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1. Introduction
The issue of reliability and durability of machines, devices, and 

vehicles is widely discussed worldwide. An essential element of the 
conducted research in the field is concerned with predicting and mod-
eling the durability of mechanical objects [3, 4] and assessing their 
service life [10]. Mathematical and statistical methods are of particu-
lar interest in determining useful features of a mechanical object [12]. 
Apart from this, the growing diversity of useful functions of products 
leads to the increased variety of design features of designed mechani-
cal objects. This represents an increasing number of design variants 
that should be durable and reliable. As a consequence, there is an ur-
gent need to develop a novel design and testing methods dedicated to 
ordered design families.

In conceptual and detailed design, product modularity is currently 
getting more attention. It is defined as the ability to create functional 
variants out of a set of modules, which form a future technical object 
[18]. In modular products, implementation of design changes requires 
lower usage of time, information, material, energy, and space resourc-
es than integral products, and the later the change is implemented, 
the more resources it requires [17]. As vehicles are concerned, high 
implementation costs also result from obtaining an official certifica-

tion, which is costly and time-consuming. It means that all the issues 
in design identified during vehicle exploitation may require a com-
plete redesign, which significantly increases the total investment cost 
to implement a product on the market. 

The issues mentioned above make it necessary to look for novel 
methods to evaluate the mechanical strength and durability of ma-
chines and vehicles that can be implemented at an early design stage, 
when the cost to implement a change is the lowest. For those changes 
to be effective, knowledge of quantitative criteria describing useful 
functions of a designed system is necessary. Durability, defined as 
a time in which an object keeps operational parameters valuable to 
users, is regarded as one of them. It directly impacts both safety and 
usefulness of a product.

Current vehicle testing is connected mainly with active and passive 
safety assessment [19] and mechanical strength evaluation for static 
and fatigue loads. Criteria used for this evaluation can result from for-
mal standards [6, 13] or researchers’ experience. A widely used meth-
od for mechanical strength evaluation is the Finite Elements Method. 
It is commonly used to assess the durability of vehicle frames [1, 5] 
and load transferring parts [2] in static [1], fatigue [25], impact [16], 
and mixed loading [20]. The advantage of numerical testing is the 
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possibility to assess mechanical strength without need-
ing a physical prototype, which reduces design costs 
[15]. On the other hand, numerous simplifications and 
uncertainty of relevance of applied boundary conditions 
is a drawback of this method. Because of that, experi-
mental testing methods are still used that can be divided 
into bench testing and empirical evaluation on a test 
track. Both types aim to evaluate strength and durability 
of individual components as well as entire vehicles. In 
this paper, authors concentrate on experimental strength 
evaluation of light trailers. 

Experimental testing conducted on dedicated testing 
tracks is used to assess durability in operational condi-
tions, although it is not formally required by the certify-
ing authority [9, 14]. During testing, a vehicle is sub-
jected to a specified load cycle that simulates extreme 
operational conditions in road exploitation. This cycle 
comprises passage through several types of pavements 
that induce loads on the structure of a vehicle. The quan-
titative characteristic of a testing cycle is determined by 
the type of vehicle and its planned exploitation. It is 
established that the total distance covered by a vehicle 
on a testing track represents an operational distance in-
creased by the factor of 10. This means that a distance 
of 400 km traveled on a test track represents 4 000 km 
in road exploitation [14]. Experimental testing on spe-
cial tracks reduces the amount of time needed to as-
sess the safety of a vehicle in the scope of cyclic loads. 
However, this type of evaluation is time-consuming and 
costly due to the necessity of transporting uncertified 
vehicles to a test track to perform long-lasting trials. 

An alternative form of experimental testing is con-
nected with bench testing, in which individual vehicle 
components  [7] or assemblies [21] are being evaluated 
on dedicated test platforms. Parts usually subjected to 
this type of testing are mechanical coupling devices, 
load-carrying frames, drawbars, and others [23]. Re-
search apparatus typically consists of a test platform, 
actuators, fixing systems, and data acquiring units. Often, the analysis 
outcome is the identification of cracks and deflection measurement 
[22]. 

The above-described bench testing methods of vehicle strength, in-
cluding light trailers, consider the limited variety of the load cycles; thus 
some of the load cycles existing in operational conditions are skipped. 
Moreover, such tests require specialized data acquiring units that make 
it possible to evaluate the fatigue life of the analyzed object. 

In this paper, the authors present a novel method of experimental 
strength evaluation of trailers, equivalent to a full-scale assessment 
on a special test track. The work done consisted of empirical testing 
of two types of a light trailer on a special testing track and comparing 
the obtained results with the outcome of the bench testing of the same 
trailer types. The application of test loads and their duration were ad-
justed to represent the conditions existing during testing on a track. As 
a result, both trailer types were compared from an operational point 
of view.

