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Measurement of Moments of Forces on the Control 

Mechanism of Gate Valves of Hydraulic Power Station 

Jozef Bocko1,a, Miroslav Pástor1,b, Martin Hagara1,c and Pavol Lengvarský1,d 

1Technical University of Košice, Faculty of Mechanical Engineering, Department of 

Applied Mechanics and Mechanical Engineering, Letná 1/9 Košice-Sever 042 00, Slovakia; 

ajozef.bocko@tuke.sk, bmiroslav.pastor@tukle.sk, cmartin.hagara@tuke.sk, 
dpavol.lengvarsky@tuke.sk 

Abstract: The article discusses the torque measurements on gate valves in the water dam 

of hydraulic power station. The gate valves serve for regulation of water flow between the 

pressure chamber and other operational spaces in dam. To open and close the gates, a 

system of bars (spindles, tubes) connected by universal joints (cardan joints) is employed, 

guided by a longitudinal guide. Approximately ten years ago, the equipment underwent 

reconstruction, replacing manual operation with hydraulic actuation for gate manipulation. 

However, issues arose with opening and closing the gates once the hydraulic actuator and 

control system were implemented. Furthermore, water entered the hydraulic system. 

Consequently, manual manipulation became necessary for the gate valves. The article 

presents an analysis of the causes behind the equipment malfunction. The authors 

conducted operational measurements of the driving torques of the closing mechanism 

using their designed dynamometers. These measurements revealed the reason of gate 

valves malfunction. The analysis of the collected operational data concluded that 

employing driving units with higher torque is essential for safe and reliable operation. 

From a strength point of view, the mechanical parts of the linkage are properly designed. 

Keywords: Gate valves; Torques; Operational measurement 

1 Introduction 

Dam structures or water reservoirs are the essential infrastructure of society, used primarily 

for hydropower, flood control, and irrigation. A decade ago, the number of reservoirs larger 

than 0.01 ha was estimated to be approximately 16.7 million worldwide, and the number was 

increasing significantly every year [1]. Information provided in the World Register of Dams 

database [2], updated in April 2020, considers 58,713 dams classified as large, i.e., dams with 

a height of at least 15 m measured from the lowest base to the crest, or smaller dams (of 

height between 5 m and 15 m) that hold more than 3 million cubic meters of water [2]. Using 

the latest publication of the World Register of Dams, irrigation is the most common purpose 

of dams. Of single-purpose dams, 48% serve for irrigation, 17% provide electricity 

generation, 13% ensure water supply, 10% are used for flood control, 5% for recreation, and 

less than 1% for navigation and fish farming. At present, the number of mainly multi-purpose 

dams is increasing [3, 4]. 

The dam described in the article was built between 1963 and 1972. Its purpose is to provide 

water for the domestic metallurgical industry, electricity supply, flood protection, and 

recreational purposes. The reservoir has a storage capacity of 45.3 million cubic meters and 

a flooded area of approximately 4.5 square kilometres. The length of the dam is 

11 kilometres. The reservoir also includes a pumped storage hydroelectric power plant with 

reversible turbines, completed in 1973. It consists of two parts, the second of which 

functionally forms a balancing reservoir to the pumped storage power station. In 2011, the 

dam was renovated, with the gates being manipulated to hydraulic actuation. Since the 

hydraulic actuator and controls were implemented, there have been problems with opening 
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and closing the gates. This manipulation has subsequently had to be done manually. In 

addition, during operation, the chamber in which the hydraulic equipment is located was 

flooded for short time. The operator's preliminary information on the condition of the 

equipment already indicated that the driving torques of the hydraulic mechanism were 

insufficient for handling the gate valve. The methodology proposed by the authors for the 

operational measurement of the driving torques of the closing mechanism not only confirmed 

the above factual situation but also provided important information leading to the 

identification of possible causes of the limited functionality. 

2 Methods 

As mentioned in the introduction, after several months of operation, problems with 

manipulating the gate valves using servomotors with a tripping torque of 160-400 Nm and a 

breakaway torque of 500 Nm were already detected. According to preliminary information 

from the operator, the torque value of 500 Nm was insufficient to operate the gate valves. 

Two dynamometers were designed and manufactured to determine the torque at the gate 

valves operating load and thus to find out the possible cause of problem. Their design was 

based on data provided by the operator. However, this procedure also required strength 

control of the other mechanical parts of the opening mechanism, such as the tubes and 

connecting elements (pivots/pins). The tube material's chemical composition and mechanical 

properties were determined to establish the actual status. After evaluating the material's 

mechanical properties, operational measurements were carried out to determine the torque 

required for manipulating the gate valves. 

A prototype dynamometer was designed for torque determination, which allowed us to obtain 

the torque value considering actual operating conditions such as friction, corrosion, shape, 

and wear of mechanical parts. The essential part of the designed dynamometer was a seamless 

steel tube of the annular cross-section with an outer diameter of ø50 mm and wall thickness 

of 5 mm mounted in radial bearings pressed in steel discs. The tube material is S235JRH, 

with a yield strength of 235 MPa and a strength of 360-510 MPa [5, 6]. When designing the 

dynamometer dimensions, it was necessary to consider the winding cable length of 25 m for 

strain gauging. Fig. 1 shows a 3D model of the designed dynamometer. 

Since the designed dynamometer served to identify the actual value of the torque required 

for opening and closing the gate valves, it was necessary to verify not only its functionality 

but also to perform its calibration in laboratory conditions before the operational 

measurement. For the calibration measurement, two different measuring apparatuses were 

used. The values were directly read from the display for the measurement with the P3 strain 

indicator and recorder (Vishay, USA). The Ouantum MX840 strain gauge apparatus (HBM, 

Germany) was used with the CatmanEasy measurement and evaluation software. Based on 

the calibration measurements performed, it was found that a torque value of 400 Nm 

corresponds to a strain of 319-320 με for dynamometer 1 and a strain of 322-323 με for 

dynamometer 2. The calibration measurements confirmed a very good agreement so that their 

possible substitution in the operational measurement would not cause significant deviations 

(i.e., the deviation of the measurement results would be less than 1%). The measuring chain 

consisted of a Quantum MX840 strain gauge apparatus and the CatmanEasy evaluation 

software. In some cases, it was also necessary to use an extender attached to the wheel when 

the valve gate mechanism was first opened (to apply higher torque). 
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Fig. 1 Model of the designed dynamometer. 

As can be seen from the diagram in Fig. 2, six gate valves (three on the right and three on the 

left side) are used to fill and discharge water into and out of the pressure chamber, and gate 

valve 4 is used to discharge water from the pressure chamber into the pump chamber. The 

operational measurement procedure has been chosen so that the operational modes 

considered correspond to the worst-case loading mode in a critical situation. 

 

Fig. 2 View of the location of the gate valves under consideration. 

For this reason, only the following modes were performed out of all possible modes:  

Mode 1: 1L and 1R gate valve handling operation: 

 Filling of water from the tank (T) into the pressure chamber (PRC).  
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Mode 2: 2L and 2R gate valve handling operation: 

 Discharge of water from the pressure chamber (PRC) into the zone between the 

power plant quick-acting gate (QAG) and the temporary gate (TG). 

Mode 3: 3L and 3R gate valve handling operation: 

 Discharge of water from the zone between the Johnson gate (JG) and the upstream 

operational gate (UOG) into the pressure chamber (PRC). 

Mode 4: gate valve no. 4 handling operation: 

 Transfer of water from the pressure chamber (PRC) to the pump chamber (PUC). 

In addition to the above modes, others are used in real operation, but in each of the modes 

tested, the most unfavourable handling case was when the water column pressure was applied 

from only one side of the gate valve. Each pair of caps 1L/1R, 2L/2R, and 3L/3R has a 

different function, so each mode was implemented separately.  

Before each measurement, the dynamometers were sequentially attached to individual 

flanges and their corresponding connecting bars, through which the gates were manually 

manipulated using a wheel located at the top of the dynamometer. The operator found that 

60 turns of the wheel are required to open the gate valve fully. As the opening of the gate 

valves was manual and in some of the modes tested, the pressure chamber was filled (opening 

of the gate valve at the bottom of the water reservoir directly below the measuring station), 

it was necessary to pay special attention to ensure the safety of the operating staff during the 

operational measurements. Therefore, to increase safety, it was agreed after mutual 

consultation with the operator in charge that the operational measurements would be carried 

out at 15 turns of the wheel. This number of turns is related to the fact that the most significant 

resistance to movement occurs when moving from a stationary position, i.e., when static 

friction is overcome. During subsequent handling, the increase in the torque value required 

to operate the gate was no longer anticipated. Another of the proposed safety features for the 

operational measurement was the replacement of the original 10 mm diameter steel pin with 

an M8 bolt of material grade 8.8. The ultimate strength of the bolt material used is 800 MPa, 

and the yield strength is 640 MPa. 

At the assumed maximum torque value (500 Nm), the shear stress in the used M8 bolt is 

approximately 250 MPa, which according to Guest's strength theory, is strength-compliant. 

As it later turned out, strain values corresponding to higher torque values were registered in 

almost every operational measurement. This phenomenon was confirmed by the deformation 

of the M8 bolts used. In some cases, these bolts failed by shear on the 1R and 2R gates. In 

standard operation with 1R and 2R gates, the operator uses a 10 mm diameter pin. As no 

mechanical (steel) parts have failed, the authors used an M10 bolt of material grade 10.9 for 

further measurements. This bolt has an ultimate strength of 1000 MPa and a yield strength of 

900 MPa. 

Fig. 3 to Fig. 9 show documented time-dependent records of the torques determined by 

recalculation from the measured strains based on the calibration measurements. As can be 

seen from Figs. 3 to 5, much higher levels of torques, which exceeded 1000 Nm in two cases, 

were determined on the right side of the water reservoir. After consultation with the operator, 

it was determined that no critical situation requiring simultaneous manipulation of the pair 

of corresponding gate valves (on the right and left sides) had occurred during the previous 
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operation history. In regular operation, service personnel use left-hand gate valves. This fact 

was confirmed by the actual handling during the operational measurements, as documented 

by the time-dependent torque records in Figs. 6 to 9. Gate valve 4 was the most commonly 

used, as confirmed by the lowest torque levels, which did not exceed 255 Nm. In Figs. 3 to 

9, the areas where it was necessary to release the gate mechanism are marked in red. The 

green area corresponds to the opening of the gate valve (approximately 15 turns). The closing 

process is indicated in blue. The purple arrow identifies the instant the gate valve has been 

fully closed. The yellow arrow identifies the moment the maximum torque value has been 

reached. When using the M8 bolt, the bolt failed by shear at that instant. When using the M10 

bolt, the required release of the locking mechanism was achieved. 

 

a) 

 

b) 

Fig. 3. Time record of torque during manipulation of the 1R gate valve mechanism: (a) failure of the M8 bolt; 
(b) opening of the gate valve using the M10 bolt. 

 

a) 
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b) 

Fig. 4. Time record of torque during manipulation of the 2R gate valve mechanism: (a) failure of the M8 bolt; 

(b) opening of the gate valve using the M10 bolt. 

 

Fig. 5. Time record of torque during manipulation of the 3R gate valve mechanism. 

 

Fig. 6. Time record of torque during manipulation of the 1L gate valve mechanism. 
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Fig. 7. Time record of torque during manipulation of the 2L gate valve mechanism. 

 

Fig. 8. Time record of torque during manipulation of the 3L gate valve mechanism. 

 

Fig. 9. Time record of torque during manipulation of the 4 gate valve mechanism. 

Table 1 shows the maximum values of the torques obtained when opening or closing 

the closures under consideration. The torques confirm the influence of the manipulation of 

the gate, as seen by gate 4, which is the most frequently (regularly) used one. 

Table 1. Maximum torque values observed when handling gate valves. 

