s security structures. Within the Europe-
an Union, it has long been the dominant mode of transport in terms of transport performance
compared with other modes, and its importance continues to grow due to door-to-door con-
cepts, routing flexibility, and the ability to respond to dynamic market demands. This trend
is also evident in the Czech Republic, where road transport accounts for the majority of the
volume of goods transported and at the same time places increasing demands on vehicle
technical condition, infrastructure, and the organization of transport processes.

One of the key safety aspects of road cargo transport is adequate cargo securing. Insufficient
orincorrect cargo securing is a significant risk factor that may lead not only to damage to the
transported goods, but above all to threats to road traffic safety. Estimates by the European
Commission indicate that up to 25% of accidents involving heavy goods vehicles may be
related to incorrect or insufficient cargo securing; the real impacts are likely even higher
when accidents not attended by the Police and damage occurring off public roads are also
considered [1]. In Europe, cargo securing is normatively anchored primarily in DIN EN 12195-
1:2021-01 [2], which defines calculation procedures and normative acceleration coefficients
for dimensioning securing equipment.
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These values are based on empirical measurements carried out mainly in the 1980s and
1990s and represent a simplified model of the dynamic loading of cargo during transport.
However, a number of authors point out that current road-transport conditions have changed
substantially since these standards were developed, both in terms of the technical condition
of infrastructure and in terms of vehicle design, operating load, and utilization patterns [3].
An important factor that is not yet systematically considered in normative approaches is the
technical condition of the vehicle, i.e., its age and the number of kilometers driven. Mile-
age is closely linked to wear of chassis assemblies, suspension, shock absorbers, and other
structural components, which fundamentally affect the transfer of dynamic effects from the
road surface to the cargo area. Experimental studies show that different vehicle types, even
under comparable operating conditions, generate statistically significantly different acceler-
ation values in individual axes, which directly affects the magnitude of inertial forces acting
on the cargo securing system [1]. At the same time, modern sensor technologies make it
relatively easy and cost-effective to monitor dynamic transport parameters in real time. The
use of three-axis accelerometers with data loggers, or their integration into Freight Vehicle
Management systems, opens new possibilities for detailed analysis of transport processes
and their rationalization. The measured acceleration coefficients can subsequently be evalu-
ated statistically and used not only for retrospective safety analysis, but also to optimize the
choice of securing methods and to dimension securing equipment [4]. Existing research on
cargo securing focuses mainly on the influence of road quality, vehicle type, or driving speed
on the magnitude of dynamic effects during transport. The effect of mileage, i.e., gradual
vehicle wear, remains relatively underexplored in literature, even though it can be expected
to have a significant impact on the character of generated shocks and vibrations. This gap is
what the present paper addresses.

The aim of this paperis to analyze cargo securing aspects as a function of the number of kilo-
meters driven for selected T-815-7 Multilift vehicles. Based on experimental transports, the
measured acceleration coefficients obtained using a three-axis accelerometer are evaluat-
ed and then statistically analyses using non-parametric methods (Kruskal-Wallis tests). The
results are interpreted in terms of their impact on the magnitude of shocks (inertial forces)
and the requirements for the cargo securing system. The paper thus contributes to a deeper
understanding of the relationship between a vehicle’s technical condition, its operational
history, and road freight transport safety, and provides a basis for practical recommenda-
tions applicable in transport practice and in the revision of current normative approaches.
From the perspective of further advancing knowledge, it is also evident that existing ex-
perimental approaches, based on measurements from selected vehicle configurations and
routes, need to be systematically expanded to a larger and more diverse fleet in order to
robustly generalize the findings for practical use. Specifically, vehicles covering a broad-
er range of age and accumulated mileage should be included, since wear of chassis and
suspension components may alter the transmission of shocks to the loading platform and,
consequently, the requirements for sizing load-securing devices. It is equally desirable to
work with different types and weights of cargo (e.g., palletized units, containers, sensitive
equipment, dangerous goods) and to distinguish the purpose of trips (routine commercial
transport vs. specific operational deployments). This need is particularly important for agen-
cies within the Integrated Rescue System, typically fire and rescue services, where higher op-
erational dynamics, time pressure, and the transport of specialized equipment coincide; in
such contexts, underestimating real shock loads can increase the risk of equipment damage
as well as secondary incidents [1, 14].
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2 Literature review