2. Research method and object
In this paper, two types of light trailers were examined that dif-

fered in the manufacturing technology. Each trailer was characterized 
by a TPLM (Total Permissible Laden Mass) of 750 kg, correspond-
ing to vehicle category O1. Both types were equipped with a single 
unbraked axle and V-shaped drawbar having a B50-X coupling head. 
Dimensions of the loading box were 129 cm x 204 cm. Fig. 1 presents 
a photograph of one of the examined trailers with a floor description. 

First examined trailer (P1) was characterized by a floor made of a 
9 mm thick waterproof, antislip plywood attached to the frame com-

prising two steel longitudinal members and one crossbar. The second 
trailer (P2) was manufactured using HONEYtech technology, char-
acterized by a honeycomb plate used to strengthen the load-carrying 
structure. Like the first type, the floor plate was supported by two 
longitudinal members but without any crossbar. The comparison of 
load-carrying structures of both trailer types is shown in Fig. 2.

A scheme of the applied experimental strength evaluation method 
of trailers is shown in Fig. 3.

The presented method involves a bench test of trailers with a TPLM 
of 750 kg. It consists of four steps. In the first step, a trailer is assessed 
to verify its dimensional conformity to the trailer types tested on a 
test track. Those dimensions are related to the loading box, coupling 
point, and axle positioning. Next, a trailer is prepared for a bench test 
by attaching a loading frame to the lashing eyes of the trailer using 
transport belts. The remaining mass is supplemented with an evenly 
distributed loose material. The bench test is conducted continuously, 
with an excitation frequency of 22 to 26 Hz. 

Every trailer subjected to testing is analyzed based on loading box 
diagonals and floor deformation measurements. The result of the 
bench test is considered positive if both diagonals are within their tol-
erance range and floor deformation is not bigger than 5%. The method 
presented in Fig. 3 was applied to assess the strength of both trailer 
types and is described in detail in chapter 4. The upcoming chapter 
describes validation studies of trailers on a test track. 

Fig. 1. Picture of the examined trailer

Fig. 2. Comparison of load carrying structures of the type 1 (top) and type 2 (bottom)
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3. Experimental evaluation of trailers on a testing 
track

Both trailer types (P1 and P2) were examined on a test track with 
the same loading cycle, traveling through resonance, rocky, and wind-
ing trails with a total distance of 20 km. Fig. 4 shows a picture of a test 
track with each of the used trails. Parametric description of test trails 
is shown in Table 1.

Evaluation of a plywood trailer (P1) on a test track resulted in a 
permanent change in the geometry of the loading box. This phenom-
enon was not observed for the trailer equipped with a sandwich panel 
(P2). Comparison of geometric forms of both trailers after testing on 
the track is shown in Fig. 5. Both trailers survived 100% of the test.

Fig 3. Diagram showing an original method of experimental strength bench test

Fig 4. Picture of the TATRA Testing Grounds showing test trails used in experiment. Kopřivnice, CZ [24]
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4. Bench testing of trailers
After experimental evaluation of both trailer types on a test 

track, authors focused on creating a bench testing method that 
resembles the conditions met on the track. To meet this assump-
tion, the proposed method had to fulfill a set of requirements 
that were defined in the literature  [9]:

A method should make it possible to evaluate a com-1. 
plete trailer in the same configuration as during testing 
on a test track, completeness condition,
A method should lead to a similar deformation form as 2. 
during testing on a test track, analogy condition and
A degree of that deformation should resemble the one 3. 
observed during experimental evaluation on a test track, 
proportionality condition.

For this method to be effective, it is vital to determine how 
loads are imposed on the trailer. During testing on track, forces 
result from an evenly distributed load attached to the trailer structure 
by transport belts, which secure it to 4 corners of the box. On a test 
bench, a trailer is repeatedly loaded in the vertical and horizontal di-
rections, simulating forces coming from various test trails acting on a 
trailer. The testing setup consisted of a coupling ball connected with 
a coupling head during an examination, wherein two trailer wheels 
supported the remaining load. A mass mount non-axially on a rotating 
shaft created a cyclic force acting on a trailer. Additionally, a loose 
material was distributed in the loading box to provide the static load. 
A scheme showing how forces act on a trailer during bench testing is 
shown in Fig. 6.