Mode Obtained value of maximum torque (Nm) 

 1L 2L 3L 1R 2R 3R 4 

Opening 334 420 450 1135* 995* 840 255 

*M10 bolt of material grade 10.9 was used 

Discussion and conclusion 

Based on the operational measurements carried out, the analysis of the material used, and the 

subsequent analysis, the following facts can be stated: 
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• The torque value of the hydraulic actuators of 400 Nm is insufficient for opening or 

closing the gate valves. 

• The maximum torque value obtained during the operation was 1135 Nm. It is the 

peak value registered in the initial (release) phase of the gate opening when it was 

necessary to overcome mainly the resistances in the corroded universal joints. The 

torques were much lower in the subsequent phases after the mechanism started.  

• The bar (tube) is made of stainless high-alloy Cr-Ni low carbon steel of likely grade 

W. Nr. 1.4306 (AISI 304L) with strength characteristics Rp0.2 = 299 MPa, 

Rm = 607 MPa. When loaded with a torque of 1135 Nm, shear stress is formed in 

the bar, which exceeds the value of the allowable shear stress but is significantly 

below the ultimate strength. Thus, the bar is loaded in the elastoplastic region at this 

stress. When loaded with a torque of 1000 Nm, shear stress is formed in the bar, 

slightly below the allowable shear stress. This load can be considered limiting when 

it only occurs in the first stages of the gate valve handling process. 

• A visual inspection indicated that the universal joints were significantly corroded, 

which greatly increases the resistance to movement and requires high driving 

torques. It should be noted that for vertical manipulation of the gate valve, it is 

mainly necessary to overcome the friction forces in the mechanism. The 

experimental measurements' results confirm that the highest torque was only 

required when the gate valve was opened. Subsequently, the torque values decreased 

to more than half. From this point of view, paying due attention to the condition of 

the universal joints and regularly moving them as part of scheduled repairs or 

maintenance is crucial. Regular opening and closing of the gate valves during 

maintenance should be carried out in a mode where the gates are not loaded with 

water so that torque peaks do not occur in the initial stages. It will lead to a reduction 

in the initial resistance to movement and a reduction in the load on the individual 

structural elements in the motion chain of the gate valve. 
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A Study of Strain Rate Effects on the Mechanical Response 

of PolyJet Printed Elastomer Composites 

Abdelmadjid Boualleg1,a and David Cirkl1,b 

1Technical University of Liberec; Studentská 1402/2, Liberec, Czech Republic;  

aabdelmadjid.boualleg@tul.cz, bdavid.cirkl@tul.cz 

Abstract: This article presents the experiments and finite element analysis on PolyJet 

Digital Material. The aim of this work is to demonstrate the mechanical properties of a 

mixture of two materials Agilus30 and VeroClear at various strain rates. The identification 

of the visco-hyperelastic material model is based on the shear experiment. The calibration 

model that has been used is the Parallel Rheological Framework model (PRF). One branch 

of PRF represented the hyperelastic material; the other branch of PRF defines nonlinear 

viscoelastic properties, known as the Bergstrom-Boyce (B-B) model. The material 

parameters were used as material input in Marc Mentat software for finite element analysis 

(FEA) to predict the compressive stress response of cylindrical samples under various 

strains. Subsequently, these FEA results were compared with the experimental data.  

Keywords: PolyJet composite elastomer; Parameter calibration; Bergstrom-Boyce (B-B); 

Mechanical properties 

1 Introduction 

The PolyJet Matrix technology is a 3D printing technology that uses a jetting process to 

deposit droplets of photopolymer materials layer by layer to create a 3D object. One of the 

advantages of this technology is the ability to use two model photopolymers simultaneously, 

which can be mixed to create new materials with varying properties known as composite 

materials [1,2]. Polymeric materials are widely used in 3D printing and can be produced 

using various 3D printers with a broad range of properties. Soft polymer is widely utilized in 

additive manufacturing digital material robotics. These materials can be used in various 

industries, including robotics, as they enable the creation of soft and compliant robotic 

components [3,4].  

Recent researches are focused on understanding and optimizing the mechanical properties of 

additive manufacturing materials including also computational modeling. This plays a crucial 

role in predicting and simulating the mechanical behavior of additively manufactured 

materials. Computational methods such as finite element analysis (FEA) were used to 

simulate the mechanical response, thermal properties, and other behavior of these materials 

[5,6].  

For hyperelastic materials, the most commonly used constitutive model is the strain energy 

density function as a relation of the stress and strain of the material. The material parameters 

that define this function can be determined through a variety of experimental techniques, 

such as uniaxial tension or compression tests, biaxial tension tests, or shear tests [7-9]. The 

results of these experiments can be used to fit the strain energy density function to the 

experimental data, allowing the determination of the material parameters. 

The aim of this work is to determine the mechanical properties of 3D printed Digital Material 

DM40 (Agilus30 and VeroClear). The material exhibits a remarkable nonlinear visco-

hyperelastic response that depends on the strain and strain rates. The Bergstrom-Boyce (B-

B) model was used to describe the nonlinear behavior of the material [10]. The identification 
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of the visco-hyperelastic material parameters is based on the cyclic loading shear test 

experimental data of 3D-printed samples. 

2 Experimental methods 

The Stratasys500 was used to print the specimen, the printed digital material referred to as 

DM40 is a mixture of two different materials, Agilus30 and VeroClear. The print direction 

is the vertical z-direction and the Infill percentage of the material is 100%. 

2.2 Shear cyclic test 

The specimen dimension (length 20 mm, width 20 mm, and height 5 mm). The INSTRON 

Electropuls E3000 testing machine with a load cell of 1 kN was utilized for the shear test. 

The load-unload shear tests were performed on the specimen and then the last cycle was held 

for relaxation. The applied different strains as followed 0.3, 0.4, and 0.5 with various strain 

rates: 0.2 s-1, 0.4 s-1 and 0.6 s-1, respectively, see Fig. 1a. The experiments were repeated three 

times by allowing the sample to rest for 10 minutes before the next test. The temperature 

chamber during the test was set to 30° C, see Fig. 1b.  

  
(a)                                                                                   (b)  

Fig. 1 (a) Shear cyclic test under various strain and strain rates, (b) shear test. 

2.3 Uniaxial compression test 

The uniaxial compression tests were performed on the cylinder sample (diameter 17.8 mm, 

height 25 mm). The samples were compressed to 50% of the hight with different strain rates 

of 0.4 10-2 s-1, 0.2 s-1, 0.4 s-1, and 0.6 s-1.  The experiments were repeated three times and the 

average was calculated. The results are presented in Fig. 2. The temperature chamber during 

the test was set to 30° C because the material stiffness is affected by the small change in the 

temperature and also the need to investigate the material to be softer (flexible). The upper 

compression plate and lower compression plate were lubricated to reduce the barrelling effect 

of the samples. 
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Fig. 2 Uniaxial compression at different strain rates. 

3 Constitutive modelling and equation 

The Parallel Rheological Framework was used to model the response of the material. The 

constitutive material modelling includes decoupling a material's behavior into different 

parallel chains, each with a given individual constitutive behavior, see Fig. 3. 

 
Fig. 3 Three-unit Parallel Rheological Frameworks (Bergstrom 2015). 

3.1 Hyperelastic model 

The Ogden model that has been selected in this study was fitted by shear experimental data. 

The strain energy is presented in Eq 1. 

𝑊 = ∑
µ𝑖

𝛼𝑖
(𝜆1

𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3

𝛼𝑖 − 3) +
𝐾

2

𝑁
𝑖=1 (𝐽 − 1), (1) 

where λ1, λ2, and λ3 are principal stretches, µi are moduli and αi are non-dimensional material 

constants. J and K are the elastic volume ratio and the material bulk modulus respectively. 

3.2 Eight-Chain hyperelastic model 

The Eight Chain model considers eight orientations of chains in space, which can be 

visualized using the eight-chain network system. This system is a representation of how 

polymer chains are arranged in a specific configuration, the function is expressed as a series 

of appropriate terms in expansion Eq. 2. [11] 

𝒲𝐸𝐶 = 𝑛𝑘𝑡 [
1

2
(𝐼1 − 3) +

1

20𝑁
(𝐼1

2 − 9) +
11

1050𝑁2
(𝐼1

3 − 27) +
19

7000𝑁3
(𝐼1

4 − 81) +
519

673750𝑁4
(𝐼1

5 − 243)], (2) 

where nkt represents initial modulus and N is limiting chain extensibility are the model 

parameters, I1 also corresponds to the first invariant of the right Cauchy-Green deformation 

tensor. 
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3.3 Nonlinear viscoelastic element of Bergstrom-Boyce model 

The B-B model is used to describe the time-depending behavior of elastomeric materials for 

large strains. The flow rate rule of the nonlinear viscous element is presented in Eq. 3. 

𝛾̇=𝑐1[𝜆𝑐ℎ𝑎𝑖𝑛
𝑖 -1]𝑐2  ∥ 𝜏𝐼𝑆𝑂

𝑉 ∥𝑚 , (3) 

where C1, C2 and 𝑚 are material parameters, 𝜆𝑐ℎ𝑎𝑖𝑛
𝑖  is the inelastic network stretch, and 𝜏𝐼𝑆𝑂

𝑉  

is the deviatoric Kirchhoff stress representing viscous behavior. 

4. Material parameter calibration results 

The shear cycle test results were used for fitting Bergstrom-Boyce (B-B) model and the 

hyperelastic and viscoelastic material constants were determined. The fitting results are 

presented in Tables 1 and 2. The total parameters are 14. The two-terms Ogden model, 

represented by chain A, is identified by constants 𝜇1, 𝜇2, and 𝛼1, 𝛼2. The constants of 

nonlinear viscous elements are then nkt, N, C1, C2, m for chain B and C respectively.  

Table 1. Ogden Model constants. 

Term i Moduli µi Exponents αi 

1 0.0566 0.274 

2 0.293 2.090 

Table 2. Viscoelastic Model constants. 

Viscoelastic parameters Bergstrom-Boyce (Chain B) Bergstrom-Boyce (Chain C) 

nkt 0.152 2.9077 

N 3.559 27.262 

C1 1.1251 4.798 

C2 -0.1027 -0.0554 

m 0.8924 0.961 

The material model identified in this way was used for simulation of compression test and 

results were compared with experimental data. This comparison shows a very good 

correlation as it is seen in Fig. 4 (a), (b) and (c) where nonlinear force-displacement 

characteristics are displayed. 

 

(a) 
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(b) 

 

(c) 

Fig.4 Experiment validation with FEA at different strain rates. 

Conclusion 

This study presents the mechanical response of new composite PolyJet material Agulus30 

and VeroClear and the description of the hyperelastic and nonlinear viscoelastic properties. 

The cycle shear experiments were performed to determine the parameters of the hyperelastic 

and nonlinear viscoelastic model. The validation of the model was verified by a compression 

test with cylindrical sample. The comparison between experimental data and simulation 

results, in general, shows a good agreement, which is confirmed the accuracy and 

applicability of the PRF model.  
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Abstract: The paper deals with the residual stress analysis of additively manufactured 

AlSi10Mg alloy. The influence of the printing strategy of SLM technology was found. The 

inhomogeneities of the residual stresses around the circumference of the test sample were 

analysed, moreover; only the tensile residual stresses were determined on the surface of 

as-built samples. Zones of steep changes in residual stresses (mainly tensile) can be a 

potential area for crack initialisation. Inherent anisotropy was studied by tracking the yield 

surface, from these the yield strength of 160 MPa was determined, moreover; the decrease 

in tensile residual stresses was estimated. 

