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INTRODUCTION
Due to their wide practical applications in civil and mecha-
nical engineering, curved beams have attracted the attention 
of many researchers. In-plane and out-of-plane free vibrati-
ons of curved beams with variable cross-sections was stu-
died by Kawakami et al. [1] by applying the Green function. 
Howson and Jemah [2] presented the exact solution of out-
of-plane natural frequencies of plannar structures made up 
of curved Timoshenko beams. Wu and Chiang [3] applied 
finite elements to study the natural frequencies of a horizon-
tally circularly curved Timoshenko beam. Wu and Chen [4] 
determined the exact solution out-of-plane free vibration 
response of the curved beams. Doğruer [5] presented the 
exact solution of the dynamic response of an out-of-plane 
curved beam. Tüfekci and Doğruer [6] examined the out-
of-plane free vibration of a circular arch by considering the 
effects of transverse shear and rotatory inertia due to both 
flexural and torsional vibrations. Eroğlu [7] studied the sta-
tic and free vibration problems of curved rods with a finite 
element approximate and cross-section. Dynamic response 
of a straight beam was examined in the Laplace domain by 
Manolis and Beskos [8] and Beskos and Narayanan [9]. As-

lan et al. [10] investigated the undamped forced vibration 
of out-of-plane loaded stepped circular rods in the Laplace 
domain with the CFM.

This paper is as special case of Noori [11].The present article 
investigates the out-of-plane free vibration response of the 
circular rods with multiple steps. The main objective of this 
study is to purpose an accurate scheme to obtain the out-of-
plane natural frequencies of multi stepped curved beams. 
Complementary Functions Method was performed Yarım-
pabuç et al. [12] to solve the umerical model of FG pressure 
vessel for stresses and displacement.

The governing equations of the free vibration response of 
the considered structures are obtained in the time doma-
in. Laplace transform, with respect to time, is then applied 
and the obtained canonical form of the first order ordinary 
differential equations (ODEs) has been solved by the CFM 
in the transformed domain. Computer programs are prepa-
red with FORTRAN programming language to obtain the 
free vibration response. The natural frequencies obtained 
by proposed procedure are compared with the results of 
ANSYS [13]. Comparisons of the results demonstrated the 
accuracy and exactness of the present study.
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Abstract
Stepped circular beams are widely used in various engineering fields. Thus, studying the free vibration 
characteristics of those structures is an essential subject of research. The unified approach of the Complementary 
Functions Method (CFM) and the Laplace transform is employed in this paper to examine the out-of-plane 
free vibration analysis of the circular Timoshenko beams with multiple stepped cross-sections. The proposed 
procedure can be used to investigate the natural frequencies of circular rods consisting of an arbitrary number 
of steps through the curvature. The material of the beam is considered to be isotropic, homogeneous and elastic. 
By considering the effects of shear deformation and rotary inertia, the equations of motion of the circular beam 
are introduced. Obtained equations are transformed to the Laplace domain and solved numerically by the CFM. 
Comparisons of the results with those of ANSYS show that the suggested scheme is applicable and of high 
precision for out-of-plane free vibration analysis of multi-stepped circular beams.
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MATERIALS AND METHODS
The governing equations of the out-of-plane dynamic 
response of multi-stepped curved beam are obtained and 
given below.
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Where Tb is vertical internal forces, Mt and Mn are the com-
ponents of the torsional and internal bending moments Ub 
is the vertical displacement,  Ωt and Ωn are the components 
related rotations, E, ρ, h(ϕ),A(ϕ), It(ϕ), In(ϕ), αb , r0, qb, mt and 
mn indicate the modulus of elasticity, mass density, radius of 
the cross-section, area of cross-section sectional area, tor-
sional moment of inertia, bending moment of inertia, shear 
correction factor, radius of curvature, distributed vertical 
load, distributed moment of torsion and bending, respecti-
vely.

The unknown column matrix, ( ){ }tφY , , for the forced vib-
ration out-of-plane loaded rods is given as:

( ){ } { }T

b t n b t nt U T M Mφ Ω Ω=Y , , , , , ,
 (7)

Applying the Laplace transform to equations (1-6), converts 
these partial differential equations to variable-coefficient 
ODEs (8-13);
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Where the terms shown by ( )  indicate the Laplace trans-
form of the quantities. 

The matrix notation of the ordinary differential equations 
ODEs (8-13) obtained in the Laplace domain is given as:
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Here, φ  is independent variable and s is the Laplace trans-
form parameter. 

The general solution of the differential equation (14) whi-
ch governs the out-of-plane free vibration response of the 
beam is given as follows:
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(15)

In order to examine the free vibration of the considered 
structures the load vector are assumed to be zero and the 
Laplace parameter “s” is replaced with “iω”. Also the inho-
mogeneous solution ( ){ }V ,sφ  is equal to zero.  To determi-
ne the integration constants “Cm” of homogeneous solution 
from the boundary conditions, simultaneous equations are 
obtained and the matrix of the coefficients of those equati-
ons are performed. Since the mass and stiffness matrix of 
the system are not obtained separately by the presented pro-
cedure the eigenvalues and eigenvectors of the problem are 
not calculated thus the values of ω which make the determi-
nant of coefficient’s matrix zero are the natural frequencies 
of the structure.

NUMERICAL EXAMPLES AND DISCUSSION 
In this paper the vibration of two, three and four stepped be-
ams with circular and rectangular cross-sections is carried 
out. The results of three stepped circular beam with rectan-
gular cross-sections are compared with those of ANSYS. 
The natural frequencies of fix-ended isotropic stepped cir-
cular beam, shown in Figure 1, are carried out. material 
properties are: mass density, ρ=7850x10-6 kgf/cm3, Poisson’s 
ratio, ν =  0.3, and modulus of elasticity, E=2.1x106 kgf/cm2.

The radius of cross section (h(ϕ)) of the two, three and four 
stepped beam is considered to be:
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The flexural rigidity and cross section of rectangular and cir-
cular rod are given respectively, as;
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The geometric properties of the rods are tabulated in Table 
1.

Table 1: Geometric properties of the rod.

Cross-section 𝒃(𝟎) (cm) 𝒉(𝟎) (cm) 𝒓𝟎 (cm) φ0 𝜶𝒏

Rectangular
(Case I)

1 1 100 45 1.2

Circular
(Case II) - 0.5 100 45 1.11

At first the natural frequencies of a fix-ended, three steps 

beams with circular and rectangular cross-sections are car-
ried out by the proposed approach. Obtained results compa-
red with those of ANSYS. Comparison of the natural frequ-
encies of the considered structure are listed in Table 2 for 
multiple stepped.

To demonstrate the accuracy of the proposed method, the 
natural frequencies obtained are compared with those of 
ANSYS. The parametric study on the free vibration of the 
stepped curved rods with circular and rectangular cross-se-
ction are studied and presented in Table 3.

As expected, the number of steps have a remarkable influen-
ce on the out-of-plane natural frequencies of the structures. 
As it can been seen in Table 3, the two-stepped beam with 
rectangular cross section has the lowest natural frequen-
cies which corresponds to the highest period. Similarly the 
mentioned table shows that four-stepped beam with circu-
lar cross section has the highest natural frequencies and the 
lowest oscillating periods.

CONCLUSION
In this study, an efficient unified approach based on the 
combination of Laplace transform and the CFM is emplo-
yed to examine out-of-plane free vibration response of the 
circular multi- stepped beams. The RK5 algorithm has been 
employed in the numerical solution process of initial value 
problems based on the CFM. Materials of the beam are con-
sidered to be isotropic, homogeneous and elastic.

Figure 1: Fix–ended circular stepped rod

Table 2: The natural frequencies of fix-ended rod with three stepped cross-section (Hz).

Mode Present Study 
(Case I)

ANSYS
(100 Elements)

Present Study 
(Case II)

ANSYS
(100 Elements)

1 1.119 1.115 2.821 2.836

2 3.849 3.828 7.051 7.610

3 7.866 7.872 13.654 13.673

4 15.901 15.803 27.240 27.148

5 24.443 24.311 41.821 41.725
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The canonical form of the first ODEs governing equations of 
the motion of the stepped circular beam has been solved by 
the CFM in the Laplace domain for a set of Laplace parame-
ters. Several parametric results are presented. The proposed 
method can be apply to obtain the free vibration response of 
arbitrary stepped beams.

For the considered structures, computer program is coded 
in FORTRAN. The accuracy and exactness of the proposed 
procedure are demonstrated by comparing its results with 
the results of ANSYS. Good agreement is observed.
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1. INTRODUCTION
A brake pad is a composite of many different ingredients. 
Components are classified as fibers, binders, solid lubri-
cants, fillers, abrasives, metallic fillers and friction modi-
fiers. In generally phenolics or their modified versions are 
used as binder materials for friction composites. 

In order for a brake lining to provide safe driving under har-
sh environment and driving conditions, many features such 
as regular friction coefficient, low wear rate, thermal defor-
mation resistance and low noise and vibration as comfort 
conditions are required. Materials such as resin, fiber (fiber), 
solid lubricant, abrasive particles, metal shavings and fillers 
are used to provide these desired properties [1]. 

Storage of various products obtained as waste or leaving 
them directly to the nature has great negative effects on 
the society including environmental pollution.  Nowadays, 
scientific studies are carried out for the non-asbestos bra-
ke lining [2-8]. There are many studies in the literature to 
evaluate agricultural wastes. Idris et al. developed a non-as-
bestos free brake pads using banana peels and results show 
that banana peels can be used [9]. Koya and Fono produced 
automotive brake pad using palm kernel shell and the re-
sult obtained showed that the palm kernel shell can be used 
in brake pad [10]. Ruzaidi et al. produced brake pads using 
palm slag and results showed that palm slag can be used 

in brake pad composites [11]. Pinus brutia cones are also 
among the waste products and it is considered as binder due 
to its resinous structure.

In this study, usage of pinus brutia cone powder as a binder 
material in brake pad was investigated experimentally. 

2. MATERIALS AND METHODS
The friction materials investigated in this work were varia-
tions of a NAO (non-asbestos organic) type material con-
taining different ingredients including pinus brutia cone 
powder. Pinus brutia was obtained from Tarsus/Mersin 
in Turkey. Three different samples were produced. These 
samples contained pinus brutia cone powder, phenolic re-
sin, steel fibers, Al2O3, Cu particles, graphite, brass particles, 
cashew and barite. The friction coefficient and temperature 
values were stored in a databank. The brake lining samples 
were produced in the conventional procedure for a dry for-
mulation following dry mixing, pre-forming and hot pres-
sing. Detailed conditions for each manufacturing step can 
be found in the author’s other study [12]. The compositions 
of the friction materials studied in this work are shown in 
Table 1. 