Cargo securing in road transport has traditionally been framed as a combination of norma-
tively defined calculations, practical procedures, and verification in real operation, with fail-
ures potentially having safety and economic impacts. Vlkovsky et al. point out that even with
formal compliance with procedures, the assumed shock effects may be exceeded, leading
to cargo damage or accidents, which then translates into financial losses for carriers and
society [3]. From a risk-management perspective, this framework is complemented by re-
view papers that systematize types of cargo loss/damage risks and emphasis the need to
link technical, organizational, and data-driven approaches [21]. The practical dimension is
also reflected in professional sources (e.g., the European Safe Transport and Logistics As-
sociation), which summarize basic principles and recommendations for cargo securing with
respect to operational practice [22].

2.1 Normative and institutional basis for cargo securing

The main foundation of the calculation-based concept of cargo securing in Europe is DIN EN
12195-1:2021-01, which sets out principles and procedures for calculating lashing (securing)
forces in road transport [2]. A number of empirical and modelling studies in this area explic-
itly build on the EN 12195-1 methodology (in its earlier editions), especially the concept of
acceleration coefficients in three axes as a representation of dynamic effects during driving
[1, 3]. The current literature emphasizes that normative settings should be continuously con-
fronted with current vehicle behavior and infrastructure; work aimed at validating existing
standards and guidelines by measuring accelerations on commercial vehicles follows this di-
rection [13]. The institutional and best-practice framework is complemented by professional
and sector platforms that stress standardization of procedures, responsibilities, and control
activities within the transport chain [22].

2.2 Empirical studies of shocks, accelerations, and their effects on securing

Empirical research focuses on measuring shocks and accelerations in real operation and on
assessing to what extent actual dynamic effects match normative assumptions. Vlkovsky,
Veselik and Grzesica conducted a case study measuring acceleration coefficients during
road transport and showed that exceeding the normatively assumed values may occur for
a non-negligible portion of time, with significant implications for dimensioning securing
equipment and for economic losses [3]. This line of work is followed by a comparative ex-
periment on two types of trucks, where the authors statistically test differences in measured
acceleration coefficients and demonstrate that the”vehicle factor” can substantially change
the magnitude of shocks relevant to securing [1]. Other studies in the same research stream
develop the topic of the impact of shocks on cargo securing as a broader problem and con-
nect measurements with considerations regarding the choice of securing method [4]. For the
question of dependence on distance travelled (kilometers), it is crucial that these approach-
es work with time series of accelerations on specific road sections, which makes it possible
to consider not only extremes, but also the frequency of critical states per unit distance (e.g.,
the”number of limit exceedances per 1 km”). This shift from instantaneous values to”expo-
sure” is also supported by studies comparing securing methods when driving on roads of
different quality [8], examining the influence of shocks on pallet units and their securing
[9], and evaluating differences between loaded and unloaded runs of container trucks [10].
Taken together, the literature confirms that risk estimation cannot rely on a single”typical”
scenario; it is determined by combinations of vehicle, cargo, road surface, and operating
conditions [8-10].
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2.3 Measurement and sensing: from accelerometers to operational monitoring

The methodological literature focuses on how to reliably measure dynamic effects relevant to
securing. Jagelc¢ak and Kubanova explicitly analyze the influence of accelerometer position
on the measurement of lateral acceleration in a delivery van, which is crucial for data com-
parability and for interpreting the risk of cargo displacement [5]. An alternative measurement
approach is the use of GNSS/INS to determine turning radius and lateral acceleration, i.e.,
parameters directly associated with lateral dynamic effects [15]. Rajamani focuses on lateral
acceleration in commercial vehicles with regard to cargo safety, underlining the importance
of lateral dynamics for dimensioning and assessing securing [6]. For tractor—semitrailer com-
binations, the literature provides studies evaluating dynamics on highways and the relat-
ed risks for securing [12] as well as work oriented towards practical monitoring of securing
during highway driving [11]. In terms of mileage, the key point is that such monitoring ap-
proaches open the way to continuous data collection over the entire route and subsequent
evaluation of cumulative exposure.