Keywords: Additive manufacturing; X-ray diffraction; Residual stresses; AlSi10Mg 

alloy; Inherent anisotropy 

1 Introduction 

Additive Manufacturing (AM), precisely Selective Laser Melting (SLM) technology, is a 

promising metal powder consolidation method and offers outstanding parts production 

opportunities. It is based on selectively melting parts of a thin flat powder bed in layers using 

a scanning energy source to produce 3D parts. The intricacy of the SLM process results in 

the magnitude and orientation of residual stresses (RS) being highly dependent on laser 

power, scanning speed, scanning strategy, and other processing parameters [1]. 

The effect of RS manifests itself in different ways. In particular, high tensile RS can lead to 

deformation and subsequent cracks in printed parts, which can disrupt the overall strength of 

the part. They can also affect the geometry of the printed object. Some shapes and structures 

are more sensitive to RS than others, especially in the horizontal printing strategy. Generally, 

tensile RS in the sub/surface layer reduce mechanical as well as corrosion properties. 

Furthermore, the notch toughness, fatigue resistance, and wear resistance properties are 

reduced; moreover, such factors as crack propagation rate, corrosion cracking, and 

intergranular corrosion are accelerated. 

The initiation of fatigue cracks and their propagation play a significant role in fatigue 

properties with a strong dependence on surface roughness, microstructure parameters 

(dislocation density, crystallite size, microstrains), and RS [2]. In the study [3], the explicit 

correlation between the initialisation of surface fatigue cracks and its propagation with RS 

has been investigated using X-ray diffraction. It was found that not only RS but also the 

distribution of microstructure parameters play a crucial role in fatigue. In a previous study 

[4], a correlation was observed between the relaxation of structure-sensitive characteristics 

and the formation of surface fatigue cracks for welded materials. The basis of this 
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investigation will be applied to this research, which deals with the study of additively 

manufactured AlSi10Mg. 

2 Materials and methods 

For the fabrication of AlSi10Mg, for chemical composition see Table 1, tubular samples with 

12.5 mm outer diameter and 10 mm inner diameter from a recycled powder Renishaw 

AM400 machine was used with the printing parameters shown in Table 2. During fabrication, 

the chamber was filled with argon with purity 5.0 to prevent oxidation and the building 

platform was preheated to a temperature of 170 °C. Five samples were prepared according to 

the printing strategy (slope related to the Z axis); 0°, 10°, 20°, 30°, and 40°. No mechanical 

or heat treatment was done on the printed samples to maintain a fine-grained microstructure 

from SLM technology, therefore; as-built samples were analysed. 

Table 1. Chemical composition of AlSi10Mg alloy. 

Element Composition [wt.%] 

Si 9.0–11.0 

Mg 0.20–0.45 

Fe ≤0.55 

Cu, Mn, Zn, 
Ni, Pn, Sn 

each ≤0.1 

Ti ≤0.15 

Al Bal. 
 

Table 2. Printing parameters. 

Parameter  

Laser power 350 W 

Spot size 80 μm 

Layer thickness 30 μm 

Printing strategy Meander 

Laser speed 1150 mm/s 
 

Macroscopic residual stresses (RS) were determined using an Empyrean diffractometer by 

X-ray diffraction (XRD) when the {311} diffraction line of the aluminium phase was 

measured using chromium radiation in the direction parallel to the rotation axis of the sample 

(axial direction). The diffraction angles 2θhkl were determined from the diffraction lines Kα1 

of the planes {311} of Al phase. Diffraction lines Kα1 were fitted using the Pearson VII 

function and Rachinger's method was used for the separation of the diffraction lines Kα1 and 

Kα2. For RS determination, the sin2ψ method and X-ray elastic constants ½s2 = 19.05 TPa-1 

and s1 = –4.89 TPa-1 were used. The experimental errors given for each value are the standard 

deviations of the calculation of the RS [5]. The irradiated volume was defined by the 

experiment geometry, the effective penetration depth of the X-ray radiation (approx. 6–

11 and 5–20 µm), and the pinhole size (1×0.5 and 3×0.5 mm2) for chromium and cobalt 

radiation, respectively. 

The tracking of the yield surface is a semi-destructive and online method of determining the 

specific yield stress. Using this method, we can determine the extent of the elastic region 

under any combination of tensile and torsional loads on a single sample [6]. This method is 

based on the deviation from linearity in the form of the effective increase in plastic 

deformation, which is given by Eq. (1) 

Δ𝜀𝑒𝑓𝑓 = √Δ𝜀𝑝𝑙
2 +

1

3
Δ𝛾𝑝𝑙

2 , (1) 

where Δ𝜀𝑝𝑙 and Δ𝛾𝑝𝑙 are increments of plastic deformation in the axial and torsional 

directions. The plasticity criterion is met as soon as Δ𝜀𝑒𝑓𝑓  reaches the prescribed value, which 

was 50 µε in the following experiments. A total of 16 combinations of loading paths were 

used to determine the elastic area, as in [7]. Thin-walled samples with geometry for low-
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cycle fatigue [8] are used for these tests. The testing equipment for the tracking tests was the 

LabControl biaxial hydraulic machine with a maximum load of 100 kN/1000 Nm, and the 

test was stress controlled at a constant rate of 1 MPa/s. The sample that was tilted by 40° 

from the vertical axis during printing was tracked. Tracking was repeated a total of three 

times to ensure statistical significance.  

3 Results and discussions 

Using the X-ray diffraction phase analysis, three phases were identified in the irradiated 

volume: approx. 85 wt.% of Al, 15 wt.% of Si, and 0.1 wt.% of intermetallic phase Mg2Si 

(according to Rietveld refinement method). It is necessary to mention that, according to the 

chemical composition, the microstructure should be hypoeutectic, i.e., α(Al)+Si+Mg2Si, in 

other words: solid solution of Al, eutectic Al+Si, and intermetallic Mg2Si. The average 

crystallite size of Al and Si is 122 and 16 nm, respectively, which correlates with the fact that 

the matrix is coarser-grained and eutectic fine-grained in hypoeutectic alloy. Moreover, the 

results from Al phase are influenced by both Al, in solid solution and eutectoid too.  

3.1 Residual stresses around the circumference 

The distribution of the RS (Al phase) was analysed around the outer circumference of the 

tubular in the axial direction; see Figs. 1–2. The 0° position within the circumference was 

pointing down to the building platform, i.e. the printing supports side. 

 

Fig. 1 Distribution of residual stresses around the circumference 
depending on the printing slope (related to Z axis). 

 

Fig. 2 Average residual stresses 

around the sample circumference 

depending on the printing slope. 

The circuit distribution of RS of Al phase of all samples is inhomogeneous, moreover; all RS 

are tensile; see Fig. 1. The RS maxima were systematically detected at 180°, which is 

opposite to the printing support side. On the other hand, the minima of tensile RS were found 

at 270°. This effect is clearly related to the printing strategy, i.e., the inclination of the sample 

axis to the building platform. According to Fig. 2, the average RS around the sample 

circumference have a decreasing character with increasing printing slope. However, samples 

with higher slope have higher inhomogeneities around the sample circumference.  

The circuit inhomogeneities should have a negative influence on the mechanical properties 

such as fatigue life, where significant changes in RS create so-called surface microstructure 

notches which are areas prone to the formation and propagation of fatigue cracks. 

 

 

circumference (°)

0 100 200 300

 (
M

P
a
)

0

20

40

60

80

100

120

0°

10°

20°

30°

40°

sample

0° 10° 20° 30° 40°

 (
M

P
a
)

0

20

40

60

80

100



 Experimental Stress Analysis 2023 
 6 – 8 June, 2023, Košice, Slovakia 

25 

3.2 Tracking of the yield surface 

The size of the elastic region is shown in Fig. 3. The effect of tracking on the distribution of 

RS is depicted in Fig. 4. 

 

Fig. 3 The size of the elastic region for the sample 

printed with slope of 40°. 

 

Fig. 4 Comparison of residual stresses of tracked and as-

built 40° sample. 

The measured data were fitted with the von Mises condition with a yield strength of an 

average value of 160 MPa (corresponding to 0.005% of plastic strain). The same value was 

evaluated from a tensile test. The yield strength (corresponding to 0.2% of plastic strain) is 

given by around 255 MPa. Compared to the maximum value of RS (Fig. 1), which is 100 MPa 

for the aluminium phase, it is possible to state that in some surface RS reach 63% of the yield 

strength and, therefore; 60 MPa of external tensile stress will result in plastic deformation.  

The higher yield strength in compression, which is obvious from Fig. 3, is the confirmation 

of the tensile residual stress observed by XRD analyses. Nevertheless, the results from Al 

phase are influenced by both Al, in solid solution and eutectoid too, where one of the Al 

phase should be harder and, therefore; one Al phase should be in elastic and the second in 

the plastic region. 

Tracking of the yield surface leads to cyclic plastic deformation, which reduces the average 

crystallite size from values of 122 and 16 nm to 116 and 14 nm for Al and Si phases, 

respectively. The RS of Al phase were redistributed/reduced and homogenized their values; 

see Fig. 4. 

Conclusion 

The slope of the printing (printing strategy) does not affect the phase composition, 

nevertheless; it affects the values of RS and their inhomogeneities around the circumference 

of tubular samples. Moreover, all analysed RS were tensile. The difference between the 

maximum and minimum values around the circumference reaches up to 60 MPa. These 

inhomogeneities, the so-called surface microstructure notches (step changes in RS and/or 

microstructure parameters) are prone to fatigue crack formation, which has a major influence 

on fatigue life. 

The worst low-cycle fatigue life was found for the 0° sample (results will be the subject of 

another article), probably due to the presence of pores in the critical layer parallel to the 

printing platform. Furthermore, the decrease in fatigue life can be attributed to the stress 

inhomogeneities of the RS of the 40° sample. 
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The yield strength of 160 MPa of the 40° sample was determined by tracking. It can be 

assumed that this value is lower than for conventional-made samples because it is related to 

the real structure of the SLM printed samples, i.e., the presence of pores, printing layers, etc. 
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Abstract: Bird strikes are an important phenomena that must be considered when 

designing aircraft. Most major bird strike incidents result in engine damage. Because an 

engine is the sole thrust-providing system of an aircraft, the effect of bird strikes on engine 

inlets and systems must be investigated and mitigated to the maximum extent. Especially 

in the case of convertible aircraft, such as an aircraft with tilting rotors, this effect is critical 

from the point of view of the operation, from the point of view of flight mechanics, and 

the overall control of the aircraft. International certification regulations require that all 

forward-facing aircraft components be proven to withstand bird strikes to a certain level 

before they can be used in an aircraft. A bird impact test provides a direct method for 

determining bird strike resistance; however, the design of aircraft structures typically 

involves numerous iterations, from design to manufacturing to testing and back, requiring 

that many bird impact tests be conducted. This is not only time-consuming but also costly. 

Furthermore, the experimental data from these tests are frequently narrowly focused, 

acting as a barrier to their direct use in refining structural designs. Owing to these 

shortcomings, several numerical methods have been developed to simulate bird or 

hailstone strikes to reduce the number of intermediate tests required and subsequently 

shorten the duration of the component design phase. The paper aims to experimentally 

validate numerical models for verifying composite air duct design for new tilt-rotor aircraft 

using flat and simple curved test panels. 

Keywords: Bird strike; Impact; Composite 

1 Introduction 

Foreign object impacts, such as birds, hail, debris, etc., are important phenomena that must 

be taken into consideration when designing aircraft. The critical parts of planes or helicopters 

are windshield, nose, fuselage panels, wing and empennage leading edges, rotor blades, fan 

blades, engine cowlings, and inlets [1]. 