Figure 1 shows a schematic view of the brake tester used in 
this study. Detailed conditions for each brake test step can 
be found in the author’s other study [12].  The temperature 

Investigation of the Effect on Tribological Properties of the use of 
Pinus Brutia Cone as a Binder in Brake Pads
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Abstract
Phenolic resin is invariably used as binder material for friction composites. Alternative materials are considered 
alternatively to phenolic resin due to negativities such as poor shelf life, harmful volatiles during processing, 
the need for addition of curing agent before shipment, shrinkage and voids in final products. For these reasons, 
pinus brutia cones are ground and pulverized and added to the brake lining content at different rates and thus 
3 different samples were produced. The wear and friction tests of these samples were made on pin-on disc type 
brake lining test machine. After this, the density of the samples was determined by using Archimedes scale. The 
hardness was determined in the Brinell tester. And finally, the microstructure properties of the samples were 
determined by using a scanning electron microscope (SEM).
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and friction-coefficient values were stored in the databank. 
The tests were repeated three times for each sample. Fricti-
on coefficient - temperature - time graphs were obtained to 
identify the effects of these variables.

Table 1. Ingredients of the samples (weight %)

KI-0 KI-8 KI-12

Cu particles 8 8 8

Steel fibers 15 15 15

Al2O3 5 5 5

Brass particles 5 5 5

Graphite 7 7 7

Barite 30 30 30

Cashew 10 10 10

Pinus brutia cone powder 0 8 12

Phenolic resin 20 12 8

Figure 1. Schematic view of the brake tester

The friction coefficient was calculated by measuring the 
normal and tangential pressures throughout the test 500 
s. It was expressed as the mean value of the entire braking 
dependence during the friction-coefficient test. The specific 
wear rate was determined with the mass method following 
the Turkish Standard [13] and British Standard [14] and cal-
culated with the following Equation (1): 

                  (1)

where V is the specific wear ratio (cm3/Nm), R is the dis-
tance between the centre of specimen and the centre of the 
rotating disk (m), n is the rev of the rotating disk (rev/min), 
m1 and m2 are the average weights of specimen before and 
after the test (g), ρ is the density of the brake lining (g/cm3), 
and fm is the average friction force (N) [12-16].

3. RESULTS AND DISCUSSION

3.1 Effect of the temperature on the friction 
performance
Based on experimental study results for friction coefficients 
and temperature graphs are shown in Figures 2-4. Figures 
2-4 show time-dependent friction coefficient-temperature 
graphs of brake pad samples using phenolic resin and pi-
nus brutia cone powder as binder material. The highest co-
efficient of friction is 0.31 with code KI-8 It is seen in the 
sample.

Figures 2-4 show temperature changes due to the effect of 

friction on time. When the shapes were examined, the hig-
hest temperature was found at KI-0 and the highest coeffi-
cient of friction at KI-8 coded sample.

The friction characteristics after the development of the fri-
ction layer were characterized by the characteristics of the 
constituents of the friction layer in all the samples of the pi-
nus brutia cone powder added. When these graphs showing 
the variation of the friction coefficient were examined, the 
KI-0 coded sample showed less fluctuation than the KI-8 
and KI-12 coded samples. The increase in the coefficient of 
friction of the KI-8 and KI-12 coded samples was accom-
panied by an increase in the internal temperature. This rise 
in the coefficient of friction can be explained as the ability 
of the materials constituting the friction layer to improve 
on the temperature of the disk, which forms the opposing 
surface of the friction couple, i.e. to create a resistance aga-
inst the friction surface as the constituent materials are well 
compatible with each other.

 
Figure 2. Change in the friction coefficient and the temperature as a 

function of time for sample KA-0

Figure 3. Change in the friction coefficient and the temperature as a 
function of time for sample KA-8

Figure 4. Change in the friction coefficient and the temperature as a 
function of time for sample KA-12

KI-0 coded specimen decreased in friction coefficient up to 
600 seconds. After 600 seconds, the friction coefficient be-
came stable with increasing temperature. The KI-0 coded 
sample exhibited a low but stable friction with temperature 
increase. 
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The KI-8 coded sample has gradually increased in the coeffi-
cient of friction from the moment it has started to rise above 
130 oC after 400 seconds. The same is true after 500 seconds 
on the code KI-12. It is thought here that the warmth of the 
brake pad samples added pinus brutia cone powder causes 
the development of curing and binder properties. When the 
graph of KI-0 coded sample was examined, a decrease in 
coefficient of friction was observed depending on the tem-
perature. When the graphs shown in Figure 3 and Figure 
4 are examined, there is an increase in the coefficient of 
friction depending on the temperature. It is generally em-
phasized in the literature that the coefficient of friction (μ) 
varies between 0.1 and 0.7 depending on the frictional force 
and the disk lining interface temperature [13, 14]. Compa-
red to Figure 2 and Figure 3, the pinus brutia cone powder 
shows a slight increase in the coefficient of friction of the 
sample powder sample. Compared to Figures 2 and 4, the 
frictional performance of the red-brown cone-coated brake 
pad sample decreases. Comparing the shapes, it is seen that 
a graph which shows a rise in the coefficient of friction of 
the pinus brutia powder doped samples as the temperature 
increases. When the variation coefficient of friction of all 
samples was examined, the friction in the first 50 seconds 
showed similar characteristics in surface layer formation as 
mentioned above. KI-0 coded sample has a partial decre-
ase in temperature from 50th to 500th with an increase in 
temperature, followed by recuperation. However, a slight 
increase in the coefficient of friction was observed with inc-
reasing temperature after 400 seconds in the sample KI-8 
and 500 seconds in the sample the KI-12 code. As shown in 
Figure 3 and Figure 4, the lowest coefficient of friction is the 
KI-8 code sample, while the highest coefficient of friction is 
the KI-12 code.

3.2 Microstructural characterization of friction surfaces
Figure 5 shows the SEM photographs taken to determine 
the characteristics of the friction surface formed after ex-
periments in which the tribological properties of the pinus 
brutia cone powder additive brake pads are determined. 
When looking at photographs in general, it appears that the 
photographs of the friction surfaces show traces of scratches 
that show abrasive wear with microfissures, micro-cavities 
and coated friction layers showing adherent wear. It is also 
understood that the component-forming materials on the 
friction surfaces formed actively participate in the friction. 
20% by mass of the phenolic resin binder content that KI-0 
the SEM photo of the coded sample is shown in Figure 5 (a). 
This sample exhibited a friction coefficient average of 0.29. 
The micro voids formed by the particles that are cut from 
the sample are seen in the picture. Short scratches and color 
differences on the friction surface indicate that adhesion and 
abrasive wear have occurred.

In the content of KI-8 coded sample, 12% by mass of pheno-
lic resin and 8% of cornelian cones were observed as a bin-
der, and homogeneous distribution of constituent materials 
in SEM photograph (Figure 5-b). And the sample exhibited 

a friction coefficient average of 0.31. Shaped short-sized fri-
ction surfaces show abrasive wear. The small clumps that are 
seen are the result of the barite in the contents. The boun-
daries of the assembled materials are seen. On the surface of 
these particles, which are seen as dark and light gray color, it 
is thought that the materials which are put on these particles 
after the comeback from other friction regions cause adhesi-
on wear. The white bright colored regions are metal particles 
that are actively incorporated into the friction.

(a)

(b)

(c)
Figure 5. SEM micrographs of brake-pad samples (a) KI-0 (b) KI-8 (c) KI-12

Containing 8% phenolic resin and 12% pinus brutia cone 
powder as binder in order to determine the characteristic of 
the friction surface of the KI-12 code sample. The SEM pho-
tograph taken is shown in Figure 5 (c). In general, it is seen 
that there are micro-cracks due to thermomechanical stress-
es and friction coatings formed on the friction surfaces due 
to short scratches, abrasive wears, micro and macro voids 
and adherent abrasion resulting from abrasive wear. It is also 
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understood that the component-forming materials on the 
friction surfaces formed actively participate in the friction. 
The KI-12 coded sample exhibited a coefficient of friction 
coefficient of 0,26. Component-forming materials may have 
a hard structure, which may result in high hardness values. 
However, If the binder of resin holding component-forming 
materials and general the content orientation is not appro-
priate, rapid detachment of the component forming parti-
cles from the main structure during small stresses during 
friction can result in high wear rates as expected.

3.3 Wear behaviour
The hardness, density and wear values of the samples are 
shown in Table 2. When the tables were examined, the co-
efficient of friction of KI coded samples was 0,28 and the 
average wear amount was 0,86. In the samples, if the hard-
ness of the brake pad is high, the wear resistance must be 
high and it can be done as a result. However, If the binder of 
resin holding component-forming materials and general the 
content orientation is not appropriate, rapid detachment of 
the component forming particles from the main structure 
during small stresses during friction can result in high wear 
rates as expected.

Table 2. Typical characteristics of the brake pads used in this study

Sample
code

Mean
coefficient

of
friction

Density (g/
cm3)

Brinell
Hardness (HB)

Specific 
wear rate 
(cm3/Nm) 

x10-6

KI-0 0,29 2,225 28 1,691

KI-8 0,31 2,300 29 1,997

KI-12 0,26 2,356 26 1,902

4. CONCLUSIONS
In this study, the use of pinus brutia cone powder as a binder 
in automotive brake pads has been experimentally investi-
gated.

The highest average coefficient of friction value for all spec-
imens undergo friction test is 0.31, belonging to the KI-8-
coded specimen containing 8% pinus brutia cone powder, 
the lowest average friction coefficient is 0.26, belonging to 
the KI-12 coded specimen containing 12% pinus brutia cone 
powder. The specific wear rate and density increased with 
inreasing pinus brutia cone powder for all samples. The ex-
perimental results have shown that the friction layer, with 
the use of pinus brutia cone powder significantly improved 
the overall performance. With the increasing of tempera-
ture, the ingredients in the braking pad were affected other 
due to faster diffusion. As a result, pinus brutia cone powder 
can be used as binder for brake pads.
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1. INTRODUCTION

The surface hardening processes in the steels are the pro-
cesses in which the chemical composition and thus some 
microstructure are changed by thermochemical processes 
in a determined region. In order to obtain a harder layer 
from the interior to a certain depth starting from the sur-
face, it is mostly provided by the diffusion of elements such 
as nitrogen and carbon. The process is particularly import-
ant for low and medium carbon steels to improve wear re-
sistance, tensile strength and fatigue strength. In addition, 
the amount of the element used in cementation and the time 
of cementation are extremely important for the change of 
structural differentiation. 