2.4 Modelling, optimization, and testing: from the laboratory to transport
planning

Alongside field measurements, laboratory and modelling approaches are emerging. The sta-
bility of palletized cargo can be examined using a dynamic test method performed on a lab-
oratory test bench, enabling controlled reproduction of loading scenarios [17]. The dynamic
responses of a trailer when driving over an obstacle further show that even single events
(road unevenness/obstacle) can generate pronounced dynamic effects that should be con-
sidered in securing design [18]. Securing materials are also investigated in pilot studies,
contributing to an understanding of the behavior of palletized units under alternative fixing
methods [19]. Although maritime transport uses different standards, work optimizing lashing
layouts on ships by comparing international maritime standards shows that formalization of
constraints and optimization logic can be transferable to other modes as well [20]. In road
transport, this logic is directly reflected in optimization models that consider securing un-
der multi-drop distribution while respecting axle-load constraints [16], situations where the
number of stops and kilometers travelled change the weight distribution and, consequently,
securing requirements.

2.5 Summary of findings and identification of the research gap

The sources indicate that current cargo securing research is grounded in the normative basis
[2], develops it through measurements and statistical methods [1, 3, 7], and gradually moves
towards data-driven optimization (e.g., the use of MEMS accelerometers to rationalize the
securing system) [14]. At the same time, emphasis is increasing on validating prescriptive
assumptions in real operation [13] and on systematically mapping risk factors and future
directions [21]. In the context of the topic "depending on the number of kilometers driven”,
however, the literature more often deals with partial routes, specific road sections or situa-
tions (cornering, obstacles, highways) [1, 11, 12, 18] rather than with an explicit model that
would link distance travelled as cumulative exposure to the probability of securing loosen-
ing/damage. This opens space for research that combines continuous sensor data [5, 15],
operating conditions and transport type (including multi-drop regimes) [16] into a unified
framework for risk assessment and securing design over time and per kilometer, in line with
the requirements of standards and sector recommendations [2, 22].
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3 Transport experiment

3.1 Experiment conditions

The transport experiment was carried out with four Tatra 815-7 Multilift MSH-165-SCA vehicles
with mileage between 2, 500 and 16, 000 km (table 1), without cargo, on a class Ill road be-

tween the villages of Mestecko and Rakovnik (figure 1).

Table1 Mileage of tested vehicles

A B C D
3,772 km 13, 634 km 16, 204 km 2, 417 km
.“&7'\ e o)
]
{I/ 2D
Rakovnik

all
{ /Lubns

Senec

" - ¥
Bavifkoy Lasovice o\

Figure1 Route of the transport experiment

In total, four runs were performed on the selected route. The evaluation was carried out in
the direction from Mestecko to Rakovnik. The distance travelled was therefore 4 x 8.9 km,
and the average speed during the experiment was 63.1to 70.0 km/h. The experiment was
conducted under relatively favorable weather conditions at a temperature of 5.0 to 9 °C; the
road surface was dry, without snow or ice, and no precipitation (rain or snowfall) occurred
during the measurements. Traffic intensity was low and did not affect the experiment; the
runs took place in the right-hand lane.

3.2 Primary data

For primary data acquisition, a triaxial MEMS accelerometer with an integrated data logger
and calibration certificate (OM-CP-ULTRASHOCK-5) was used, mounted to the rear-axle frame
using neodymium magnets. It measured acceleration in three axes (x — longitudinal, y - lat-
eral, z — vertical) over a +5 g range with a calibration accuracy of +0.2 g and a resolution of
0.01 g [23]. With a sampling rate of 64 Hz, peak (maximum) values were recorded, yielding a
total of 355, 326 samples (118, 442 per axis) expressed as acceleration coefficients in mul-
tiples of g. The device was selected because it enables non-invasive installation directly on
the rear-axle frame using neodymium magnets while covering the expected dynamic loading
in the x/y/z axes within the +5 g range. The measured data were exported from the device to
a Microsoft Excel file. Based on the time stamps, the specific data relevant to the measure-
ment were identified and subsequently processed statistically.