International certification regulations require that all forward-facing aircraft components 

should be proven to withstand bird strikes to a certain level before they can be employed in 

an aircraft [2]. A bird impact test provides a direct method for determining bird strike 

resistance; however, the design of aircraft structures typically involves many iterations from 

design to manufacturing to testing and back, requiring that many bird impact tests be 

conducted. These empirical verifications, which cause damage to expensive prototypes or 

part of structure [3-5], and the biological hazard of using real birds, can be costly and time-

consuming. Furthermore, experimental data from these tests are often narrowly focused, 

constituting a barrier to their direct use in refining structural design. Owing to these 

shortcomings, several numerical methods based on CEL (Coupled Eulerian-Lagrangian) [6] 

or SPH (Smoothed Particle Hydrodynamics) [7-9, 15] have been developed to simulate bird 

strikes to reduce the number of intermediate tests required and subsequently shorten the 

duration of the component design phase. More bird models are verified only on isotropic 

material or impact on the rigid wall [10,11]. 
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The principal objective of the present work is to provide a more universal experimental 

procedure, applicable e.g., for a different type of material or technology production, for 

verification of a numerical model for bird strike analysis on the real composite structure. The 

verified numerical simulation will allow the design to be optimized for the next to satisfy 

certification on final design respectively expensive prototypes. 

The testing program was established to assist in the selection of composite material and 

optimised lay-up from the point of view of energy absorption from bird impacts on the 

composite inlet for a new generation of tilt-rotor aircraft. The flat and simple curved test 

specimen used in the high-speed impact resistance verification tests was designed to provide 

confirmation of the performance of the selected composite material and to assist in the finite 

element modelling of the global structure [13]. Fig. 1 shows the building block diagram for 

the proposed approach. 

 

Fig. 1 Building block diagram (BBD) for bird strike resistance analysis of composite inlet. 

2 Materials and methods 

The physical bird impact tests were performed at the Czech Aerospace Research Centre 

(VZLÚ) according to airworthiness requirements [1]. The real bird projectiles (chicken) were 

used during the experimental verification according to airworthiness requirements [14]. The 

weight of the bird projectile was 1 kg [2]. The projectiles were accelerated by compressed 

air through the smooth borehole of a gun barrel up to the required velocity according to 

specifications. Fig. 2 shows the air gun test facilities. 

 

Fig. 2 VZLU air gun for bird strike tests. 
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The flat and curved panels were defined in dependency on the preliminary design of the final 

part, bird mass, and impact speed range. The flat test specimens represented monolithic and 

sandwich structure designs (see Fig. 3). The simple curved test specimens represented 

monolithic structure design (see Fig. 3). The partner of TRIcEPS project Composite Impulse 

GmbH & Co manufactured the flat and curved test specimens.  

  

Fig. 3 Analysis of bird strike on the critical parts of the inlet for design of replacement test panels. 

The VZLU test rigs designed from the point of view of numerical boundary conditions were 

used for the attachment and instrumentation of the tests (Fig. 4) [13]. 

     

Fig. 4 VZLU test rigs to attached of curved (left) and flat (right) test specimen for bird strike tests. 

For the flat test specimen, it was realised three 42° and three 52° declined impacts with a 

range of impact speed from 307 to 428 km/h. For simple curved test specimens, it was 

realised 3 bird strike tests with a range of impact speeds from 100 to 204 km/h. The speed of 

impact was defined on the result of the previous test from the point of view of panel damage 

or failure. The main criterion was barely visible damage.   

Standard qualitative techniques for high-speed impact analysis, such as high-speed cameras 

and post-test non-destructive techniques (NDT), were used for the analysis of the test results 

and verification of the numerical model. A technique of dynamic displacement measurement 

by using a laser triangulation sensor during the impact process was used for quantitative 

analysis and a more precise verification of the data obtained from the numerical model (Fig. 

5) [13]. The measurement range of the laser sensors was 300 mm (centre of test specimen) 

and 40 mm (test rig frame). The actual bird impact point was then determined via the high-

speed camera record and visual inspection. The measurement data acquisition rate is 

adjustable over a range from 1.5 to 49.1 kHz and was set at 20 kHz during testing. The 

resolution of the sensor was 0.3 m.  
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Fig. 5 Displacement measurement during the bird strike test. 

The video images were recorded by three high-speed cameras; the two cameras, recorded the 

course of the impact from the front side and backside, and one camera was used to measure 

the projectile speed.  

The reaction force during the bird strike of curved panels was measured by load cells (see 

Fig. 6). Three load cells of KISTLER 9105A type were used in the test rig. The signal from 

load cells was stored using BMC Messsysteme GmbH data acquisition system completed 

with Vishay 2230 type amplifier. The measurement frequency was 10 kHz with 50,000 

sample/s for load cells.  

 

Fig. 6 Measurement of reaction force during bird strike on curved panels by load cells. 

NDT of bird-strike test panels was performed before and after bird-strike tests. Monolithic 

test panels were inspected by visual and ultrasonic methods by immersion C-scan (UT-PE 

method) (see Fig. 7). Visual and mechanical impedance inspection were used for the NDT of 

the sandwich test sample.  

 

Fig. 7 Example of C-scan inspection of flat test panel in VZLU immersion tank. 
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3 Test result analysis 

For the verification of numerical analyses, the experimental results were evaluated in 

terms of qualitative and quantitative parameters: 

 images from high-speed cameras, 

 visual and NDT inspection before and after the tests, 

 displacement measurements using the laser triangulation sensor (flat panels), 

 reaction force measurement (curved panels). 

3.1 Flat test specimen 

The flat test panels represented the real structure in the area of oblique impact on the part of 

the air duct and the filter door. The experiments confirmed the higher impact resistance of 

the monolithic construction compared to the sandwich construction of the filter door. 

Fig. 8 - Fig. 10 show examples of high-speed camera picture analysis from the point of view 

of test specimen displacement and failure initialization. 

 

Fig. 8 Example of high-speed camera pictures during the bird-strike test on the monolithic composite test panel for 

impact speed 403 km/h. 

 

Fig. 9 Example of high-speed camera pictures during the bird-strike test on the sandwich composite test panel for 
impact speed 332 km/h. 

 

Fig. 10 Example of high-speed camera pictures during the bird-strike test on the sandwich composite test panel for 
impact speed 392 km/h. 

Fig. 11 shows the result of the experimental verification of bird impact on monolithic (42°, 

403 km/h) and sandwich (52°, 392 km/h) composite panels at the same impact speed. 
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Fig. 11 Visible damage and failure after the test on the monolithic (left) and sandwich (right) composite test panel. 

The visual results were simultaneously compared with the NDT inspection to obtain 

information on the size and character of damage and compare them with numerical models 

(see Fig. 12). 

 

Fig. 12 Comparison of NDT and visual inspection of flat monolithic composite panel after the test. 

Fig. 13 shows the results of measuring the deformation in the centre of the panel using laser 

triangulation sensors. These results confirm the greater effectiveness of the sandwich 

composite structure in terms of damping but less strength and stiffness in terms of impact 

energy absorption. 

 

Fig. 13 Results of measuring the displacement in the centre of the flat test panels during impact. 

3.2 Curved test specimen 

The curved test panels represented the real structure in the area for the gear box. The 

experiment made it possible to assess the effect of curvature on the stiffness and strength of 

a thin-walled composite structure close to the real shape of a real air duct. 

Fig. 14 shows an example of high-speed camera picture analysis from the point of view of 

test specimen displacement and failure initialization. 
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Fig. 14 Example of high-speed camera pictures during the bird-strike test on the curved test panel for impact speed 
185 km/h. 

An important result from the point of view of numerical model verification is the size and 

extent of damage to the composite structure after a defined projectile impact. Fig. 15 shows 

the influences of speed impact on the size of damage on a simple curved composite panel. 

 

Fig. 15 The influences of speed impact on the size of damage on simple curved composite panel. 

Fig. 16 shows the results of measuring reaction forces during the impact. These results 

confirm the influences of impact speed on the size and course of the reaction force.     

 

Fig. 16 Reaction forces analysis from bird-strike test on curved composite panels. 

Conclusion 

The obtained results from the experiments confirmed, in most cases, the expected resistance 

values of the test specimens determined based on preliminary numerical simulations.  
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The application of measuring systems for high-speed loading, such as laser distance meters 

or force meters for measuring reaction forces, will enable quantitative assessment and 

verification of numerical models. 

The obtained results from the experimental measurement and the subsequent NDT analysis 

will enable the refinement of the material model for simulations on a real structure. 
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Abstract: Composite materials are among the most sought-after materials in major aerospace, 

automotive, naval applications of the 21st century. It is therefore paramount to conduct detailed 

materials analysis to obtain the elastic properties of attendant materials with respect to their 

dynamics in operation. This is technically cost-effective in eliminating repeated laboratory testing 

for very minute changes in input parameters. The model is a square-type unidirectional (UD) 

representative volume element (RVE) modelled in Abaqus CAE 6.14. An infinitesimal remote 

strain induced by means of a small displacement (15 - 20% of the boundary box length) from a 

reference/remote point tied kinematically and periodically to the face in question. The mesh 

sensitivity study was carried out in Ansys R22 because of its practical parametric sweep function, 

although mesh size was limited to 3 µm below which the number of nodes is not acceptable for 

the sake of license. The respective plots and attendant discussions are presented in the result 

section.  

Keywords: Function; Unidirectional; Composites 

1 Introduction 

Composite materials have found widening applications in science and engineering. They 

present such technically desirable properties as good strength, low weight, high 

machinability, paths for innovative design changes, and corrosion resistance. They are not 

entirely devoid of challenges; their hydrophilic nature, high production cost and disposal 

problems are some areas that have bedevilled their usage [1]. Composites and their 

reinforcement textiles have vast application and scope; for example the weaving structure of 

warp knotted fabrics was extensively described by Kyosev Y. [2,3]. Reuss and Voigt 

proposed one of the earliest means of finding the mechanical properties of a composite in the 

rule of mixtures (ROM) [4,5]. In micromechanical analysis, homogenization is used to 

determine the engineering constants of a representative volume element (RVE). This is a 

fundamental step towards the practical design of composite structures and laminates [6]. The 

modified ROM was also developed to address the disagreement with experimental results. 

Other models for estimating the homogenized mechanical properties of an RVE exist. For 

the Young's modulus, shear modulus and Poisson's ratio, the homogenized orthotropic 

material properties are taken from literature [7]. The homogenized properties of an RVE are 

evaluated. To simplify the solutions, only the square-type model will be used; it is one of the 

simplest types of RVE when compared to randomly-distributed short fibres, particle fibres, 

hexagonal and diamond type. A mesh sensitivity study will be done using Ansys 2022 R2. 

This offers relative ease of manipulating the parametric sweep function of generating data of 

independent variables.  Further future work will be on using the result obtained to perform a 

macromechanical analysis of a composite laminate plate of n-plies using safety factor (SF) 

and failure index (FI) as key performance indices for composite integrity. Input parameters 

are created as a text file and imported into the FEM platform at each required step. Several 

authors have expounded on laminated composites' micro and macromechnical analysis and 
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investigated their various failure models [8,9]. The very popular Chamis micromechanical 

model equations are widely employed to evaluate the RVE composite elastic properties. The 

idea being that both matrix and fibres are linear and elastic, and that the fibres are spacially 

distributed in a periodic fashion in either square or hexagonal type array [10,11]. In this study 

the Abaqus CAE tool is used to investigate the engineering constants of an RVE under the 

six standard load cases of tension in x, y and y – pure shear in xy, xz, xw. The Dirichlet 

boundary condition is imposed as against the periodic and Neumann boundary condition. The 

results obtained showed good agreement with the verified results from Python script 

developed by similar model [12].  

2 FEM setup 

2.1 Micromechanical analysis 

The micromechanical analysis is performed using Abaqus CAE and the classic method of 

manually imposing periodic boundary condition (PBC) on a square type RVE in Abaqus and 

using a pre-existing plug-in [12] to compare the results obtained.  Two models of same 

geometrics are generated using TexGen standalone open software and CMAS plug-in with 

Ansys r22. The latter showed better compatibility with other FEM tools, both for manually 

induced PBC and automatically-implemented ones through other plug-ins. The geometric 

properties are given in Table 1 below: 

Table 1. RVE geometric properties. 
 