On the other hand, it is also a fact that inclusions are formed 
due to different reasons during production / casting. The 
reasons for the inclusion are cast sand, pollution or slag 
mixing from the refractories are shown as the main reasons, 
but elemental (especially silica, alumina, manganese or iron 
oxide) impurities have been shown to cause differentiation 
in the melt.

We can define inclusions as foreign substances found in 
steels in general. These substances are generally particulate 
structures that are insoluble from the material matrix such 
as sulfur, oxide, silicate. One of the researchers, Sims, di-

vides inclusions into two classes, which are endogenous and 
exogenous inclusions, respectively. The inclusion type as a 
result of the reactions in the molten metal is endogenous 
and its shapes, sizes and contents vary according to the pro-
cess applied to the molten metal. Another type of inclusion, 
exogenous inclusions, is formed by the effect of slag formed 
during the production of steel. This inclusion was found to 
be larger, more irregular and complex in shape than endog-
enous inclusion [1,2]. In general, the size of the inclusions is 
greater than ~ 0.5 µm and is found as a chemical compound 
in the structure of metals and alloys. For example, the oxide 
(Al2O3) or sulphide (MnS) inclusions we see in the steel are 
the best examples. Many factors are caused by inclusion and 
we can list these factors as casting sand, pollution from the 
refractories or slag mixing. In addition to these main causes, 
elemental impurities also show differences in some regions. 
The inclusions are beneficial to the material rather than the 
harmful aspects. For example, oxide inclusions in the steel 
interact with dislocations to increase the hardness of the 
material and significantly change the yield strength of the 
material. One of the other positive factors provided by the 
inclusions is that they can be encountered in the automaton 
steels with resulfillations. Thanks to the resulphurisation, 
MnS inclusions in the steel are formed and the workability 
of the material is increased. In addition to this, increasing 
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MnS sizes and decreasing MnS amount increase the work-
ability [3]. As it is understood from the examples given, in-
clusions can be harmful or useful, and the general factors 
that determine this are the types, sizes, shapes, distributions 
and quantities. The inclusions are usually multi-phase and 
the composition of inclusions in the steel varies according 
to the elemental content of the steel. Polarized light and 
electron-probe micro analyzer are used to determine inclu-
sions. In this article, inclusions occurring in steel shafts were 
examined with microscopic camera systems and the cracks 
produced by inclusions were analyzed.

2. METHODOLOGY

In this study, microstructure and inclusion studies were 
planned on the samples (Figure 1. a) and the samples were 
first cut by water jet so that the microstructure was not af-
fected from the external conditions as shown in Figure 1. b.

Then, the samples were re-cut with the help of water jet and 
the surface was polished for microstructure studies. Repre-
sentative samples obtained after first cutting with water jet 
has been shown in Figure 2. Parts are polished after being 
cut with water jet. Figure 3 shows the dimensioning of the 
samples after the second cut (a), unpolished parts (b), and 
photos after polishing (c). The images of this experiment, 
which are examined by camera system. As experimental 
method, two types of methods can be used for inclusions. 
The first of these is microscopic test methods and the polis-
hed surface is examined by a light microscope and several 
representative photographs are made by reporting the inc-
lusion types encountered in the sample. Surface polishing is 
carried out for a satisfactory and more consistent result. The 
experiment is carried out with samples from three different 
positions of the part. In order to determine the microscopic 
image, the polished surface area should be minimum 160 

mm2. In addition, the section taken from the sample should 
be parallel to the longitudinal plane and perpendicular to 
the rolling plane of the section.

      

Figure 2. a) Representative samples obtained after first cutting with water 
jet b) Second cutting lines of samples

Figure 3. a) Dimensioning of the samples after the second cut. b) Unpolis-
hed parts, c) Polished parts

Each sample was first examined by polarizing microscope 
and the images of each group are given below.
For the group A;
Figure 4 shows the image taken at 20 magnifications from 
sample A1. Figure 5 shows the image taken at 20 magnifica-
tions from sample A2. Figure 6 shows the image taken at 20 
magnifications from sample A3.
For the group B;
Figure 7 shows the image taken at 20 magnifications from 
sample B1. Figure 8 shows the image taken at 20 magnifica-
tions from sample B2. Figure 9 shows the image taken at 20 
magnifications from sample B3.
For the group C;
Figure 10 shows the image taken at 20 magnifications from 
sample C1. Figure 11 shows the image taken at 20 magnifi-
cations from sample C2. Figure 12 shows the image taken at 
20 magnifications from sample C3.

                            

Figure 1. a) Representative examples provided by the Totomak A.Ş. b) 
First Water jet cutting of samples
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Figure 4. Sample A1 (20X)  

Figure 5. Sample A2 (20X)

Figure 6. Sample A3 (20X)  

Figure 7. Sample B1 (20X)     

 Figure 8. Sample B2 (20X)      

 
Figure 9. Sample B3 (20X)

Figure 10.  Sample C1 (20X) 

Figure 11. Sample C2 (20X)
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Figure 12. Sample C3 (20X)

On the other hand, the samples with the most intense inc-
lusion and superficial cavities under polarizing microscope 
were firstly taken before the polishing and then after the po-
lishing (SEM) images and the figures obtained are given be-
low. In addition, chemical analysis and elemental mapping 
analysis were performed for each group.

For the group A;

Figure 13 shows the elemental mapping of A group sample. 
As shown in figure 13, the red colors show the iron element, 
the green colors are carbon and blue colors are aluminum. 
The microstructure area of the elemental mapping analysis 
is shown in Figure 14. In addition, chemical analysis was 
performed on the yellow line determined in Figure 14. The 
results of the chemical analysis are shows in Figure 14.

Figure 13. Elemental mapping of A coded sample

      

Figure 14. Chemical analysis of group A along the axis

For the group B;

Figure 15 shows the elemental mapping of B group sample. 
As shown in figure 15, the red colors show the iron element, 
the green colors are carbon and blue colors are aluminum. 
The microstructure area of the elemental mapping analysis 
is shown in Figure 16. In addition, chemical analysis was 
performed on the green line area in Figure 16. The results of 
the chemical analysis are shows in Figure 16.

              

Figure 15. Elemental mapping of B coded sample

            

Figure 16. Chemical analysis of group B along the axis
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For the group C;
Figure 17 shows the elemental mapping of C group sample. 
As shown in figure 17, the red colors show the iron element, 
the green colors are carbon and blue colors are aluminum. 
The microstructure area of the elemental mapping analysis 
is shown in Figure 18. In addition, chemical analysis was 
performed on the green line area in Figure 18. The results of 
the chemical analysis are shows in Figure 18.

  Figure 17. Elemental mapping and chemical analysis of C coded sample

             

Figure 18. Chemical analysis of group C along the axis

Following the microstructure analysis above, section analy-
zes of each sample were carried out and the data obtained 
are given below. 

Figure 19 show the vertical section microstructure image 
and chemical analysis of sample A. Figure 20 show the ver-
tical section microstructure image and chemical analysis of 
sample B. Figure 21 show the vertical section microstructu-
re image and chemical analysis of sample C.

Figure 19. Vertical section microstructure image and chemical analysis of 
sample A

Figure 20. Vertical section microstructure image and chemical analysis of 
sample B
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Figure 21. Vertical section microstructure image and chemical analysis of 
sample C

Finally, the surface of each sample was polished and then the 
electron microscope image was taken. Their microstructure 
images are given below.

Figure 22. show the polished surface microstructure analysis 
of sample A. Figure 23.  show the polished surface micro-
structure analysis of sample B. Figure 24. show the polished 
surface microstructure analysis of sample C.

Figure 22. Polished surface microstructure analysis of sample A

Figure 23. Polished surface microstructure analysis of sample B
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Figure 24. Polished surface microstructure analysis of sample C

3. RESULTS 
As a result of the analyzes, all inclusions seen in the parts are 
solved as a result of optimization of heat treatment parame-
ters as they are in ASTM E45 standards [4]. Trial parameters 
and results are shown on Table 1.

 Table 1. Trial parameters and results

TRAIL 1 

Purpose: Decreasing the stress of heat treatment step to ma-
terial. 

It’s thought that if an amount of stress, which steel with high 
inclusions can stand, is loaded, there will be no cracks.

Action: Decreasing diffusion Cp to have low amount of mar-
tensite, decreasing quenching temperature to have less ther-
mal shock, decreasing oil agitation to have slower cooling 
rate.

Conclusion: Good hardness values, there are still radial 
cracks. It is approved that crack is not related with stress 
which comes from heat treatment step. The cracks after the 
trail 1 is shown in the Figure 25.

Figure 25. Results of Trial 1

TRAIL 2 

Purpose: Decreasing the volume change difference between 
case and core.

It’s thought that if the amount of martensite in the core is 
increased, there will be less stress gradians between case and 
core.

Action: Increasing quenching temperature.

Conclusion: Good hardness values, there is no radial cracks, 
but there are cracks which reach to surface (cylindrical area 
of pin). The volume change difference idea works. It is evalu-
ated carbides which cause cracks at surface area. The cracks 
after the trail 2 is shown in the Figure 26.
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Figure 26. Results of Trial 2

TRAIL 3 

Purpose: Getting rid of carbides which cause cracks on grain 
boundaries.

Action: Decreasing boost Cp, decreasing diffusion Cp, in-
creasing diffusion time.

Conclusion: Good hardness values, there is no radial cracks, 
but there are still cracks which reach to surface (cylindrical 
area of pin). Retained austenite decreased below 3%, espe-
cially at crack area. It is observed less carbides. The cracks 
after the trail 3 is shown in the Figure 27.

Figure 27. Results of Trial 3

TRAIL 4

Purpose: Increasing retained austinite to have more elastic 
case structure, decreasing thermal shocks between pre-
heating and carburizing process, to be sure all parts are at 
quenching temperature just before quenching step.

Action: Increasing diffusion Cp and time, increasing preheat 
temperature, decreasing furnace temperature at idle condi-
tion, increasing soak time at quenching temperature.

Conclusion: Good hardness values, we don’t have any 
cracks. Retained austenite increased to 8%. The microstruc-
ture images observed after the trail 4 are shown in Figure 28.

Figure 28. Results of Trial 4

4. CONCLUSION
The micro-structure and chemical analysis of the samples A, 
B and C and the water-jet specimens are given below.

- All 3 groups (A, B and C) were found to contain 
variable and similar proportions of superficial voids 
and inclusion in the sample.

- It is determined that the source of the cavities and 
inclusions formed in each of the 3 groups are most-
ly Al, Mn and Si-sourced.

- It is seen that B group samples contain more super-
ficial space (spherical) than other samples.

- In each of the 3 groups, the gap and the inclusion 
were determined to be at the level of all the other 
steels and sometimes slightly more (especially at A 
and C).