A cargo during bench testing was secured to the trailer frame by 
transport belts in the same way as during testing on track. Total reac-

tion force on wheels and a coupling point cor-
responded to the weight of a TPLM of a trailer, 
i.e., 750 kg ± 5%. A cyclic load was obtained 
with an electric motor switched on, as shown in 
Fig. 7. The value of the cyclic force was selected 
such that the load amplitude was equal to 40% 
of the weight of the trailer load, i.e., 2 260 N. A 
change of variable force vector within a single 
loading cycle is shown in Fig. 8.

For a rotating mass-selected, the required 
value of the cyclic force was achieved with 
the excitation frequency of 24 Hz. This corre-
sponds to the excitement frequency when trav-
eling on a resonance trail with a velocity of 67 
km/h. Table 2 summarizes parameters used for 
bench testing.

Test duration was selected based on the ful-
fillment of completeness, analogy, and propor-
tionality conditions. Based on the experimental 
testing of trailers on a test track, the total number 
of cycles used in bench testing was determined 
to be equal to 604 800 cycles.

After bench testing of a plywood trailer, a 
change in the geometry of a loading box was ob-
served. Measured values of box diagonals have 
shown a significant difference between right 
(pp=2492 mm) and left (pl=2509) mm diagonal, 
which exceeded the tolerance range for the ref-
erence dimension p=2499 ± 2 mm according to 
the ISO 2768-1 standard. From the operational 
point of view, visible damage to the trailer floor 
resulted from an influence of sand and a vibrat-
ing frame on the floor. This led to the formation 
of visible scratch marks and fissures, impacting 
the waterproof properties of the plywood. 

Analyzing the second type of trailer (P2), there was no visible defor-
mation of a loading box, as observed with the first trailer type (Fig. 9). 
Additionally, the trailer kept all operational abilities of sideboards, 

Table 1. Parametric description of test trails

Length: 400 m
Obstacle height: 0,02 m, 
Obstacle spacing: 0,770 m.
Max. velocity: 60 km/h
Made of concrete plates.
Used for generation of cyclic dynamic loads 
for functional testing of vibrating elements 
and durability of vehicles. 

Length: 400 m 
Dist. between rocks: from 0,1 to 0,3 m.
Placement density: od 20 do 30 pcs/m2.
Effective height of obstacles: 0,015 m.
Max. velocity: 60 km/h
Pavement made of 15-30 centimeters high 
granite stones, embedded from ½ to ¾ in 
flat concrete.

Fig. 5. Deformation form of evaluated trailers. A plywood trailer (P1) on the left and a trailer  equipped 
with a sandwich panel (P2) on the right

Fig 6. A loading scheme of a trailer on a test bench

Fig. 7. The course of a cyclic load during bench testing
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locks, and hinges, together with the proper operation of a tilt feature.  
Measured values of box diagonals showed no difference between left 
(pl=2498 mm) and right diagonal (pp=2498 mm), remaining in the toler-

ance range for the reference dimension p=2499 ± 2 mm according to the  
ISO 2768-1 standard.

To confirm that the trailer type P2 was not deformed during bench 
testing, additional measurements were conducted for a given set of 
measurement points located on the top of the trailer floor, as shown 
in Fig. 10.

Measurements were made vertically with respect to a leveled base 
using an analog sensor. During measurements, a trailer was supported 
on longitudinal members of the frame, eliminating the influence of the 
suspension and tires deflection on the measurement results. Fig. 11. 

shows measured values of the vertical position 
of measurement points before (blue) and after 
bench testing (green), with respect to the same 
measurement base. 

Measured differences between vertical po-
sition of measurement points before and after 
bench testing for P2 type trailer is shown in 
Fig. 12. The maximum difference was equal to 
1.91 mm. Only four points (13, 14, 18, 19) had 
a difference of more than 1 mm.

5. Discussion and conclusions
An original method of experimental strength 

evaluation of trailers was used to examine two 
types of trailers having different load-carrying 
structures. The dimensions of their loading 
box and method of load lashing for both trail-
ers were the same. Results obtained from ex-
perimental testing of trailers on a track were 
compared with those from bench testing. In 
Fig. 13, a comparison between deformations 
for both trailer types are shown for bench and 
track testing. 

The track and bench testing results in simi-
lar deformation forms and degrees for two 
kinds of trailers. This concludes that analogy 
and proportionality conditions were met during 
bench tests for both analyzed trailer types, i.e., 
deformation forms for a corresponding trailer 
type match for two examination methods. Since 
complete trailers were analyzed in both track 
and bench tests, the condition of completeness 
is also satisfied, and the proposed bench test-
ing method represents experimental testing on 
a track. It means that the loading cycle com-
prises traveling through resonance, rocky, and 
winding trails with a total distance of 20 km is 
equivalent to 604 800 cycles of loading on a test 
bench. 