   Domain Fibre Vf   


0.448 

 

Df 

(µm)  

 75.7 

  

(µm) 

start end start end 

X 0.0 100 0.0 100 

Y -50  50 0.0  0.0 

Z -50  50 0.0 0.0 
 

Fig. 1 Square-type RVE model (mm). 

For all cases, the model is imported while retaining internal boundaries so that fibre and 

matrix can be assigned different material properties and selected as separate entities during 

the mesh creation process. The model from TexGen and Ansys r22 CMAS plug-in are 

exported as faceted models, as against smooth, since this improves the possibility of 

convergence during the solution. The following section will describe the implementation of 

periodic boundary condition (PBC) and sweep meshing sequences to ensure a conformal 

mesh on opposing sides of the model [13].  

2.2 Periodic boundary condition and meshing 

In mechanics of solids, the rule of thumb holds that the displacement vector component 

orthogonal to the plane of reference is zero. The rotational vector components parallel to the 

plane are also zero. But in solid models, rotational vector is not active; only the translational 

vector is considered. Periodic boundary condition (PBC) can be stated mathematically as 

follows: 

),(,0 b

j

a

jij
b

i

a

i

b

i

a

i xxuurr  
 (1) 
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where a and b represent the corresponding surface pairs that describe the RVE, xj is the 

distance between the opposite sides, ui represents the displacement, and ԑ is the strain 

homogenous strain across the surface of the RVE. A critical part of the boundary condition 

is that the nodes along the symmetry plane for each case remained along the symmetry plane 

both before and after loading. For each simulation case, a total node-node constraint is 

applied to the symmetry plane, so there is no displacement in the direction perpendicular to 

the symmetry plane. An arbitrary plane is chosen as the symmetry plane and is retained for 

all conditions. In applying PBC, it is ensured that there exists equality in values of parameters 

on opposing edges that are kinematically linked to conform to the canonical equation in (1). 

This is typified by the idea that the meshing on each side of the geometry should be identical 

and conformal [14].  

2.3 Material properties 

The material properties of the matrix (modelled as Epoxy) and fibre (E-Glass) are given in 

the table below obtained from [8]. In a further work, the material property of the interface 

region will be modelled as data points of stress and their corresponding strain.  

Table 2. Material properties. 

 Matrix (Epoxy Resin) Fibre (E-Glass) 

Young’s Modulus 3790 MPa 73000 MPa 

Poisson’s Ratio 0.35 0.22 

Shear Modulus 4200 MPa 4345 MPa 

Yield Strength 54.6 MPa 

3 Model setup 

3.1 Using Abaqus CAE 

In this method, the edges are tied all round with a representative loading condition whilst 

systematically excluding the three faces, XF, YT and ZF. Six sets capturing the faces of the 

RVE are creating at each loading front: XFront (XF), XBack (XB), YTop (YT), YBase (YB), ZFront 

(ZF) and ZBack (ZB).  

      

         (a)                (b) 

Fig. 2 (a) Schematic of representative loading condition, (b) reference points (RF) A and B. 

 



 

38 

3.2 Meshing the part 

Abaqus is equipped with one of the most efficient and accurate inbuilt meshing functions. 

Then a suitable element type is chosen. The number of divisions on each side of the cube 

representing the matrix can be seeded by parts or by edge length. If there is a remarkable size 

difference between constituent parts or deep contours which can present messing problems 

in some areas, the seeding could be done separately in parts, and by parts or by edge length. 

The mesh control option is used to determine the element shape and the meshing technique 

employed. The sweep technique is particular important for the periodic boundary condition 

so that there are identical meshing sequence on opposite face. The basic meshing metrics are 

shown below. Fig. 3 shows the periodic mesh of equal number of nodes on each pair opposite 

side.     

Table 3. Meshing details. 

Technique Element Shape Edge  Length 

Division (mm) 

Number of 

Divisions on 

Edge 

Total Number of 

Elements:Nodes 

Sweep Hex/Hex dominated 0.005 = 0.1/0.005  

= 20 

9560:10899 

 

Fig. 3 Conformal periodic sweep mesh. 

3.3 Reference loading 

The reference points XRP-1 and XRP-2 are positioned at an arbitrarily small distance away (in 

this case 20 µm = 0.02 mm) from two chosen vertices whose coordinates are given in the 

Table 2 below. 

Table 4. Reference load points of Fig. 2b. 

Vertex ID Coordinates 

 x y z 

Node Load Point Node Load Point Node Load Point 

A 0.1 0.12 -0.1 -0.1 0.1 0.1 

B 0 -0.02 0 0 0.1 0.1 

Load Size 

Direction   x  15 µm  y  
15 µm  y  

20 µm 

Transverse Loading in x-direction 

An infinitesimal displacement load of 12 µm is applied on the XRP-1 (node A, Fig. 2b) while 

maintaining a linear constraint equation linking XRP-1 with XFront  so that, 
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 1-XRP)()( XUXU FrontX
  (2) 

The same is applied at XRP-2 and a third one at XRP-1 again for ZF at magnitudes of 15 µm and 

20 µm respectively.  

Transverse Loading in y-direction 

Similarly, a reference point 2 (XRP-2) is used to create a load location for the YTop. So that 

what is taking place at XRP-2 is transferred to the the YTop  in that same direction.  

 2-XRP)()( YUYU TopY
  (3) 

Longitudinal Loading in z-direction 

As in the cases of the X and Y fronts, a load which is tied to point 1(XRP-1) is specifically 

oriented kinemtically so that its attributes are presented as loading in the z-direction as below. 

The load is upped by about 33% 

1 -XRP)()( ZUZU FrontZ


    (4) 

4 Boundary condition 

Restriction is needed to so that during loading only the side in question engages in 

displacement. Using the initial boundary condition for the uniaxial case, we fix XB in the x-

direction, YB in the y-direction and ZB in the z-direction –all using roller boundary 

condition. 

4.1 Constraint equations 

The constraint equations are in agreement with those used to develop the Abaqus plug-in for 

RVE homogenization developed by Omairey S. And the periodicity condition in Digimat 

[12,15,16]. The constraint equations will involve actually implementing the relationships 

described in (1) – (4). A set of constraints is culled up using equation function in Abaqus. 

The first is to constrain the behaviour of XF WITH XRP-1.  

Table 5. Tensile load constrain equation variables on load points. 

 x y z 

Coefficient 1 1 1 

-1 -1 -1 

Set Name XF YT ZF 

XRP-1 XRP-2 XRP-1 

DOF 1 2 3 

1 2 3 

Table 5 above captures the constraint equation variables for the infinitesimal representative 

loading in the x, y and z directions of the RVE. The negatives in the second terms of the 

coefficients come from moving the non-zero parameters to the left-hand side of the kinematic 

equation. The loading schematics and the boundary conditions are shown below in Fig. 4 

where the reference points 1 and 2 are used to apply loading in the x and z, and then y 

directions, respectively. 
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Fig. 4 Boundary condition and x, y and z loading. 

4.2 Pure shear loading 

Before discussing the result from the tension loading, it’s worthy to expound on the concept 

of adding pure shear load to the RVE. For this, loads are simultaneously applied to the YZ-

plane and XY-plane with respect to the XRP-1 and XRP-2 respectively. It is also pertinent to 

observe the care in positioning and directing the constituent loads that make up the shear 

components to accommodate for the y-bound force in the positive y direction and the x-bound 

force. 

 

Fig. 5 Pure shear: xy , xz and yz  planes 

The boundary condition involves imposing fixed constraints according to Table 6 below and 

then running separate simulations to obtain results for each case. 

Table 6. Tensile load constrain equation variables on load points. 

Pure Shear 

Direction xy  xz  
yz  

Reference 

Side 

YB XB ZB XB YB ZB 

Constrained 

Axis 

x, z y, z x, y y, z x, z x, y 

As before, creating the correct boundary conditions plays a key role in ensuring accurate 

representation of a realistic model behaviour on which the results are hinged. For the first 

shear case (XY and YX shear), the boundary condition on the YBase and XBack are that there 

are fixed constraints in the x and z directions, and then the y and z directions respectively. 

For the second shear case (XZ and ZX shear), the ZBack and XBack are fixed in the x and z 

directions, and then the y and z directions respectively, and finally, for the third case (YZ and 

ZY shear), the YBase and ZBack are fixed in the x and z directions, and then the x and y directions 

respectively. All other variables not mentioned are not needed, and thus, are suppressed for 

the specific case. Tables 7 and 8 below show the shear load constrain dynamics and the load 

application schedule.  
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Table 7. Shear load constrain equation variables on load points. 

Shear Equation 

Axes 

XY YX XZ ZX YZ ZY 

Coefficient 1  1 1 1 1 1 

-1 -1 -1 -1 -1 -1 

Set Name XFront  YTop XFront ZFront YTop ZFront 

XRP-1 XRP-2 XRP-1 XRP-2 XRP-1 XRP-2 

DOF 2 1 3 1 3 2 

2 1 3 1 3 2 

 

Table 8. Reference shear load information. 

Shear Load ID XY YX XZ ZX YZ ZY 

Reference Point  XRP-1 XRP-2 XRP-1 XRP-2 XRP-1 XRP-2 

Axis +y +x +z +x +z +y 

Load Size 15 µm 15 µm 20 µm  15 µm 20 µm  15 µm 

4.3 Mesh sensitivity study 

Meshing a part is a vital part of FEM since it stems from the discretization of the geometry 

into smaller parts (elements) which are solved and generalized to give the result of the whole 

system. For this section, the Material Modeller built into newer versions Ansys is used. This 

is chosen because it offers great convenience in performing the needed parametric sweep of 

independent variables. Originally the model was meshed with a maximum mesh size of 5 

µm. The sensitivity involved performing a sweep of parameters from 3 to 10 µm. The values 

remained remain tightly close with very infinitesimal margins. 

 

Fig. 6 Parametric sweet of the 5 µm mesh size. 

   

Fig. 7 Mesh sensitivity plot for G12, nu12 and E1. 
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5 Results and discussion 

To present the results, the first idea is to plot the stress-strain curve for the three tensile load 

cases in X, Y and Z directions. Then a comparison is made of the plots of the shear cases 

considering the shear cases for each pair of planes (XY, YZ, and ZX planes). Stress-strain 

curve is obtained from the Abaqus post processor by invoking the excel plugin that exports 

the ramped-to-target-value data for the force and displacement. The stress and strain values 

are calculated from tables using the value of the measurement of the side of the bounding 

box (matrix) and consequently its cross-sectional area. The values of the Young’s modulus 

are given in the table below and compared with results from a python-based Abaqus Plugin 

developed by Sadiq O. et al [12].  

Table 9. Young’s Modulus. 

E1 E2 E3 

Abaqus 

Simulation 

Plugin 

(Abaqus) 

Abaqus 

Simulation 

Plugin 

(Abaqus) 

Abaqus 

Simulation 

Plugin 

(Abaqus) 

7.0372GPa 10.10GPa 7.0049GPa 10.12GPa 32.926 GPa 32.915 GPa 

 

 

Fig. 8 Stress-strain result plots. 

 

Fig. 9 Contour plots of the 6 load cases (top row: tension, bottom row: shear). 

5.1 Stress and stain deliverables 

Fig. 9 above shows the linked viewport of the 6 load cases. All components of stress (s), 

strain (E), reaction force (RF), displacement (u) and plastic strain types (PE, PEEQ and 
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PEMAG) can be deduced from the virtualization tab. Loaded to the x-y plot function and 

exported as an excel file. The equivalent plastic strain is recorded as 1.5% while the von 

Mises stress is 311.1MPa for X-tension load case. The same is done for the remaining 5 load 

cases.  