- The inclusions and gaps determined in all three 
samples are thought to originate from the sec-
ondary elements entering the structure externally 
during the shaping of the metal.
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- All samples had inclusions and gaps in a non-ho-
mogeneous structure. In addition, all 3 samples 
show a change in shape.

- Polarized microscopy studies in the samples 
showed fewer coarse grains. In the electron mi-
croscope examination, there was more space and 
inclusion (about 5-10 microns in size), which was 
small but did not affect the properties. Further-
more, it was observed that linear errors increased 
in A and C sample as the magnification increased. 
This is interpreted as the formation of linear grain 
boundaries during formation of nucleation due to 
conditions during cooling. Moreover, these linear 
structures are thought to occur due to different 
surface energies (properties or contact angles) of 
the secondary elements in the system.

- Both micro and macro segregation were observed 
in all samples.

- It is thought that the larger dimensional defects 
determined in the samples may be caused by the 
difference in dissolution during casting.

As a result; It is thought that the cavities and inclusions de-
termined in all samples are at a level that will not signifi-
cantly affect the mechanical or chemical wear, hardness, 
mechanical friction resistance, elastic modulus, ductility, 
fracture behaviour and load during operation. In addition, 
the non-cracking heat treatment parameter was determined 
from the result of  4 different heat treatment parameters. As 
a result, the heat treatment parameters have been optimized 
and the crack problem has been solved. 
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1.INTRODUCTION
The participation of Sweden and Finland required a new de-
finition for the road freight transport in European Union. 
As the longer and heavier vehicle combination (LHV) usage 
is a majority in these two countries, a new modular system 
is defined with the combination of a 7.82m long swap body 
and 13.6m long semi-trailer with a total length of 25.25 m 
called European Modular System (EMS).  EMS consists of 
three modules according to 95/53 EC directive as given in 
Figure 1. In order to get a 25.25 m long combination, Mo-
dule A uses a truck/dolly/semi-trailer, Module B uses a tra-
ctor/semi-trailer/central axle trailer, Module C uses a trac-
tor/B-train (or B-double) containing swap body/semi-trailer 
combination.

Several studies have been done to see the advantages and di-
sadvantages of this modular system. In the study of Larsson 
[1], the benefits of EMS is defined as positive environmental 
impact over CO2 emissions, reduced congestion, co-mo-
dality & inter-modality, improved traffic safety, supporting 
logistics efficiently and flexible use of existing vehicle units. 
Akerman et al. [2] published a study to evaluate the Swe-
dish and Finnish hauliers’ experiences. They demonstrate 

less fuel consumption, reduced transport costs, less vehicles 
carrying the same amount of properties as the advantages 
of this concept. They also comment the possibility of inc-
rement in the market share of road transports and accident 
rate as the disadvantages. Whereas Grislis [3] declares that 
there is not a proven evidence that shows LHVs are more 
dangerous than an ordinary truck/trailer or truck/semi-tra-
iler combinations. Aurell et al. [4] also mentions LHVs’ have 
better dynamic stability than shorter vehicle combinations. 
The other benefit of this concept is the intersection with the 
railway transportation as swap body usage is more popular 
in road trains. Eom at al. [5] shows shift toward railway from 
truck presents a sizable opportunity to reduce freight CO2 
emissions.       

The aim of the study given in this article is to see the impa-
cts of dolly’s suspension system parameters to the general 
vehicle dynamics for a Module A type combination. In or-
der to see the vehicle responses, a considerable amount of 
computer simulations are performed. In his Master thesis 
Lundberg [6] pointed out the importance of the simulation 
results to understand deeply how several attributes affect 
the vehicle response as per a particular road excitation. 

The Effect of Dolly Suspension Parameters to the European 
Modular System Vehicle Combination

Enis Gögen*, Koray Emre Özcan
Tırsan Treyler San. ve Tic. A.ş.

Abstract
The European Modular System (EMS) is introduced to allow increased vehicle length and weight for road freight 
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Patil [7] shows the importance of vehicle dynamics models 
for automotive research and development studies. Several 
models such as quarter, half and full vehicle models can be 
used to examine the dynamic behavior of a vehicle. Malgaca 
et al. [8] uses half vehicle model to observe the bounce-pitch 
dynamics of a bus, while Philipson et al. [9] mentions using 
a full vehicle model to see the roll characteristics of a tru-
ck-trailer combination. 

In this study three different cases are defined including dif-
ferent suspension parameters and 14-DOF half vehicle mo-
dels are created for each cases. Half vehicle model is used 

to perform modal and transient analyses to see the vertical 
and pitch responses of the complete vehicle structure. Past 
literature studies include modal analysis of trailer frames  to 
observe the mode shapes of the complete body [10,11,12]. It 
can be strongly supported that considering the change in the 
mode shapes is one of the important design criteria.

Gillespie comments as there are not separate bounce and 
pitch modes as most vehicles move through the vertical and 
pitch directions synchronously [13]. Karmiadji [14] perfor-
med an analysis including bounce and pitch motions throu-

gh X-Z body motion algorithm. Penaz et al. [15] made a mo-
dal analysis for a three axle semi-trailer, and they also found 
several pitch-bounce modes. Spivey [16] and Walhekar et 
al. [17] configured a 15 and 17-DOF half vehicle truck-se-
mi-trailer models respectively to see the dynamic response 
on several locations of the vehicle combination.

2.METHODS

2.1 EMS “Module A” Vehicle Definition
Complete vehicle combination consists of a three axle truck, 
two axle dolly and semi-trailer is given in Figure 2. The dolly 
vehicle includes a telescopic draw bar to supply the conne-
ction between the dolly and the truck. The fifth wheel over 
the dolly let the semi-trailer couples them to each other. 
Both axles are rigid while the front one is force-steer. Both 
front and rear suspension systems include an air bellow, tra-
iling arm and hydraulic-telescopic shock absorbers as given 
in Figure 3.

Figure 1. EMS Combinations

Figure 2. EMS Module A Vehicle Definition

Figure 3. Dolly Suspension System

Figure 4. Half Vehicle Model
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2.2 Half Vehicle Model and Case Definition
14 degree of freedom half vehicle model is configured as gi-
ven in Figure 4. System inputs are seen as base excitations ztn, 
zdn and zstn. System coordinates consists of 11 displacement 
zn and 3 angle ϑn values. Truck frame, dolly frame and se-
mi-trailer frames are modeled as the solid beam. Unsprung 
masses are lumped into the wheel centers, Mu,t represents 
the truck unsprung mass and Mu represents the dolly and 
semi-trailer unsprung masses. Both primary suspension 
system and tires are modeled with spring-damper couples, 
spring rate and damping ratios are reduced to wheel axis. 
There are two different spring and damper characteristics 
for dolly as given k1,2 means k1 or k2 which is subjected to 
soft and harsh springing that will show how the semi-trailer 
is affected from this parameter changes. Zf is the front end 
and Zr is the rear end vertical displacements of the semi-tra-
iler, Z10 is the center of gravity location displacement of the 
semi-trailer body which is more less in the middle of the fra-
me structure. Continue on of this paper, displacement-time 
graphics will be demonstrated from Zf, Zr and Z10 locations 
for each cases to observe the effect of the suspension para-
meter change. 

As mentioned above there will be 3 different cases as the 
mixture of two vertical ride frequency values. k1 and k2   
spring rates will create 1.62 Hz and 2.1 Hz vertical ride 
frequency, respectively. Table 1 defines the three cases for 
different front and rear ride frequencies.

Table 1. Case Definition

Case # Front Vertical  
Frequency

Rear Vertical 
Frequency

1 2.1 1.62

2 2.1 2.1

3 1.62 2.1

   
Table 1 shows that Case 1 represents a harsh front axle 
springing and a soft rear axle springing, Case 2 represents a 
harsh springing for both of the axles and Case 3 represents 
a soft front axle springing and a harsh rear axle springing.

2.3 Modal Analysis
Modal Analyses are performed for all three cases and na-
tural frequency values are given in Table 2. First four mode 
shapes are belongs to pitch-bounce modes. Malgaca et al. [8] 
remarked that since the road inputs excide the front wheels 
of the vehicle first, pitch motions occur even during small 
obstacle transitions. As a matter of fact it can not be seen a 
pure bounce or pitch mode in any mode shapes. 

In the first mode shape the whole vehicle combination mo-
ves together, while the truck and the dolly perform a pitch 
motion together as a couple, the semi-trailer travels in verti-
cal axis with a very limited pitch motion. 

In the second mode shape, the truck and the trailer perform 
a pitching motion at the same direction but the dolly sweeps 
a bigger pitch angle. The semi-trailer also pitches harmoni-
ously with the truck and the dolly couple.

Table 2. Natural Frequency Values

Mode Shape # Case 1 Case 2 Case 3

1 1.49 1.42 1.50

2 1.53 1.53 1.54

3 1.69 1.65 1.71

4 1.78 1.77 1.84

5 10.90

6 10.94

7 10.94

8 10.96

9 10.97

10 11.23

11 11.27

12 11.77

13 1640

14 4947.3

In the third mode shape, this time dolly and the semi-trailer 
act as a couple and perform a pitching motion together, whi-
le the truck pitches to the other angular direction.

In the forth mode shape, the combined structures move re-
latively to each other, where the truck and the dolly perform 
pitch motions to the different angular directions, the situa-
tion is the same for the dolly and the semi-trailer, they also 
pitch to the opposite angular side.

Mode shapes between the fifth mode and the twelfth mode 
demonstrates the natural frequency modes of unsprung 
masses of the truck, the dolly and the semi-trailer. Table 2 
shows that they are not affected from dolly suspension pa-
rameter change. 

Thirteenth and fourteenth mode shapes are related with the 
natural frequency modes of the draw bar coupling and the 
fifth-wheel coupling respectively. They are also the same for 
all cases.

2.4 Transient Analysis 
Analyses are carried out in ANSYS software including all 
three cases for the vehicle combination travels over a 0.1m 
height bump with 54 km/h velocity. Displacement-time 
graphics are demonstrated in Figures 5, 6 and 7 respectively 
for three cases including the front end, rear end and center 
nodal points of the semi-trailer. 

3 RESULTS   

3.1 Displacement-Time Responses of the Semi-Trailer
Table 3 shows the peak points of the curves for the nodal 
points according to Figures 5, 6, 7. The maximum displace-
ment values are as given in below table.
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Figure 5. Case 1, Displacement-Time Graphic

Figure 6.  Case 2, Displacement-Time Graphic

Figure 7.  Case 3, Displacement-Time Graphic

Table 3. Maximum Displacement Values

Case # Travel
Displacement (m)

Front end Rear end Center

Case 1
Bump - 0.026 - 0.018 - 0.010

Rebound + 0.048 + 0.038 + 0.018

Case 2
Bump - 0.018 - 0.018 - 0.009

Rebound + 0.039 + 0.039 + 0.016

Case 3
Bump - 0.019 - 0.019 - 0.009

Rebound + 0.032 + 0.037 + 0.017

3.2 Pitch Angle-Time Responses of the Semi-Trailer Body

Figure 8. Pitch Angle-Time Graphic

Table 4 shows the peak points of the curves given in Figu-
re 8. The maximum pitch angle values are calculated by the 
summation of top and bottom angle values.