Based on the results of experimental test-
ing of a modular trailer having a load-carrying 
structure equipped with a sandwich panel (type 
P2), neither permanent deformation was ob-
served nor any damages, scratches, or breaks 
that could negatively impact the operational 
features of the said trailer. The difference in both 
diagonal lengths of the loading box was smaller 
than 1%. In the other trailer (type P1), a vis-
ible deformation of a loading box was observed, 
impacting the vehicle’s operational values, in-
cluding aesthetics and appearance of a trailer. 
Furthermore, the deformed shape of the trailer 
box has a negative impact on the positioning 
of accessories, i.e., the cover stand attached to 

four corner posts. If a trailer is deformed, the assembly process of the 
said stand will be more complex and will require additional force. 

Table 2. Quantitative parameters describing bench testing of trailers

Horizontal load Vertical load

FA [N] (amplitude) 2260 2260

FM [N] (mean value) 7358 0

Fmax [N] (max. value) 9618 2260

Fmin [N] (min. value) 5098 -2260

f [Hz] (excitation frequency) 24

Fig. 8. Change of a loading force within a cycle

Fig. 9. Comparison of geometric forms of a plywood trailer (on the left) and a trailer equipped with a 
sandwich panel (on the right)

Fig. 10. Measurement points located on a trailer floor
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Also, after the assembly, residual stresses will exist in the structure 
of the cover stand. Observed deformation form and extent is a typical 

phenomenon in exploiting trailers currently available on the market. 
Recently, a standard thickness of a plywood floor was equal to 12 
mm. Nowadays, in pursuit of manufacturing cost reduction, produc-
ers tend to reduce the price of a trailer by substituting it with thinner 
plywood. This leads to reduced stiffness of the trailer and, as a result, 
to its deformation in operation. 

The lack of loading box deformation of trailer P2 makes it pos-
sible to conclude that the stiffness of the load-carrying structure of 
said trailer increases compared to already existing solutions because 
of an application of a sandwich panel. This finding confirms current 
research in the field [8, 11]. This stiffness is vital for trailer behav-
ior on the road, influencing motion stability and certainty of driving. 
From the operational point of view, sandwich panels make it possible 
to use metallic materials on the top of the floor, including stainless 
steel.  This is a desired feature in exploitation, connected with in-
creased corrosion resistance and ease of cleaning. Furthermore, as 
compared to regular plywood, no damage in the form of scratches 
or fissures was observed for this type of floor panel. Also, due to the 
increased stiffness of the sandwich panel, there is no need to use ad-
ditional strengthening elements, i.e., crossbars, which simplifies the 
trailer’s assembly process. 

The presented method of experimental 
strength evaluation of trailers is an original 
and effective way to determine the durability 
of trailers with a TPLM of 750 kg and can be 
used to assess the operational values of de-
signed vehicles. It represents the expensive 
and time-consuming track testing meaning, 
that for trailers having defined dimensions 
and TPLM, it is possible to limit a research 
agenda to bench testing. If a change in TPLM 
or trailer sizes occurs, it is necessary to vali-
date the proposed method for a broader range 
of initial parameters. It is connected with a 
different loading cycle on a test track, de-
pending on the designed trailer having other 
operational parameters. The proposed method 
of bench testing makes it possible to examine 
a full-scale prototype without special prepa-
ration of the test specimen. It proves the 
versatility of the proposed method, unlike 
already existing solutions in bench testing. 

Furthermore, the approach fits broad research agendas, including but 
not limited to quality control of the full-scale prototypes of a trailer 
and verification of conformity with official requirements. This repre-
sents an evolutionary approach in vehicle design that increases the de-
sign process’s effectiveness by identifying those areas that should be 
improved before vehicle certification and exploitation in road traffic. 

The article presents results of a project:“Modular, multifunctional 
and ultralight trailer manuafactured in a flexible production system” 
project no.: POIR.01.01.01-00-0563/17 and „Flexible production 
system (ESPP) of modular car trailers with GW up to 3500kg manu-
factured in HoneyTech technology”, project no.: POIR.01.01.01-00-
0589/19, realized within Measure 1.1 „R&D projects of enterprises”, 
Sub-measure 1.1.1 „Industrial research and development work imple-
mented by enterprises”, Project co-financed by the European Union 
from the European Regional Development Fund under the Smart 
Growth Operational Programme 2014-2020. Data used for analysis 
and conducted research together with its results are the sole property 
of above project beneficiaries. 

Fig. 11. Measured values of the vertical position of measurement points before 
(blue) and after bench testing (green)

Fig. 12. Measured differences between vertical position of measurement  
points before and after bench testing for P2 type trailer.

Fig. 13. Comparison of track and bench testing results of both trailer types
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