    

Fig. 10 Virtualization and exporting data points. 

Conclusion 

In general, Abaqus CAE among other tools has proven to be one of the best and user-friendly 

tools used by researchers and engineers alike in solving complex and delicate technical 

problems that require modelling and virtual solutions. Further work will involve 

incorporating the thermal aspect of response of UD RVE in Comsol Multiphysics and 

Digimat homogenization kit. As discussed earlier, modelling the interface and its plastic 

behaviours is one key aspect that further improves on the realistic approach of describing a 

UD-RVE. 
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Abstract: In dynamic analysis of structures, modal parameters estimation plays an 

important role. The paper describes the experimental assessment of the modal parameters, 

i.e. mode shapes, natural frequencies and damping ratios, of the pressure vessel filled with 

helium under two states, i.e. by its inner pressure equal to 80 bar and the analysis of the 

empty vessel, whereby the inner pressure is expected to be 0 bar.  Moreover, it provides a 

description and application of the simple and effective method for the determination of 

Rayleigh coefficients α and β, which are commonly used in the finite element analysis as 

an approximation to viscous damping. The obtained results prove that the inner pressure 

has significant influence on the analysed modal parameters. As the analyses of the vessel 

were realised under free-free boundary conditions, the results obtained can be simply used 

to correlate finite element analytical model. 

Keywords: Experimental Modal Analysis; Modal parameters; Rayleigh damping model; 

Inner pressure; Vessel 

1 Introduction 

Damping plays an important role when analysing the dynamic behaviour of structures. 

Viscous and hysteretic damping models are the most common damping models used in civil, 

mechanical, material, and automotive engineering, respectively. The viscous damping model 

assumes that the damping force is proportional to the velocity, and thus the damping ratio 

and natural frequency are independent of the excitation level. On the other hand, the 

hysteretic damping model refers to a situation where the damping force or coefficient 

depends on the displacement or strain history of the system [1]. 

One of the most common damping specified in time history response analysis is Rayleigh 

damping, a form of viscous damping proportional to a linear combination of mass M and 

stiffness K matrices according to 

α β C M K , (1) 

where coefficients α and β are not generally known, but calculated from the modal damping 

ratios [2,3]. Traditionally, two modes of vibration (ith- and jth-order) are selected and their 

damping ratios  i , j  and their natural damped frequencies i , j  obtained through 

experimental modal analysis (EMA) are used to determine α and β [4,5] using the following 

relation 
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The determination of the damping ratio j  as a function of frequency is then realized 

according to 

2 2

j
j

j





  . (3) 

Typical dependence of damping ratio on the frequency by considering the Rayleigh damping 

model is shown in Fig. 1. 

 

Fig. 1 Typical dependence of damping ratio on the frequency. 

2 Measurement and methods 

The estimation of the modal parameters, including Rayleigh damping coefficients, was 

carried out at two states of a pressure vessel (Fig. 2). Firstly, when it was filled with helium 

at 80 bar and secondly, when the vessel was empty, and thus the inner pressure was 0 bar (or 

low value approaching 0 bar caused by the remaining unreleased helium). The basic 

dimensions of the pressure vessel are the length 260 mm and outer diameter 103 mm. The 

mass of the filled vessel is approximately 1770 g. According to [6], the vessel is formed by 

welding the central cylindrical part to the bottom or cap of the vessel. A glycerine manometer 

GS04/20 was used to determine the values of the inner pressure. 

 

Fig. 2 Analysed pressure vessel. 

 

Fig. 3 The geometry of the pressure vessel, created in MTC hammer 

software, used to perform the experimental modal analysis. 

2.1 Experimental modal analysis of the pressure vessel 

Experimental data of frequency response functions (FRFs) form was acquired using the 

Brüel&Kjær Pulse® system with the LAN-XI 3050 module. The Pulse MTC Hammer 

software was used to perform the measurements, in which a simplified pressure vessel 
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geometry was created (Fig. 3). Soft rubber cords were used to suspend the vessel from a rigid 

frame (Fig. 4). 

 

Fig. 4 Representation of reference points, accelerometer locations, and free-free boundary conditions. 

Measurement in the form of the fixed embedded accelerometer and roving hammer-impact 

method was carried out using a Brüel&Kjær 8206 modal hammer with a plastic tip. At the 

same time, the structure's response in the three mutually perpendicular X, Y, and Z directions 

was recorded successively at three measurement points by a Brüel&Kjær 4374 single-axis 

miniature acceleration sensor. The resulting signals were obtained by averaging using the 

linear peak hold average method of the fast Fourier transform (FFT) signals, which increased 

the accuracy of the FRFs. The complex mode indicator functions (CMIFs) obtained from the 

measurement are depicted in Fig. 5. 

 

Fig. 5 Complex modes indicator functions (CMIFs) obtained by experimental modal analysis of the filled pressure 

vessel. 

The obtained frequency response functions were evaluated in Pulse Reflex®, providing 

information on the natural frequencies, damping ratios, and individual mode shapes of the 

vessel vibration in the frequency range from 0 Hz to 6400 Hz. Stability diagrams resulting 

from the Complex Mode Indicator Function (CMIF) were used to estimate the vibration 

modes. The stability diagrams were plotted sequentially for the selected frequency bands, 

while the Rational Fraction Polynomial-Z method was used to identify the stability poles. 

Based on the most stable poles, the possible modes of vibration of the vessel were determined 

over the entire analysed frequency range. Since, in some cases, modes were estimated that 
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were not directly related to the vibration of the pressure vessel but only of its valve, these 

modes were removed from the estimated modes of vibration. In the case of a vessel loaded 

with an internal pressure of 80 bar, these were the modes with the following frequencies 2021 

Hz, 3436 Hz, and 3440 Hz. The selected possible modes were analysed using Auto Modal 

Assurance Criterion (Auto MAC) method based on orthogonality checking. The natural 

frequencies and damping ratios of the vessel vibration were obtained from the experimental 

modal analyses of the filled and empty pressure vessel, as shown in Table 1. 

Table 1. The natural frequencies and damping ratios obtained for the filled and empty vessel. 

 

80 bar 0 bar 

Frequency (Hz) Damping ratio (%) Frequency (Hz) Damping ratio (%) 

Mode 1 
1788  0.1161 1665 (↓6.9%) 0.0579 (↓50.1%) 

1794 0.1201 1673 (↓6.8%) 0.0593 (↓50.6%) 

Mode 2 
2489 0.0941 2209 (↓11.3%) 0.0499 (↓47.0%) 

2490 0.0948 2211 (↓11.3%) 0.0503 (↓47.0%) 

Mode 3 
3923 0.0877 3754 (↓4.3%) 0.0453 (↓48.3%) 

3935 0.0881 3765 (↓4.3%) 0.0469 (↓46.8%) 

Mode 4 
4146 0.0847 3830 (↓7.6%) 0.0420 (↓50.4%) 

not found not found 

Mode 5 
4533 0.0773 4501 (↓0.7%) 0.0458 (↓40.8%) 

4536 0.0785 4504 (↓0.7%) 0.0436 (↓44.5%) 

Mode 6 
4945 0.0759 4677 (↓5.4%) 0.0442 (↓41.8%) 

4948 0.0757 4685 (↓5.3%) 0.0448 (↓40.8%) 

Mode 7 
5560 0.0622 5593 (↑0.6%) 0.0410 (↓34.1%) 

5571 0.0609 5617 (↑0.8%) 0.0403 (↓33.8%) 

Mode 8 
6113 0.0872 6009 (↓1.7%) 0.0465 (↓46.7%) 

6141 0.0877 6028 (↓1.9%) 0.0474 (↓45.9%) 

Mode 9 
6347 0.0771 6033 (↓4.9%) 0.0466 (↓39.5%) 

6356 0.0792 6044 (↓4.9%) 0.0469 (↓40.8%) 

Mode 10 not found 
6222 0.0439 

6248 0.0446 

In both analysed cases, the so-called multiple modes of vibration typical for axisymmetric 

structures were found. In the case of an empty pressure vessel, the first ten vibration modes 

were estimated in the frequency range from 0 Hz to 6400 Hz. The tenth mode was not 

identified for the filled vessel because its corresponding frequency exceeds the analyzed 

frequency range. A decrease of up to 11.3% can be seen for almost all natural frequencies. 

Only in the case of mode seven, this change did not occur, even though the natural frequency 

increased by 0.6-0.8%. However, this mode differed in character from the others (significant 

vibration in the valve region visible from the FEM analysis not included in this paper). The 

estimated mode shapes of the vessel obtained from the experimental modal analysis are 

shown in Fig. 6. The individual vessel mode shapes were identical for both analysed cases. 
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Fig. 6 Mode shapes of the analysed vessel obtained by experimental modal analysis. 

2.2 Estimation of Rayleigh damping coefficients  

The coefficients α and β for estimating the Rayleigh damping according to relation (1) were 

calculated from the experimentally determined values of the natural frequencies and damping 

ratios of the individual modes for both states of the pressure vessel. Estimates of the above 

coefficients were obtained sequentially for the individual frequency bands defined by the nth 

and first vibration modes but only for the first from the multiple modes. The obtained results 

are presented in Table 2 and Table 3. 

In both analysed states of the vessel, a very low value of the β coefficient approaching zero 

can be observed, i.e., the damping of the vessel is proportional to its mass. This case is 

characterized by very low damping at higher structure modes. Comparing the coefficient α, 

it is possible to observe a decrease of more than 50% in the case of an empty vessel. 

Table 2. Rayleigh damping coefficients for the analysed vessel filled with helium at 80 bar. 

 Frequency (Hz) Damping ratio (%) β α 

Mode 1 1788  0.1161   

Mode 2 2489 0.0941 2.836E-08 22.509 

Mode 3 3923 0.0877 3.560E-08 21.595 

Mode 4 4146 0.0847 3.269E-08 21.963 

Mode 5 4533 0.0773 2.617E-08 22.785 

Mode 6 4945 0.0759 2.509E-08 22.922 

Mode 7 5560 0.0622 1.588E-08 24.084 

Mode 8 6113 0.0872 3.031E-08 22.263 

Mode 9 6347 0.0771 2.416E-08 23.038 
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Table 3. Rayleigh damping coefficients for the empty analysed vessel (0 bar pressure). 

 Frequency (Hz) Damping ratio (%) β α 

Mode 1 1665 0.0579   

Mode 2 2209 0.0499 2.076E-08 9.845 
Mode 3 3754 0.0453 2.067E-08 9.854 
Mode 4 3830 0.042 1.720E-08 10.234 
Mode 5 4501 0.0458 1.998E-08 9.929 
Mode 6 4677 0.0442 1.836E-08 10.107 
Mode 7 5593 0.041 1.482E-08 10.495 
Mode 8 6009 0.0465 1.747E-08 10.205 
Mode 9 6033 0.0466 1.750E-08 10.201 

Mode 10 6222 0.0439 1.565E-08 10.404 
The minor differences in the values of the parameter α obtained in both measurements for 

different defined frequency bands declare that the Rayleigh damping model estimated for the 

whole analysed frequency range (between modes 1 and 9 for a vessel with 80 bar gas 

pressure, respectively 1 and 10 for an empty vessel) should be sufficiently accurate also in 

the case of the vibration analysis of the lower modes. 

A comparison of the dependence of the damping ratio on frequency obtained for different 

defined frequency bands in the case of the two analysed vessel states can be seen in Fig. 7-9.  

 

Fig. 7 Frequency dependence of Rayleigh damping ratio obtained for the frequency band ω2-ω1. 

 

Fig. 8 Frequency dependence of Rayleigh damping ratio obtained for the frequency band ω6-ω1. 
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Fig. 9 Frequency dependence of Rayleigh damping ratio obtained for the frequency band ω9-ω1. 