Table 4. Maximum Pitch Angle Values

Case # Travel Pitch Angle (°)

Case 1

Top 0.2548

Bottom -0.2518

Total 0.5066

Case 2

Top 0.2053

Bottom -0.2371

Total 0.4424

Case 3

Top 0.1720

Bottom -0.2112

Total 0.3832

4 CONCLUSIONS
This study analyzed the effect of the suspension parameters 
change in a dolly to the freight transportation in a semi-tra-
iler. 

Modal analysis results show that four mode shapes are ef-
fected due to suspension parameter change and all of the-
se mode shapes belongs to pitch-bounce modes. It can be 
said that there are not a significant change in the natural 
frequency values with the selected ride frequency cases, but 
the lowest natural frequency values exist in Case 2 on which 
both axles have the harsh springing characteristics. Results 
demonstrate that the increment in the vertical frequency of 
a suspension system creates a drop in the natural frequency 
values of the pitch-bounce modes. According to the values 
given in Table 2, it can be interpreted that if the difference 
in the vertical frequency values increase between front and 
rear axles from soft springing through harsh springing, the 
difference will be more significant in the natural frequency 
values.

Section 3 demonstrates the nodal responses of the semi-tra-
iler according to the defined cases. Transient analysis results 
show that maximum front end displacement value occurs 
in Case 1 which represents a harsh front springing and soft 
rear springing. Rear end and center nodes seem does not 
been affected too much from suspension parameters chan-
ge.

Results given in Table 4 shows that pitch angle is mostly 
affected from Case 1, harsh front springing and soft rear 
springing. There is a significant drop in the pitch angle in the 
semi-trailer body as the springing starts from soft to harsh 
in the front axle, but the situation is opposite for rear axle 
springing, if pitch angle is requested to decrease than the 
rear axle vertical frequency should be increased.

According to the results presented in this study, if a fragile 
furniture is transported in a semi-trailer of Module A type 
European Modular System, it will be suggested to be located 
through the center of the trailer frame as much as possible.
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INTRODUCTION
CBRN is used as an abbreviation for the chemical, biological, 
radiological and nuclear word group. In general, this term 
refers to hazardous and dangerous situations that are caused 
by chemical, nuclear, biological and radioactive materials 
which can be spread intentionally or accidentally causing 
harm to humans and the environment (1). CBRN events are 
undesirable, and when they are experienced they are very 
difficult events which have a big impact. These events cause 
panic and disturbance. For example; Ebola outbreak occur-
red in 2014 and it caused a serious panic in Turkey and all 
the World. The intervention in these events is difficult and 
time-consuming because the interventionist is at risk and 
there is a possibility of transmission of CBRN substances. 
For this reason, personal protective equipment is required 
for the handling of these materials.

The Ministry of Health published the Ebola Virus Disease 
Case Management Guide in 2015 which contained informa-
tion on the detection, control and treatment of the disease. 

Underneath the emergency service approach algorithm title, 
the issue was mentioned about the transfer of the patient 
and how to intervene in emergency situations. During the 
transport of such patients, the equipment to be available 
in ambulances is listed. These equipment’s includes gloves 
(double gloves), liquid impermeable apron, liquid imper-
meable overalls, safety glasses, face shield / shield, prote-
ctive headgear-hat (no headgear cap), N95 / FFP3 mask, 
waterproof foot protector and alcohol-based hand sanitizer 
(2). As it can be seen, each of the events of CBRN is a heavy 
burden on health services. It is necessary to be prepared as 
well. It is essential for our country to be prepared for risky 
events which are possible due to its geopolitical position and 
the events in the surrounding geographies. By isolating the 
patient, the risk of exposure to the environment will be pre-
vented during transport. Transport of the exposed person 
to the health center will be easy and safe.  At the same time, 
with the use of the insulated patient transport capsule, per-
sonal protective equipment will be used at minimum level.

In this study on the insulated patient transport capsule, 
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Abstract
CBRN is used as an abbreviation for the chemical, biological, radiological and nuclear word group. In general, 
this term refers to hazardous and dangerous situations that are caused by chemical, nuclear, biological and 
radioactive materials which can be spread intentionally or accidentally causing harm to humans and the 
environment. Developments in technology, disasters, accidents, war or terrorist events all enhance the risk of 
CBRN at the present time. These risks can cause situations that can directly threaten the lives of large amounts 
of people and cause many people to lose their lives or can result in significant life changes for people affected. 
CBRN risky events cause panic and disorder in society. Most importantly, people who interfere in these events 
are at great risk like people who are exposed. In this study, working principle, functions and capsule analysis 
and tests of the insulated patient transport capsule, developed in order to protect both the environment and the 
interveners in CBRN events were examined. If we think about our country’s geopolitical position or regional 
geography, an isolated patient transportation capsule is a critical life-saving product both at military and civil 
level. The negative pressure, generated in the capsule protects the environment and interferers from CBRN 
contamination. It provides treatment and an emergency response opportunity with protective gloves and sealed 
ports for serum on the capsule as well. The isolated patient transport capsule can be placed on the stretcher with 
connection apparatus and easily transported.
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considerations regarding the design of the capsule and the 
design considerations, the filtering system, the functions of 
the negative and positive pressure in the capsule and how to 
generate it, the air flow dynamics in the capsule and the tests 
to be applied to the capsule are included.

1. General Information About CBRN
CBRN refers to hazardous and dangerous situations that 
are caused by chemical, nuclear, biological and radioactive 
materials which spreading to intentional or accidental ways 
for the humans and the environment (Ebola Vaka Yönetim 
Rehberi, 2015).

CBRN events are undesirable, but when they are experien-
ced they are very difficult events and impacts. In order to 
minimize and control the effects of these events, it is neces-
sary to know what the terms are related to CBRN.

1.1. Terms Related To CBRN
Chemical Threat: In industrial applications, chemical subs-
tances are used as raw materials or intermediates, and in 
domestic use, cleaning or daily maintenance is widely used. 
In parallel with the development of the chemical industry, 
the usage of these substances is increasing day by day. This 
increase brings with it some threats. Accidents occurring 
in organized industrial zones and producing, processing or 
storing chemicals will affect people and the environment 
negatively. 

In recent years, it has been discovered that these substan-
ces can be used to harm specific targets as a result of the 
studies on waste chemicals. Increasing the effects of was-
te chemicals by changing their structures has caused these 
substances to become potential weapons. Hence, chemicals 
have been used in terrorist acts and wars (3). 

Biological Threat: Biological threats; all of the threats 
consist of conditions such as biological agents and unsafe 
laboratory procedures. This definition; natural biological di-
seases (non-infectious and non-infectious), environment or 
animals identified, biological agents that are likely to infect 
humans, biological agents that contain or emit biological 
weapons (biological weapons), the terrorist attacks with bi-
ological agents (bioterrorism) (4).

Radiological Threat: Radiological events are events in whi-
ch the public is exposed to radiation or radioactive material 
for certain reasons. Transport of radiation sources and their 
use in applications, lost and stolen resources, possible sour-
ces of scrap, fire with hardware and planning errors, disas-
ters such as earthquakes can cause radiological events (5).

Nuclear Threat: Used to both benefit from the occurred 
energy of fragmentation (fission) of nuclear materials (ura-
nium, plutonium, etc.) or the combination of two atoms(-
fusion) expresses the destructive pressure wave, lethal ra-
diation, and high heat. A nuclear explosion; is an explosion 
which occurs a strong light, a wave of heat and pressure 
show up and the propagation of radioactive substances that 

contaminate air, water and surfaces (6).

Contamination: CBRN is the transmission of substances 
to personnel, land, materials, equipment and foodstuffs (7).

Decontamination: It is the process of removing the che-
mical substance from all contaminated by specially trained 
people using special equipment and solutions (7).

1.2 National and International Organizations Related to 
CBRN
As international organizations on the subject of CBRN, In-
ternational Atomic Energy Agency (UAEA), International 
Radiation Protection Committee (ICRP), European Atomic 
Energy Community (Euratom), European Center for Nucle-
ar Research (CERN), Nuclear Suppliers Group (NTG) and 
Zangger Committee are actives.

Regarding the issue of CBRN and the control and interven-
tion of CBRN events in our country, Turkey Atomic Energy 
Agency (TAEK), Turkish Armed Forces, Public Health Pre-
sidency, Disaster and Emergency Management Presidency, 
Turkish Red Crescent and Organizations such as the Natio-
nal Poison Center (UZEM) are operating (8).

1.3  Events Related to CBRN
There have been many events in history related to the subject 
of CBRN. Many people have lost their lives in these events. 
In fact, in the long term after the events have been found to 
have consequences that will affect human life. There have 
been many incidents for each threat identified in Article 1.1. 
Some of the recent events are given below.

The chemical weapons attacks in Syria in August 2013 cau-
sed the deaths of more than 1000 people, including women 
and children. (Chemical)

In the United States in the weeks following the September 
11 attacks, anthrax mail sent to different institutions caused 
22 people to be infected in total and 5 people died (Biologi-
cal)

In 2011, after the magnitude 9 earthquake in Töhoku and 
the tsunami in Japan, to an accident at a nuclear power plant 
in the Fukushima area caused a large amount of radiation. 
(Radiological)

In 1986, a large amount of radioactivity leaked into the envi-
ronment due to an accident in a nuclear power reactor in the 
Chernobyl region of Ukraine. (Nuclear) (9).

2. Insulated Patient Transport Capsule
The insulated patient transport capsule, an area contami-
nated with CBRN agents, primarily affects people of these 
substances leads to transfer to the center where they are tre-
ated, is a mobile patient transport capsule.

This capsule also has features for the user to provide a safe 
medical intervention to the person in the capsule by means 
of the ports on it. In addition, the capsule can be placed on 
the stretchers in the ambulances by means of the connection 
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apparatuses on it so that they can be carried easily. It can 
provide safe transportation with plane, ship and any vehicle 
independent stretcher. The solid structure which provides 
isolation in the capsule is resistant to bad fact such as falling 
and impact. It allows up to 120 kg. The design of the capsule, 
filtering and pressure generation system, analysis in capsules 
and tests are explained in the sub-headings.