4 Statistical analysis

To identify differences between vehicles with different mileage, a statistical analysis using
the standard non-parametric Kruskal-Wallis test was performed. Specifically, four vehicles
(labels A-D) with different mileage were compared within the transport experiment de-
scribed in the previous section.
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The non-parametric Kruskal-Wallis test works with the ranks of values from at least three
independent groups and tests whether the distributions differ between datasets (measured
acceleration coefficients for the individual vehicles). Kruskal and Wallis provide the original
derivation and interpretation of the H statistic (approximately chi-square distributed) [24].
Subsequently, Dunn’s post-hoc test is used for pairwise comparisons (two-sided test) based
on rank sums [25], together with the Bonferroni correction (control of the family-wise error
rate — a conservative approach).

Table 2 Results of the Kruskal-Wallis test for sensor no. 5

Sensor no. 5
Axis x Axis y Axis z
H 1938.06 1076.43 322.05
T S R
€? 0.009336 0.005181 0.001531

The effect size €2 is on the order of thousandths: £2(x) = 0.009336; €2(y) = 0.005181; £2(2) =
0.001531. This implies that statistically significant differences between the tested vehicles
do exist, but they explain only a very small part of the variability of the measured values (es-
pecially in the z-axis). This is typical for high-frequency recordings (64 values per second):
with a very large number of observations, the statistical power of the test increases and
even small systematic shifts become extremely significant. At the same time, the H values
as a measure of differences between groups are very high (x-axis: H = 1938.06, y-axis: H
=1076.43, z-axis: H = 322.05) and p-values are reported as 0 (i.e., numerically”’below the
threshold”, typically p <« 0.001). This means that, given the data size and variability, the ex-
istence of a statistically significant difference between vehicles is demonstrated in all three
observed axes.

Table 3 Results of Dunn’s post-hoc test

Axis x Axisy Axis z

B B»C B»C
A>D D>A D>A

From table 2, it is evident that statistically significant differences were found between vehi-
cles with a larger difference in mileage (rows shaded in green), which also corresponds to the
difference in age (2 years of operation). For clarity, vehicles B and C with higher mileage are
shown in bold: there is a statistically significant difference between trucks A and B (mileage
difference 9, 862 km), A and C (mileage difference 12, 432 km), B and D (mileage difference
11, 217 km), and C and D (mileage difference 13, 787 km). Between vehicles with similar mile-
age (pairs A/D and B/C), the relationship differs by axis and is irrelevant for technical/opera-
tional conclusions. For illustration, the following relationships apply between vehicles in the
respective axes: Axis x: C>B>A>D, Axisy: B>C>D>A, Axisz: B>C>D>A.
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Deviations occur in the x-axis, although this is a different relationship (inequality) for vehi-
cles with similar mileage. Only the relevant pairs A/B, A/C, B/D and C/D are evaluated.
Table 4 summarizes the basic characteristics of the statistical datasets for the individual
tested vehicles and axes. The green area indicates higher average acceleration coefficients
for vehicles with higher mileage (B, C). On the other hand, values such as the kurtosis coef-
ficient are higher for vehicles A and D, which is a consequence of the presence of outliers in
these datasets (see the red value for vehicle D, x-axis). The occurrence of extreme values in
individual datasets/axes is random and no conclusions can be drawn from it. The values in
the z-axis are corrected for the axis offset of the measurement device (accelerometer — meas-
urement includes 1g).

Table 4 Descriptive statistics and extreme values (absolute values)

A B C D

X y z x y z X y z x y z

AM 0.29  0.22 1.42 0.27  0.24 1.46

Mo 0.25 0.19 1.38 0.25 0.19 1.38

Me 0.28 0.21 1.41

0.26  0.22 1.45

\ 0.01 0.01 0.04 0.01 0.01 0.05 0.03 0.01 0.06 0.01 0.01 0.05

SC 0.80 1.38 0.30 0.83 0.71 0.26 0.58 0.93 0.30 1.59 1.09 0.37

KC 2.15 5.42 0.97 2.52 1.30 0.35 0.74 2.41 0.47 - 2.42 0.96
E 1.46 1.64 1.84 2.11 1.42 1.76 1.41 1.71 1.97 2.76 1.09 1.81

Note: AM — Arithmetic Mean.Mo — Mode.Me — Median.V — Variance.SC — Skewness Coefficient.KC — Kurtosis
Coefficient.E - Extremes

Nevertheless, it is evident that, in isolated cases, the values exceed the normatively spec-
ified acceleration coefficients in the individual axes according to DIN EN 12195-1:2021-01:

c,,,=0.8,0.6,1.0) ©

Overall (in absolute values; negative values indicate only the direction of the force), there
are 256 values for vehicle A, 1, 274 for vehicle B, 1, 878 for vehicle C and 559 for vehicle D
(see detailed table 5). The values in table 5 again illustrate a markedly higher number of
exceedances of the normatively specified acceleration coefficients for vehicles with higher
mileage (B, O).