Conclusion 

The paper describes the methodology for the assessment of the modal parameters of the 

pressure vessel. The analysis of the mode shapes, natural frequencies, and damping ratios 

was realized for two different states of the vessel, i.e., the vessel filled with helium at a 

pressure of 80 bar and an empty vessel, whereby the inner pressure of the gas was expected 

to be 0 bar. The obtained results confirm that the inner pressure influences the analysed 

quantities, i.e., the higher the pressure, the higher the natural frequencies and damping ratios. 

On the other hand, there is no difference in the vibration mode shapes. 

The second part of the paper deals with estimating the vessel Rayleigh damping model, a 

form of viscous damping proportional to the linear combination of mass and stiffness 

matrices often used in finite element analysis. According to Fig. 1, it was obtained in both 

cases that the damping of the vessel is proportional to its mass. Moreover, it can be concluded 

that the inner pressure also influences the Rayleigh damping coefficients, i.e., α and β, which 

decrease with decreasing inner pressure. As the experimental modal analyses of the vessel 

were realized using soft rubber cords to minimize the effect of bond stiffness, the authors aim 

to use the obtained results in the vessel numerical model verification process. 
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Abstract: The paper focusses on the stress-strain behaviour of Inconel 718 prepared by 

the selective laser melting technology. Uniaxial cyclic plastic properties are reported 

together with lifetimes of particular specimens. The transient behaviour of the material is 

a challenge for advanced constitutive modelling. The cyclic plasticity model considering 

a virtual backstress for memory surface evolution is used in the description of the strain-

range-dependent transient behaviour. Strain-controlled cases considered in the study are 

predicted very well for strain amplitudes higher than 0.9%.  

Keywords: Low cycle fatigue; Cyclic plasticity; Inconel 718; Additive manufacturing 

1 Introduction 

Recently, additive manufacturing has played an important role in technical practice not only 

in prototyping but also in the production of functional parts. This article focusses on the 

investigation of low-cycle fatigue (LCF) properties of the Ni-based superalloy Inconel 718. 

It is well known that the material is designed to maintain high strength and fatigue 

performance at high operating temperatures (650C). There are many studies available in the 

literature that focus on the heat treatment of the additively prepared variant of Inconel 718 

[1-3]. However, cyclic plastic properties and low cycle fatigue data are reported in the 

literature very rarely. This contribution brings new results of the stress-strain behaviour of 

Inconel 718 manufactured by selective laser melting (SLM), as well as further numerical 

modelling of its complexity under uniaxial loading. 

2 Experiments 

2.1 Specimens manufacturing 

All specimens prepared for low-cycle fatigue testing were printed from a virgin powder with 

selective laser melting (SLM) technology using Renishaw AM500E. Specimens were printed 

in the Z direction (vertical orientation of the specimen axis) and were tested in as-built state. 

The main printing parameters used during the AM process are listed in Table 1. The chamber 

was filled with argon with purity 5.0 during fabrication to prevent oxidation. The building 

platform was preheated to 170 °C to reduce residual stresses during the AM process. 
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Table 1. Printing parameters used in AM process.  

Specimens 

orientation 

3D 

printing  

strategy 

Laser  

power (W) 

Laser  

rate (mm  s-1) 

Layer  

thickness 

(µm) 

Preheating of 

building  

platform (°C) 

90° “meander” 400 1150 60 170 

2.2 Fatigue testing 

Uniaxial fatigue tests were performed in tension-compression on the LabControl 

100kN/120Nm biaxial electro-servohydraulic test machine. Strain-controlled tests were 

performed on a solid specimen with 6.3 mm diameter (up to 1% of the strain amplitude) and 

on a thin-walled tubular specimen with 11.3 mm inner diameter and 13.9 mm outer diameter. 

2.3 Results  

Cyclic stress-strain behaviour and lifetimes have been evaluated in constant strain amplitude 

tests using own Python scripts. The most important results are: lifetimes Nf, stress amplitude 

a, plastic strain amplitude ap, dynamic modulus E and cyclic yield stress Y (see Fig. 1). In 

general, dynamic modulus has different values in the tensile and compressive branches of the 

hysteresis loop (an aluminium alloy is considered in the scheme shown in Fig.1).  

 

Fig. 1 Scheme of a hysteresis loop. 

The results show a significant cyclic hardening in the initial cycles followed by a cyclic 

softening under strain amplitudes greater than 0.4% (Fig. 2). Saturated hysteresis loops at 

half-life are shown in Fig.3. The material also shows a non-Masing behaviour (Fig.4). 
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Fig. 2 Stress amplitude evolution of Inconel 718 manufactured by SLM technology. 

 

Fig. 3 Uniaxial hysteresis loops of Inconel 718 manufactured by SLM technology. 

The most important results of the low cycle fatigue tests are reported in Table 2. The stress 

amplitudes correspond to the half-life. The number of cycles to failure was evaluated with a 

criterion of 25% decrease from the asymptotic line created in the diagram stress amplitude 

vs number of cycles.   
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Fig. 4 Non-Masing behaviour of Inconel 718 manufactured by SLM technology. 

Table 2. Main results of LCF tests performed on Inconel 718.  

Strain amplitude [%] Stress amplitude [MPa] Number of cycles to failure [-] 

0.2 335.6 50082 

0.3 467.1 21839 

0.4 594.9 8407 

0.6 689.9 1935 

0.9 758.9 1063 

1.3 762.7 302 

1.8 767.2 103 

3 Constitutive modelling 

3.1 Cyclic plasticity model description 

For simplicity, the constitutive model is described for the uniaxial loading case. The main 

equations of the incremental theory of plasticity follow. The yield condition is defined as 

𝑓 = |𝜎 − 𝛼| − 𝜎𝑌 − 𝑅 = 0 (1) 

where 𝜎 is the axial stress, 𝛼 is the backstress (kinematic variable), 𝑅 is the isotropic variable 

and 𝜎𝑌 is the yield stress. The superposition of six backstress parts (𝑀 = 6) is considered as 

in the original Chaboche model, i.e. 

      𝛼 = ∑ 𝛼(𝑖)𝑀
𝑖=1  (2) 

whereas the evolution equation of kinematic hardening is considered as 

𝑑𝛼(𝑖) = 𝐶𝑖𝑑𝜀𝑝 − 𝛾𝑖𝜑(𝑝)𝛼(𝑖)𝑑𝑝, (3) 
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where 𝐶𝑖, 𝛾𝑖 are material parameters, 𝑑𝜀𝑝 is the increment of plastic strain and 𝑑𝑝 is the 

accumulated plastic strain increment. The Marquis parameter is dependent on the current 

value of the accumulated plastic strain 

𝜑(𝑝) = 𝜑∞1 − (𝜑∞1 − 𝜑01)𝑒−ω1∙𝑝 + 𝜑∞2 − (𝜑∞2 − 𝜑02) 𝑒−ω2∙𝑝, (4) 

Two Marquis terms are used to describe the cyclic hardening/softening behaviour. The 

parameters 𝜑01 and 𝜑∞2 are dependent on the size of the memory surface R𝑀: 

𝜑01 = 𝐴01𝑒𝐵01R𝑀 , (5) 

𝜑∞2 = 𝐴∞2𝑒𝐵∞2R𝑀 , (6) 

In this work, the memory surface is introduced in the stress space with isotropic behaviour 

and is calculated from the virtual backstress [5]. Its size corresponds to the maximal absolute 

value of the virtual backstress for uniaxial loading. This property is in accordance with the 

Jiang-Sehitoglu memory surface [6]. The isotropic hardening is considered a linear one 

𝑑𝑅 = 𝑅0𝑑𝑝, (7) 

but the value of material parameter 𝑅0 is dependent on the memory surface size as follows 

𝑅0 = −〈𝐴1 ∙ R𝑀 + 𝐴2〉, for R𝑀 < R𝑀𝐿, (8) 

𝑅0 = −(𝐴3 ∙ R𝑀 + 𝐴4), otherwise, (9) 

where 𝐴1, 𝐴2, 𝐴3, 𝐴4 are material parameters, 〈𝑥〉 = (𝑥 + |𝑥|)/2, and the transition memory 

size is calculated by 

R𝑀𝐿 = (𝐴4 − 𝐴2)/(𝐴1 − 𝐴3). (10) 

All material parameters are stated in Table 3. The implementation of the proposed cyclic 

plasticity model was done in Python for the strain-controlled uniaxial case based on the 

algorithm presented elsewhere [4]. 

Table 3. Parameters of the proposed cyclic plasticity model.  

Parameter Value 

𝐶1−6 [MPa] 426190, 99567, 41526, 25502, 18386, 5494 

𝛾1−6 3333, 1212, 519, 253, 137, 54 

𝜎𝑌  [MPa] 220 

ω1, ω2 4.3, 2.2 

𝜑∞1, 𝜑02 -0.15, 0.8 

𝐴01, 𝐵01 0.003056, 0.008469 

𝐴∞2, 𝐵∞2 0.3216763, 0.0021203 

𝐴1, 𝐴3 0.007763, 0.1351 

𝐴2, 𝐴4  [MPa] -1.455174, -61.295 

3.2 Results of simulations 

The first example of stress-strain prediction corresponds to the fatigue test with a constant 

strain amplitude of 1.8%. Uniaxial hysteresis loops from the whole history of loading are 

presented in Fig. 5. The prediction of the hysteresis loop shape is good as can be seen from 

Fig. 6.  
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Fig. 5 Uniaxial hysteresis loop for 1.8% of strain amplitude - experiment. 

 

Fig. 6 Uniaxial hysteresis loop for 1.8% of strain amplitude - prediction. 

The cyclic hardening/softening behaviour is accurately described for the case of 1.8% strain 

amplitude (Fig. 7). 

 

Fig. 7 Results of evolution of stress amplitude with cycling - 1.8% of strain amplitude. 

The incremental test performed under strain amplitudes 0.22%, 0.31%, 0.44%, 0.66%, 0.88% 

and 1.1% serves us as a verification case. From Fig. 8, it is obvious that the highest error 

occurs for small amplitudes, where the dynamic modulus was higher than E=130000MPa. 
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Therefore, a possible improvement of the robustness of the material model is in the 

consideration of the variation of the elastic modulus.  

 

Fig. 8 Results of evolution of stress amplitude with cycling – the incremental test. 

Uniaxial hysteresis loops from the incremental test are shown in the Fig. 9. The prediction 

by proposed material model is very good, see Fig. 10. 

 

Fig. 9 Uniaxial hysteresis loops from the incremental fatigue test. 

 

Fig. 10 Prediction of uniaxial hysteresis loops from the incremental fatigue test. 
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Conclusion/Summary 

The article describes selected results of low-cycle fatigue tests performed on as built 

specimens made of Inconel 718. The material printed with SLM technology shows a complex 

cyclic hardening/softening and non-Masing behaviour. Dynamic moduli are strain 

dependent, but for the numerical predictions an average value was considered. A new cyclic 

plasticity model with a memory surface is applied to describe the complex stress-strain 

behaviour of the material under constant amplitude loading, as well as in an incremental 

fatigue test. Very good correlation of predictions with experiments was achieved in the case 

of hysteresis loop shape and in the evolution of the stress amplitude with cycling. 
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Abstract: The development and progression of robotics and sensors expand the 

requirements for intelligent materials. Thus, this study is concerned with the fabrication, 

material modeling, and experimentation of Magnetorheological elastomer in foam 

structure (MREF). The MREF comprised a synthetic silicon matrix filled with iron 

particles. The magnetoelastic and hyperelastic parameters were identified using a modified 

compressible Mooney-Rivlin model. The engineering stress was derived based on 

decomposing the constitutive relation into isochoric and volumetric parts. Then the 

material parameters were identified for uniaxial compression of MREF in the presence and 

absence of a magnetic field. The model fitted the experimental data accurately with similar 

behavior reported in the literature. 