2.1. Design of The Insulated Patient Transport Capsule
During the design process, The personnel who will use the 
capsule and the situation of persons exposed to CBRN that 
will be in the capsule are taken into consideration. Consul-
tations with persons who have knowledge about CBRN and 
who have worked in this field previously (AFAD and TSK 
officials) have introduced the requirements.

CBRN disaster is almost most frightning incident in the 
World. The people who affect to cbrn agent, are shock and 
feeling insecure. These factors are most important to design 
process for us.

In the design of the capsule, it is aimed to instill the psycho-
logy of the people in the capsule in a safe place and to heal. 
Hence the design is shaped around trust, protectionist and 
color keywords.

We predict The people who affect CBRN agents have a prob-
lem with trust. Therefore, we choose first and main keyword 
as trust. It is emphasized that the human psychology and de-
sign can be handled both and we decided to abstract design 
to factor commanly.

It is aimed to make people feel more secure and to feel that 
they are in a sheltered place.

One of the most important considerations in the design has 
been the colors. Each color has a different characteristic and 
each color causes different emotions in human perception. 
Which colors to use when starting design is also an impor-
tant element. Research shows that colors affect the psycho-
logy of people. For example; according to research yellow 
colors gives a sense of temporality. Blue and shades are used 
in design by considering this principle. According to resear-
ch blue and shades indicate calmness (10). In other words, 
blue is a calming color, and even in some European count-
ries, the bridge railings are painted blue to reduce suicides 
due to the calming effect of blue. In addition, according to 
research, the blue color represents trust and the purity of 
blue gives a protectionist psychological effect. In this con-
text, R-171, G-236, B-255 color codes are used.

Considering the human psychology within the capsule, it is 
decided to use simpler and softer lines instead of the lines 
that would be perceived by the human eye as complex in 
design. In the same way, it is paid attention to symmetry in 
order to make people in the capsule feel safe.

In the design of the capsule, care was taken to ensure that 
the person within the capsule had the field of vision. People 
feel more confident in what they see. For example, people 

would rather travel in the place where they can see every 
place instead of traveling in an enclosed space. This situati-
on reveals confidently and controlled perception in the su-
bconscious of people. Considering this aspect of the design, 
attention was also paid to the issue of refreshment, especial-
ly considering that the capsule could be perceived as a coffin.

Fans generate negative and positive pressure in the capsule 
are designed as far from the people in the capsule as possible 
to minimize the damaging potential of patients who have 
difficulty in self-control.

The designed capsule is mainly composed of components 
in Figure-1.

Figure 2 shows the three-dimensional view of the capsule 
from different perspectives.

Figure 3 shows a picture describing the using of the capsule.

Figure 1- Basic components of the insulated patient transport capsule

Figure 2- 3D design of the insulated patient transport capsule
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Figure 3-Use of the insulated patient transport capsule

As can be seen from Figure 3, there are caps on the capsule 
that provide intervention to the patient. With the help of 
protective gloves that are ready in these caps, to the patient 
is intervened when necessary. These covers are designed to 
provide sealing.

In addition, when the capsule is used in conjunction with 
the stretcher, areas, where medical devices such as venti-
lators and defibrillators can be mounted in vital situations 
were also designed.

2.2. Working Method of Isolated Patient Transport 
Capsule
Negative and positive pressure can be generated depending 
on the conditions inside of the insulated patient transport 
capsule. When negative pressure is generated inside of the 
capsule, as shown in Figure-4, the contaminated air because 
of the person who exposed to CBRN cleaned by the help 
of filters discharges outside of the capsule and protects the 
environment.

Figure 4- Working principle of the capsule with negative pressure

The pressure inside of the capsule is carried out by the help 
of two fans. One of these fans is generated positive and the 
other is negative. Positive pressure works like intensive care 

logic of hospitals for protects the patient from the external 
environment. Each one of fans has a separate control unit 
and the fans can control by the help of these units. The pipe 
and valve system coming out of the fans pass through the 
filters and generate pressure inside of the capsule. 

          The negative or positive pressure values in the capsule 
can be up to 30 Pascal and these values can be adjusted via 
the control unit. 

          The fan system can operate nonstop for 3 hours throu-
gh to the designed power system and this power system is 
fully charged for a period of 5 hours.

the HEPA filter system and the ventilation system that clean 
the contaminated air are found in the capsule. The design of 
these filters is designed according to the ports formed on the 
capsule and is in the form of cylindrical.

          Laboratories which studies microorganism are carried 
out are classified as 4 levels according to danger situations. 
Laboratories which studied on the spreading of avian influ-
enza in aerosol form and microorganisms such as sars and 
anthrax are defined as BSL3 levels at the High-risk. at the 
BSL3 clean rooms should be the ventilation system that is 
single pass recirculation according to TS 11605. The disc-
harged air is cleaned by high-efficiency HEPA filters.

There are pressure, temperature and humidity indicators 
on the capsule, to inform about the inside of the capsule to 
the user, who is using the isolated patient transport capsule. 
With the help of these indicators, the person who is in the 
capsule can be monitored and taken measures for the neces-
sary situations.

2.3. Analyses of Isolated Patient Transport Capsule
In the insulated patient transport capsule, it is a technical 
obligation that the interior space is small and that the pro-
tective gloves are in the direction of the targeted air flow 
corridor.

As the HEPA filter efficiency is directly related to geomet-
rical sizing, the geometric design of the capsule was first 
performed. The 3D model designed in Solidworks was che-
cked for their suitability by testing by selecting HEPA filters 
which provide the desired parameters at the end of the ge-
ometric design.

Hygienic minimum fresh air flow rate in hospitals, at the in-
tensive care unit (for patients with infection and transport 
hazard) is determined as 30 m3 / hour. Although the volume 
in the capsule is not as much as an intensive care unit, this 
criterion is taken as reference for the purpose of maximizing 
efficiency. The internal volume of the capsule is 0.58 m3 and 
it is considered as 1 m3 in calculations and fan selection. In 
this case, an air flow rate of 30 m3 was calculated to need in 
the capsule.

In the insulated patient transport capsule, air flow in the 
capsule was modeled using computational fluid dynamics 
(CFD) technique to determine the presence of stagnant zo-
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nes without air flow. ANSYS software was used to carry out 
this technique. ANSYS is a general-purpose software, used 
to simulate interactions, physics, structural, vibration, fluid 
dynamics, heat transfer and electromagnetic for engineers. 
The air flow distribution into the capsule was analyzed in the 
turbulent flow conditions. The time-dependent continuity 
and momentum equations for analysis were solved. Turbu-
lent flow is defined by the k-ε model. Finite volumes method 
is used in numerical solution of flow equations. In the analy-
sis, a digital network consisting of approximately 1.5 million 
triangular pyramid elements was used. The boundary con-
ditions of geometry have been chosen to represent the phy-
sical structure and flow dynamics of the capsule in a realistic 
manner. The geometry of the insulated patient transport 
capsule was modeled to partially simplified in order to keep 
the calculation cost of flow analysis reasonable.

After modeling, analyzes were started. The flow distribution 
around the inlet from the fans through the pipe is given in 
Figure-5. There are relatively high speeds at near the pipe 
inlet is mentioned.    

Figure 5 - Flow Distribution (Space Around the Pipe Entry)

In the capsule, flow rates were generally observed to be over 
0.2 m / s. As seen in Figure-6 shows, there is no any a stag-
nant region of air flow. 

Figure 6- General air flow distributions in the capsule

Figure 7- Velocity flow lines in the capsule

In Figure-7, the velocity flow lines are shown as a result of 
the CFD analysis of the capsule.

As a result of CFD analysis, it was found that there was ge-
nerally no stagnant area in the capsule and the air flow was 
efficient.

2.4. Tests Applied to Isolated Patient Transport Capsule
In the insulated patient transport capsule, the following tests 
were carried out to check the operation of the system as well 
as to verify the studies such as design and analysis.

2.4.1. HEPA Filter Impermeability Test (IEST-RP-
CC034.2: 2005)

In the HEPA filter system contained in the capsule, two 
100x100 mm / H 13 HEPA filters were tested with PAO 
(suppressed aerosol smoke generated by heat evaporation 
of mineral oils). The HEPA filter and the permeability test 
of the HEPA filters nests have been successfully completed.

2.4.2. Air Flow and Flow Measurement

The purpose of this test is to understand that the perfor-
mance of the fan system in the insulated patient transport 
capsule does not deviate from the desired performance va-
lues due to HEPA filters and pressure changes. Therefore, 
the total number of air changes in the test was calculated. 
As an evaluation criterion EU / GMP Volume 4 Annex: 1 
2008 CGMP / FDA-Din 1946/4: 2008 is taken as reference 
and the measurement results are in accordance with TS EN 
ISO 14644/1 ISO 5 class and the results are given in Table 1.

Table 1- Air Flow and Flow Measurement

ROOM AMOUNT 
OF THE AIR 
SUPPLIED

(m3/h)

AMOUNT 
OF THE 

FRESH AIR
(m3/h)

AIR EXC-
HANGE 

NUMBER 
(times/h)

ACCEP-
TABİLİTY 
CRITERIA 
(times/h)

RESULT

Fans 36 0 35 30 Ok

Hepa Filter-1 15 15 5 3 Ok

Hepa Filter-2 15 15 5 3 Ok

2.4.3. Difference Pressure Measurement and Air Flow As-
pects

Pressure difference and air flow direction in the insulated 
patient transport capsule measured according to IEST-RP-
CC012.2 and EU / GMP Volume 4 Annex: 1 2008 as well as 
the religion standards 1946/4: 2008.

The air flow directions (for negative pressure condition) 
should be from the outside air to inside the capsule. This is 
because the dirty air caused by the person with the CBRN 
element does not go out of the capsule. The septic (BSL-4) 
areas related to the pressure flow directions will be inward 
negative.

Table 2 - Difference pressure measurement results

Name of the 
Room

Air Flow 
Direction

Room 
Class

Compare 
of Field

Measured 
Pressure 

Acceptability 
Crıterıa

Result

Insulated pa-
tient transport 

capsule

Left to 
right

BSL-4 External 
Environ-

ment

-34 Pascal Greater than 
(-30) Pascal  

(Absolute Value)

Ok
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The measurements are given in Table 2 and the results are 
appropriate.

2.4.4. Particle Count and Room Classification

At the measurement points, the 95% upper-reliability limi-
tation at the clean room, counting of the particles have done 
according to ISO 14644-1 and EU/GMP Volume 4 Annex:1 
2008.

The measurement results are in accordance with the TS EN 
ISO 14644/1 ISO 5 criteria. ISO 5 class particle numbers 
were determined in 7.3 in the article. Measurements and re-
sults are given in Table 3.