Table5 Number of values exceeding the normatively specified limit

A B C D
X 12 84 633 12
y 136 628 364 151
z 108 562 881 396
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5 Conclusion

The results showed that vehicles with higher mileage exhibited, on average, higher shock lev-
els, in the form of acceleration coefficients, which are the basic component for calculating in-
ertial forces. This conclusion was statistically demonstrated and is therefore significant at the
given significance level; it is also evident from table 4, where the central tendency measures
(arithmetic mean, mode and median) are higher for the higher-mileage vehicles. From the per-
spective of extreme values (table 5), this is consistent with a markedly higher occurrence of
out-of-limit values in the individual axes for higher-mileage vehicles (the largest difference is
in the x-axis, where vehicle C generated more than fifty times as many exceedances, outside
the standard [2], as vehicles A and D). For practical purposes, this means that vehicles B and
C (older vehicles with higher mileage) generate stronger shocks, which translate into higher
theoretical inertial forces. This needs to be reflected in the choice of the securing system, i.e.,
the cargo should be secured with regard to the potential action of higher inertial forces on the
cargo. Overall, ceteris paribus, the influence of mileage on the cargo and its securing system
is substantial (statistically significant), and the hypothesis of an effect even for a relatively
small difference in vehicle age and mileage was confirmed. It can also be inferred that if a
multiplicative effect, the concurrence of factors (adverse vehicle condition, road surface, driver
style, etc.), were considered, the requirements for the cargo securing system would be entirely
different (significantly higher in terms of required lashing capacity) than those specified in [2].
The results are therefore applicable mainly to specific transports where such a concurrence of
events may occur and fundamentally different securing requirements can be expected com-
pared with what would be theoretically assumed based on the empirical data in the standard
[2]. Following on from the introductory thesis of the article, the contribution of the aforemen-
tioned research is primarily in the requirement to correct the averaged values of acceleration
coefficients and assumptions in European standards. The key conclusion is limited validity
[2] for specific types of transport (off-road vehicles, vehicles traveling on lower-quality roads,
etc.). The conclusions are applicable not only to military needs, but also to the needs of se-
lected components of the Integrated Rescue System (primarily firefighters). In crisis situations
(fire, traffic accident, flood, armed conflict, etc.), it is much more important that the required
material/vehicle arrives at the required location on time and in the required quality (i.e., with
undamaged cargo). While in the commercial sphere, damage or loss of material is more or less
a financial loss (with the exception of accidents involving loss of life, etc.), in crisis situations,
failure to deliver the relevant cargo or failure of a vehicle to arrive at its destination on time can
result in loss of life or endanger human health, the environment, etc. Future research will grad-
ually include the duration of the shock event, which may affect cargo displacement/loosening
and, in some cases, may result in a traffic accident, or at least damage the cargo or vehicle, or
negatively affect human health or the environment. Additional data sources (Big Data) [26] and
sensing/data acquisition technologies will be used [27, 28]. The research will include addi-
tional data samples, not only from military movements, but also using measurements taken in
cooperation with the Fire and Rescue Service. Within this framework, it will also be appropriate
to include other factors (movement on poor-quality roads, maintenance, etc.).

Finally, differences in trends between the Czech Armed Forces (and NATO armed forces in general)
and the civilian sector will be monitored. Partial differences can also be observed at the national
and EU level. An interesting national trend is stagnation in the transported amount while the
transport distance is increasing [29]. This is closely related to the number of kilometers driven in
a given period and thus to the potential impact on cargo securing. In this context, it is also nec-
essary to emphasize the collection and evaluation of relevant data. Technical influences on acci-
dent rates are often only estimates and are not systematically monitored. With the use of modern
sensor technology, this is much more accessible, and key transport attributes can also be mon-
itored online, as demonstrated, for example, by the US Army’s In-Transit Visibility system [30].
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