Table 3- Particle counting and measurements of isolated patient 
transport capsule

Name of 
Room

Total Partic-
le Counting 

Point

GÜS (UCL) 
% 95

0,3 mm/CM

GÜS (UCL) 
% 95

0,3 mm/CM

Conditi-
ons

Result

Insulated 
Patient 

Transport 
Capsule

3 6,559 1,706 No 
patient

Ok

Average Average At Rest

2.4.5. Decontamination Time Tests

At the measurement points, the 95% upper-reliability limi-
tation at the clean room, counting of the particles have done 
according to ISO 14644-1 and EU/GMP Volume 4 Annex:1 
2008. The measurements were evaluated according to the 
decontamination time. The duration of decontamination is 
the time to decrease to the level of ISO Class 5 after pollu-
ting the air in the insulated patient transport capsule. 

The measurement results are in accordance with TS EN ISO 
14644/1 ISO 5 class. ISO 5 class features were determined in 
7.3 in the standart.

3. Findings and Discussion
The following conclusions are given below about to rese-
arches about the methods used for the intervention of the 
CBRN events and the transfer of the people exposed to the-
se events to the related centers.

A scientific publication in the United States deals with the 
emergency aid process for an Ebola patient. In this study, all 
the surfaces in the ambulance, including medical devices in 
the ambulance, were covered with a 6 mm thick plastic film 
during the patient’s transplantation. Similarly, ‘’the named 
Prevention and Decontamination of Chemical, Biological, 
Radiological and Nuclear Pollutants for Emergency Medical 
Personnel During Ambulance Services’’ published in South 
Korea was taken into consideration and all surfaces of am-
bulance were covered with plastic film (11). With this appli-
cation, it is aimed to protect those who intervene in CBRN 
events. In this article, don’t need to cover the ambulance 
with the plastic film while an insulated patient carrying cap-
sule is using. The capsule can generate negative pressure as 
a method of working and consequently the environment and 
the interveners are protected. Moreover, the impermeable 
ports on the capsule also allow emergency intervention to 

the person exposed to CBRN.

There are some patient transport cabins developed around 
the world to be used in CBRN events. The common featu-
re in these cabins, including the products of the companies 
that sell these products as distributors in our country, is the 
material used for isolation tent format. Insulated patient car-
rying capsule provides isolation with solid plastic. Tent type 
material has lightness, foldability aspects advantageous. It is 
also at great risk in terms of deformation and tearing condi-
tions. In case of a possible tearing, the isolation function will 
be disabled, and the environment and those who intervene 
will be at great risk. Also, the tent format is less likely to 
protect the patient in cases such as falls. For isolation in the 
insulated patient carrying capsule, the use of a solid material 
is very safe both in terms of deformation and fall.

Conclusion And Recommendations 
CBRN events are undesirable, but when they are experien-
ced they are very difficult events and impacts. These events 
cause panic and disorder. For example; The Chernobyl Inci-
dent that took place in 1986 affected almost all of the Black 
Sea region in our country. Intervention in CBRN events is 
difficult and time consuming. Because the first responder 
is at risk and there is a possibility of transmission of CBRN 
substances. For this reason, personal protective equipment 
requires the use of materials.

The insulated patient transport capsule provides rapid in-
tervention to those exposed to the CBRN risk events, ensu-
ring that the interveners are exposed to the same risk at the 
minimum level. Thanks to the isolation, the risk of exposu-
re is prevented from spreading to the environment during 
transportation and the transport of the exposed person to 
the health center becomes easy and safe. The insulated pa-
tient carrying capsule and personal protective equipment 
are used at a minimum level, and as described in the findin-
gs and discussion section, ambulances that do not require 
special equipment arise.

In this study on the insulated patient transport capsule, the 
design of the capsule and the considerations in the design, 
the filtering system, the functions of the negative and posi-
tive pressure in the capsule and how to generate them, the 
air flow dynamics in the capsule and the tests applied to the 
capsule were examined. The capsule successfully completed 
the tests. The CBRN is also looking for people who are expo-
sed to CBRN and hospitals.

The insulated patient carrying capsule is designed to be 
compatible with the manufacturer’s existing stretchers used 
in ambulances. Developing the connection adapters, whi-
ch will enable the capsule to work in harmony with other 
stretcher groups, will promote the use of the capsule, CBRN 
events will be more effective.
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1. INTRODUCTION
The principles embedded in the circular economy are now 
emphasized in almost all manufacturing processes and pro-
duct design. This has introduced several innovative concep-
ts i.e. the bioeconomy, the bio-based society and the green 
economy that are now changing the strategic planning of 
many industrial companies [16]. 

The woodworking and furniture industries represent a sus-
tainable, innovative and environmental economic sector, 
using a natural and renewable raw material and thus play a 
vital role in the development of green economy. Nowadays 
these wood-based industries, including the fibreboard sec-
tor, are facing an increased competition for wood resources 
from the renewable energy sector, due to the current legisla-
tive measures for promoting the use of wood for producing 
bioenergy to meet the respective renewable energy targets 
and by the development of innovative bio-based products 

[14]. Maximization of resource efficiency is a key objective 
to implement a circular economy and to face the challenges 
of increased demand for wood and wood-based products. 
To meet these demands sustainably requires action in a va-
riety of areas, from the sustainable management of forests, 
to the more resource efficient use of wood in society. One of 
the leading principles is the so-called cascading use of wood 
resources: “the efficient utilisation of resources by using resi-
dues and recycled materials for material use to extend total 
biomass availability within a given system” [21]. 

The wood-based industries produce significant amounts of 
waste and residues. According to some authors [13] 26 mil-
lion tonnes of post-consumer wood (wood products that are 
disposed at the end of their life cycle, e.g. wooden furniture, 
window frames and wood-based panels, packaging, doors, 
windows, various construction materials, etc.) was genera-
ted in Europe in 2010. Taking into account these figures it is 
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Abstract
One of the main disadvantages of medium density fibreboards (MDF) in comparison with particleboards is the 
higher price of the panels, due to the energy-intensive defibration process. 
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sawmill residues (shavings) obtained from bandsaw, are presented in this article. The experimental plan is 
designed using the McLean and Anderson method for studying the properties of multi-component systems in 
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14% in order to compensate the negative effect of the inclusion of coniferous wood shavings in the composition 
of the manufactured MDF panels. The main exploitation properties of the panels are determined. Experimental 
and statistical models on the influence of the studied factors are obtained by applying stepwise regression and 
optimization is performed in order to acquire the best exploitation properties of MDF panels. 
As a result of the study it was determined that in order to achieve the values of MDF properties, required by the 
respective standards, the maximum permissible content of coniferous wood shavings should be up to 10.6%, in 
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important to create different applications for the previous 
waste and residue materials while considering environmen-
tal and economic factors. Large quantities of wood wastes 
are also produced in the course of primary and secondary 
wood processing, including bark, sawmill shavings, slabs, 
off-cuts, rejects, wood chips and saw dust. These types of 
waste, sometimes called wood processing residues, are pro-
duced at industrial facilities and are easily collectable and 
reusable as feedstock for wood-based composite industry 
[7; 17; 20]. The total amount of wood processing residues in 
the EU28 was 178.7 Mm³ in 2010, of which 82.3 Mm³ were 
sawmill residues [21]. These residues represent an untreated 
and clean wood resource that can be used materially in the 
pulp and panel industry. The industrial reuse of wood re-
sources will contribute greatly to the supply of raw material 
and will enhance the competitiveness of wood-based com-
posite materials. 

Fibreboards are a composite wood-based material with a 
dispersed phase of wood fibres and a composite matrix pha-
se formed by the adhesion and cohesion bonds of the panels 
[1; 3].

Fibreboard production ranks second of all wood-based 
composites worldwide, outpaced only by the production 
of plywood and glued-laminated timber. The growth in the 
production of fibreboards for the period 2011 - 2015 was 
45%, due mainly to the increased production of MDF panels, 
which accounted for 80% of the total production of fibrebo-
ards [30].

The defibraiton (disintegration of wood to free fibres) is one 
of the most energy-intensive processes in the production of 
this type of wood-based panels and has an important role 
in forming the final product costs [6; 9; 15]. Therefore, the 
design of exploitation properties of panels can be effectively 
performed by regulating the parameter values of the wood 
fibre mass incoming to the upper flow [8; 19]. When de-
termining the raw material characteristics both the impact 
on the exploitation properties and production costs should 
be taken into consideration [12]. The reduction of product 
costs can be achieved by including wood industry residues 
in the composition of panels which do not need to go th-
rough the defibration process. The wood shavings, resulting 
from the primary and secondary wood processing with a 
bandsaw, represent a typical raw material for that purpose 
[2].

At present this type of wood processing waste and residu-
es is mainly used in the production of wood pellets [4] and 
briquettes [11;18], as well as in the wood chemical industry 
for production of bioethanol [10]. It should be noted that 
the possibilities for utilization of wood shavings in one of the 
fastest-growing industries, namely the production of MDF 
panels, has not been sufficiently studied yet. 

The adhesion bonds are of great importance in the producti-
on of fibreboards by dry processing method [5; 8]. The active 
area of contact between the fibres is reduced by including 

wood shavings in the composition of fibreboards, which can 
be compensated to some extent by increasing the bonding 
agent content.

The use of soft wood from deciduous tree species is recom-
mended in the production of panels by dry processing met-
hod. The most widely used bonding agent is the urea-for-
maldehyde resin [5]. 

The present research is aimed at studying the possibilities of 
replacing a part of the wood fibre mass in the composition 
of combined medium density fibreboards (MDF) manufac-
tured from poplar (Populus alba L.) with coniferous sawmill 
residues (shavings) from Scots pine (Pinus sylvestris L.) and 
the respective influence on the exploitation properties of the 
panels. 

2. MATERIALS AND METHODS
The combined medium density fibreboards (MDF) were 
produced in laboratory conditions from wood fibre mass 
and coniferous sawmill residues (shavings). The wood fibre 
mass was obtained in factory conditions according to the 
Asplund method by using the Defibrator L-46 equipment. 
The wood fibre mass had a pulp freeness of 11° ShR and a 
bulk density of 29 kg.m-3. 

The coniferous wood shavings had a bulk density of 145 
kg.m-3. The fractional composition was as follows: fraction 
over 2.0 – 1.24%; fraction 2.0/1.0 – 25.71%; fraction 1.0/0.8 
– 6.67%; fraction 0.8/0.5 – 34.2%; fraction 0.5/0.315 – 19.0%; 
fraction 0.315/0.2 – 9.25%; saw dust – 3.94%. 

The wood shavings and fibres were dried to the uniform 
moisture content of 6%.

The studies on the influence of the composition on the ex-
ploitation properties of combined fibreboards manufac-
tured with coniferous wood shavings were implemented by 
applying the simplex grid experimental plans with a two-
fold constraint of the factors using the McLean and Ander-
son method [22]. The experimental matrix is presented in 
Table 1.

Table 1. Matrix of the experiments

№ Wood shavings 
content

X1

Content of urea-for-
maldehyde resin

X2

Content of fibres in absolute 
dry state

X3

1. 0.4 0.14 0.46

2. 0 0.08 0.92

3. 0.4 0.08 0.52

4. 0 0.14 0.86

5. 0.2 0.11 0.69

6. 0 0.11 0.89

7. 0.2 0.14 0.66

8. 0.2 0.08 0.72

The area of factor variation, corresponding to the above 
matrix, is presented on Fig. 1.

The panels were manufactured with a density of 720 kg.m-3. 
The content of coniferous wood shavings was altered from 0 
to 40%. The content of urea-formaldehyde resin was altered 
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from 8 to 14% in order to compensate the negative impact of 
the inclusion of coniferous wood shavings in the compositi-
on of the manufactured MDF panels. 

Fig. 1 Area of factor variation applying two-fold factor constraints for 
studying the influence of composition on the exploitation properties of 

combined fibreboards manufactured with coniferous wood shavings

The paraffin content was 1% of the absolutely dry wood. The 
additives were added for a period of 50 s by using a labora-
tory mixer at the speed of 850 min-1. The pressing was per-
formed on a laboratory press PMS CT 100, Italy. The hot 
pressing factor was 30 s.mm-1 of the panel thickness. The 
panels were manufactured with a thickness of 8 mm. The 
pressing temperature was 200° C. The hot pressing regime 
was as follows: I stage - pressure P = 4 МPa (15% of the 

whole cycle); II stage - pressure P = 2.0 МPa (15% of the 
whole cycle); III stage - pressure P = 0.8 МPa (50% of the 
whole cycle); IV stage - pressure P = 1.5 МPa (20% of the 
whole cycle).

The combined fibreboards were manufactured in laborato-
ry conditions within the specified constraints. The proper-
ties of the panels were determined in accordance with the 
requirements of the applicable European standards in the 
respective field [23; 24; 25; 26; 27; 28]. The internal bond 
strength is determined to trace the bonding quality between 
the fibrous elements and between the fiber elements and the 
wood shavings.

The data was processed using specialized software 
(QstatLab) and stepwise regression at 1000 interactions 
was applied for determining the optimal values of the panel 
components. 

3. RESULTS AND DISCUSSION 
The summarized results for the exploitation properties of 
combined fibreboards with variation of the values (levels) 
of the coniferous wood shavings and urea-formaldehyde re-
sin in accordance with the adopted experimental matrix are 
presented in Table 2.

The determination coefficient is used as a measure for de-
termination of the approximation. The values of the regres-
sion coefficients, determination coefficient, calculated (Fcalc) 
and critical (Fcr) value of the Fisher criterion,  showing the 
regression models about the influence of the composition 
on the different exploitation properties of combined fibre-
boards, are presented in Table 3.

Table 2. Results for the exploitation properties of combined fibreboards

№ Content of wood 
shavings X1

Content of 
urea-formaldehy-

de resin
X2

Content of fibres 
in absolute dry 

state
X3

Bending strength
fm, 

N.mm-2

Internal bond 
strength
ft, N.mm-2

Swelling in 
thickness 
Gt, %

Water absorption
А, %

1. 0.4 0.14 0.46 16.93 0.37 22.68 84.77

2. 0 0.08 0.92 21.55 0.21 25.87 60.26

3. 0.4 0.08 0.52 14.15 0.26 25.84 100.03

4. 0 0.14 0.86 24.22 0.32 19.49 50.73

5. 0.2 0.11 0.69 20.43 0.25 26.28 79.81

6. 0 0.11 0.89 25.35 0.38 19.74 37.37

7. 0.2 0.14 0.66 19.68 0.40 21.56 58.83

8. 0.2 0.08 0.72 17.01 0.23 28.07 101.20

Table 3. Regression models for determining the influence of coniferous wood shavings and urea-formaldehyde resin on the exploitation properties of 
combined fibreboards

Property Bending strength
 fm,  N.mm-²

Internal bond strength
 ft,  N/mm-²

Swelling in thickness 
 Gt, %

Water absorption А, %

Coefficient B1 -48.729 0.595 − 82.098

Coefficient  B2 -3548.362 − 52.246 -242.394

Coefficient  B3 -31.044 − 36.146 85.524

Coefficient  B12 4705.522 − − −

Coefficient  B13 − -0.465 50.000 226.065

Coefficient  B23 4572.727 3.206 -146.805 −

Coefficient B123 -320.826 − − −

Determination coefficient R2 0.985 0.610 0.861 0.865

Calculated value of the Fisher criterion Fcalc 28.012 6.791 9.010 8.497

Critical value of the Fisher criterion Fcr 19.296 5.786 6.591 6.591
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3.1 Analysis of the obtained experimental results for the 
bending strength of the panels  
The influence of coniferous wood shavings and urea-form-
aldehyde resin on the exploitation properties of combined 
fibreboards manufactured of poplar and coniferous wood 
shavings is presented on Figure 2. By increasing the per-
centage of coniferous wood shavings up to 40% and reduc-
ing the content of urea-formaldehyde resin from 14 to 8%, 
a decrease of the bending strength values of the combined 
fibreboards is determined – from 25.3 to 14.2 N.mm-2, i.e. 
as the result of the content variation of the boards there is a 
significant, more than 1.8 times, change in bending strength 
of the panels.

The optimal (maximum) value of the bending strength with 
a planned constraint of 23 N.mm-2 [29] for the value of the 
property which corresponds to the standard requirements 
for MDF panels with a predetermined board thickness is 
presented on the figure. The maximum value is reported 
at 11.59% urea-formaldehyde content, 0% wood shavings 
content and 88.38% content of poplar wood fibres. In order 
to achieve the requirements for the bending strength of fi-
breboards, the content of coniferous wood shavings can be 
increased up to 26% while the urea-formaldehyde content 
should be above 12%. When the binder content is 8%, the 
requirements for the bending strength of the panels could 
be achieved at the maximum permissible content of wood 
shavings up to 5%. 

If the wood shavings content is increased above 10%, a signi-
ficant deterioration of the bending strength values is obser-
ved which should be compensated by an increased binder 
content. 

Fig. 2 “Composition-property” diagram for the bending strength of com-
bined fibreboards manufactured with coniferous wood shavings

3.2 Analysis of the obtained experimental results for the 
internal bond strength of the panels 
The graphical interpretation of the results for the influence 
of the composition on the internal bond strength of com-
bined fibreboards manufactured of poplar wood and conif-
erous wood shavings is presented on Figure 3. The rage of 
variation of the examined property at the different panel 

compositions is from 0.21 to 0.40 N.mm-2, i.e. the internal 
bond strength is decreased 1.9 times. The optimal (maxi-
mum) value of the internal bond strength of the manu-
factured combined fibreboards is also presented on the 
figure. The maximum value is determined at 14% content 
of urea-formaldehyde resin and without wood shavings in 
the composition of the panels. The greatest gradient of the 
property decrease is determined when increasing the wood 
shavings content above 10% and reducing the urea-formal-
dehyde content below 12%, respectively (transition to the 
orange zone of the graph). 

Fig. 3 “Composition-property” diagram for the internal bond strength of 
the combined fibreboards manufactured with coniferous wood shavings

3.3 Analysis of the obtained experimental results for the 
swelling in thickness and water absorption of the panels
The graphical interpretation of the dependence of the swel-
ling in thickness of combined fibreboards manufactured of 
poplar wood and coniferous wood shavings is presented on 
Figure 4 by the “composition-property” diagram. The swel-
ling in thickness of the panels varies from 19.5 to 28% within 
the studied range of factor variation, i.e. the swelling in thi-
ckness of the panels deteriorates 1.4 times by the increased 
content of coniferous wood shavings. The minimum value of 
the examined property is determined at 14% binder content 
and without coniferous wood shavings. 

Fig. 4 “Composition-property” diagram for the swelling in thickness of 
the combined fibreboards manufactured with coniferous wood shavings
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Upon analysis of the regression model and the graph, a 
distinct deterioration (increase) of the studied property is 
observed with the increase of wood shavings content above 
10% and reduction of the bonding agent content below 12% 
(transition from the dark to light blue area of the graph).

The graphical representation of the influence of the panel 
composition on the water absorption of the panels is shown 
on Figure 5. 

Fig.5 Composition-property” diagram for the water absorption of the 
combined fibreboards manufactured with coniferous wood shavings

The water absorption of the panels varies within the range 
from 101.2 to 37.4 %. The most significant deterioration of 
all studied exploitation properties is determined for the wa-
ter absorption (2.7 times) as the result of the addition of co-
niferous wood shavings and reduction of the binder content.

The optimal value of the property is obtained at 14% content 
of urea-formaldehyde resin without the inclusion of wood 
shavings. 

Regarding the water absorption of the panels two main di-
viding values of the wood shavings content are determined, 
after which a significant deterioration or increase of the va-
lues of the studied property is reported. The first significant 
increase of the gradient is observed after exceeding the value 
of 10% wood shavings content and the second one – above 
26% wood shavings content. As for the binder content a sig-
nificant deterioration of the values of the water absorption 
is determined at reduction below 12%. 

4. CONCLUSIONS
After conducting the present research and analysing the 
obtained experimental results for the influence of the com-
position on the exploitation properties of combined fibre-
boards manufactured of poplar wood and coniferous wood 
shavings, the following main conclusions can be drawn: 

1) A significant deterioration of the studied exploitation 
properties of the panels is determined after including 
coniferous wood shavings in the composition of poplar 
fibreboards due to the decreased area of active contact 
between the fibrous elements;

2) As a result of the variation of coniferous wood shavings 

from 0 to 40% and reduction of the urea-formaldehyde 
content from 14% to 8%, the decrease in bending strength 
and internal bond strength of the panels is almost twice; 

3) The negative impact on the swelling in thickness of the 
panels, resulting from the increased coniferous wood 
shavings content and reduced urea-formaldehyde con-
tent, is 1.4 times; the most significant influence of the 
composition of the panels is determined for their water 
absorption where a deterioration of 2.7 times is reported;

4) Regarding the influence on the exploitation properties of 
combined poplar fibreboards manufactured with conif-
erous wood shavings, the percentage contribution to the 
latter should be no more than 26%; after exceeding the 
10% wood shavings content the minimum urea-formal-
dehyde content should be 12%;

5) When the urea-formaldehyde content in the composi-
tion of the combined fibreboards is up to 10%, the max-
imum content of coniferous wood shavings should not 
exceed 5%. 
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