Keywords: MRE; Porous magnetorheological elastomer; Magneto-hyperelastic model; 

Highly-compressive MRE. 

1 Introduction 

The fabricated Magnetorheological elastomeric foam (MREF) consists of a porous rubber 

matrix filled with carbonyl iron particles. Such Magnetoelastic material has adjustable 

stiffness with a magnetic field and vice versa. Particularly, the MREF exhibits a noticeable 

change in magnetization with displacement because it is highly compressive, which makes it 

suitable for soft robotics like tactile sensors [1]. 

To estimate the magnetoelastic coupling for MREF and to employ it for finite element 

analysis, it is crucial to derive a suitable compressive form of engineering stress. For 

conventional magnetorheological elastomer (MRE), Kankanala et al. [2,3] derived the 

constitutive relations for the Cauchy stress, magnetic field, and entropy. The authors derived 

identical constitutive relations based on Eulerian and Lagrangian forms. In addition, they 

illustrated how magnetization, magnetostriction, and stress behave with displacement and 

magnetic field. Afterward, Dorfmann and Ogden [4] proposed a more simplified form of the 

constitutive relations by merging the magnetic body stresses with the Cauchy stress into a 

total stress tensor (𝛕). Subsequently, based on the Dorfmann and Ogden derivation of the 

total stress tensor, Ottenio et al. [5] illustrated the incremental formulation of magnetoelastic 

coupling and proposed a modified Mooney-Rivlin Hyperelastic model. The proposed model 

proved numerical stability through literature based on the results acquired by Marvalova et 

al. [6] and Janbaz et al. [7]. 

In this study, an isotropic MREF sample was fabricated using a soluble mold, synthetic 

silicon rubber, and iron particles. The engineering stress for a highly compressive MREF was 

derived based on the decomposition of the stress tensor into isochoric and volumetric terms 

[8]. In addition, the derived form of engineering stress was compared with experimental data. 

2 Theory 

Eq. (1) and Eq. (2) illustrates the constitutive relation for the total stress (𝛕) and magnetic 

field (𝐇), respectively. This formation is derived based on the total stress proposed by 
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Dorfmann and Ogden [4] and its decomposition into isochoric and volumetric parts, as 

illustrated by Holzapfel [8].  

𝛕 = 𝛕𝐯𝐨𝐥 + 𝛕𝐢𝐬𝐨 (1) 

𝛕 =
𝝏𝛙𝐯𝐨𝐥(𝑱)

𝝏𝑱
𝐈 + 𝟐𝑱−𝟏𝐅.

𝝏𝛙𝐢𝐬𝐨(𝐂,𝐁𝐋)

𝝏𝐂
. 𝐅𝐓 (2) 

𝐇 = 𝐽−1 𝜕ψ(𝐂,𝐁𝐋)

𝜕𝐁
 (3) 

The partial differentiation in Eq. (2) and (3) can be expanded additively as: 

𝝏𝛙

𝝏𝐂
= ∑

𝝏𝛙

𝝏𝐂

𝝏𝐂

𝝏𝐈𝒊

𝟔
𝒊=𝟏  (4) 

𝝏𝛙

𝝏𝐁
= ∑

𝝏𝛙

𝝏𝐁

𝝏𝐁

𝝏𝐈𝒊

𝟔
𝒊=𝟏  (5) 

Considering a quasi-static case and isotropic material, the total stress and magnetic field take 

the following tensorial forms: 

𝛕 =
𝝏𝛙𝐯𝐨𝐥(𝑱)

𝝏𝑱
𝐈 + 4𝐽−1 [𝐽−2/3 𝝏𝛙𝐢𝐬𝐨

𝝏I1
𝐂 + 𝐽−4/3 𝝏𝛙𝐢𝐬𝐨

𝝏I2
(I1𝐂 − 𝐂. 𝐂) +

𝝏𝛙𝐢𝐬𝐨

𝝏I5
𝐁𝐁] (6) 

𝐇 = 𝟐(
𝝏𝛙𝐢𝐬𝐨

𝝏I4
𝐂−𝟏. 𝐁 +

𝝏𝛙𝐢𝐬𝐨

𝝏I5
𝐁) (7) 

The used energy function was proposed by Ottenio et al. [5] as follows: 

ψiso(𝐅, 𝐁𝐋) = 𝐶10(𝐼1̅ − 3) + 𝐶01(𝐼2̅ − 3) +
1

𝜇0
(𝛼𝐼4 + 𝛽𝐼5) (8) 

ψvol(𝐽) =
1

2
𝜅(𝐽 − 1)2 (9) 

The engineering stress and magnetic field are derived by expanding Eq. (6) and (7) for the 

principal directions with the following considerations: uniaxial boundary conditions 

(λ1 = λ,    λ2 =  λ3 = √𝐽/𝜆), magnetic field parallel with the loading direction (B1 =

B,  B2 = B3 = 0), and engineering (nominal) stress (𝐓 = 𝐽𝐅−𝟏𝛕). Eq. (10) and (11) illustrate 

the derived engineering stress and magnetic field, respectively. 

Teng = C10 (λ −
𝐽

λ2) 𝐽−2/3 + C01 (1 −
𝐽

λ3) 𝐽−1/3 + β
B2

λµ0
 (10) 

H =
2B

µ0
(

α

λ
− βλ) (11) 

3 Experimental measurements 

The foam MRE sample was fabricated using liquid silicon rubber, iron particles, 3d-printed 

mold, and soluble mold (sugar) according to the following steps: 

 The following raw materials were mixed: silicone, hardener, and iron particles. 

 The mixture was vacuumed and poured on the soluble mold (rigid sugar) inside the 

3d-printed assembly, as shown in Fig. 1b and c.  

 The whole mixture with sugar was left for setting in the fridge for 72 hours. In this 

context, setting means providing enough time for the mixture to flow inside the 

small canals between the sugar crystals. 

 The mixture was left to polymerize in a vacuum at room temperature. 

 The sugar-MRE texture was cut off from the polymerized mixture, as shown in Fig. 

1d.  

 The sugar-MRE texture was sunk in water for 24 hours, at which the sugar melted, 

and the MREF sample was acquired. The sample porosity (ϕ) was calculated using 

the occupied volume by MRE (VMRE), as follows: 
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ϕ = 1 −
VMRE

Vtotal
 (12) 

  

Fig. 1. Sample fabrication. Fig. 2. Experimental setup. 

The uniaxial compression was performed using Instron E3000 with grips designed to attach 

neodymium magnets and prevent them from interfering with the signal of the displacement 

sensor. The grips are made from Aluminum and brass to avoid interference with the magnetic 

field. As shown in Fig. 2, the magnetic field can be adjusted by changing the number of 

magnets.  

4 Results 

Fig. 3 illustrates a quasi-static uniaxial compression with a 0.003 s-1 strain rate. The sample 

was compressed to a 0.7 stretch (𝜆) at variable magnetic fields. The dotted curves represent 

the experimental data, while the solid ones represent the theoretical model (Eq. 10).  

 

 

Table 1. Material parameters. 

 
At 0 

[T] 

At 0.1 

[T] 

At 0.2 

[T] 

𝐶01[Pa] -847.11 -4853.2 -7314.9 

𝐶10[Pa] 7822.7 13914 18511 

𝛼 [-] 0 0.387 0.399 

𝛽 [-] 0 0.0406 0.0229 
 

Fig. 3. Theoretical model fitting results with a quasi-

static uniaxial compression for MRE foam. 

 

At zero displacements, a positive stress appears, which agrees with the isotropic MRE 

behavior reported by Kankanala et al. [2]. Moreover, the engineering stress increases with 

the magnetic field, and the maximum magnetorheological effect equals 8.7% and 20% at 0.1 

T and 0.2 T, respectively. For the fitting model, a Poisson ratio of 0.22 was used based on a 

study performed by Sanborn et al. [9]. The theoretical model predicted the material behavior 

accurately using parameters shown in Table 1. 
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Conclusion 

In this study, an isotropic MRE foam sample was fabricated using a soluble mold, liquid 

silicon, and carbonyl iron particles. The engineering stress was derived for compressible 

MREF. The magneto-hyperelastic parameters were identified using data from uniaxial 

compression in the presence and absence of a magnetic field. 

For the fabrication process, the authors recommend using a less viscous liquid silicon rubber 

to reduce the setting time and acquire stiffer samples. In contrast, the theoretical model can 

be improved by including the porosity in the volumetric part of the energy function, which 

simultaneously treats the fabricated sample as porous and compressible. 
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Abstract: The use of UHPC in bridge structures provides many advantages but also some 

disadvantages. The main disadvantages are the high technological requirements and the 

high costs of this material. The main advantages are durability, tensile and compressive 

strength or ductility. Thus, the ideal application could be creating a precast shell of UHPC 

that surrounds normal strength concrete (NSC) to ensure durability of bridge structures 

such as beams or columns. This shell also makes formwork for filling concrete. The 

predicted behavior of the composite beam and column was verified experimentally. 

Keywords: UHPC; Shell; Beam; Column; Shear stress 

1 Introduction 

The use of UHPC in bridge structures provides many advantages but also some 

disadvantages. The main disadvantages are the high technological requirements and the high 

costs of this material. UHPC is thus used mostly for prefabricated parts. The main advantages 

are durability, tensile and compressive strength or ductility. Thus, the ideal application could 

be creating a precast shell of UHPC that surrounds normal strength concrete (NSC) in 

structures to ensure its durability in bridge structures. 

The research is focused on two basic types of structures - beams and columns. Samples 

consist of a lightweight UHPC shell which makes formwork and NSC infill. UHPC shell can 

be transferred by less load-bearing cranes compared to full-size precast segments. The shell 

may include conventional reinforcement, fibre reinforcement, and prestressing tendons and 

the shell itself may be prestressed. Shell beams may be temporarily supported, but it is not 

necessary. Other benefits besides the absence of conventional formwork are the high 

environmental resistance of the UHPC shell and the visual quality of UHPC. 

Once the infill concrete has hardened, a composite element is created in which both the shell 

and the filling concrete bear the load.  Many structural design options are available to make 

effective use of the UHPC qualities. An important part of the static calculation is a rheological 

model that deals with the redistribution of stress between these two materials of different 

qualities and ages. 

The research also investigated the possibility of using secondary materials. Concrete with 

fluidized bed combustion-based ternary binder (FBC-TB), also called Sorfix binder, which 

is produced from power plant fly ash, was used as the filling material. The great advantage 

of this concept is precisely the fact that the filling material is not exposed directly to the 

environment, because it is protected by a durable shell. If the structure is properly insulated, 

then water and chemicals should not get to the infill. 

The shear strength of the material interface, a composite beam and a composite column both 

made of UHPC shell and filling concrete were tested experimentally. 
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2 Methods 

To ensure the transfer of shear forces between the shell and the filling concrete at the area of 

the material interface, two methods are proposed. The first option is creating texture on the 

shell contact surfaces by inserting a matrix into the formwork. The second option is using 

steel net as formwork. The choice of the option depends on the structure. In the case of the 

steel net, reinforcement can pass through this type of formwork. In the case of small elements 

tested, a texture of protrusions was made by button foil embedded in the formwork for the 

UHPC shell. Previously presented results showed sufficient shear strength at the interface 

[1]. The obtained data were used for the numerical model, which was made for beam and 

column elements. 

Two mock-up experiments were arranged as part of this research. The first model represented 

a bridge beam, which consisted of a UHPC shell and an infill of NSC. The shell had a 

thickness of 40 mm. The beam was 6.8 m long and was additionally prestressed. The beam 

span was 6.0 m. The second element was a 2.0 m high column, which consisted of a 40 mm 

thick rectangular UHPC shell and an infill of NSC. 

3 Results 

3.1 Beam 

To verify the load-bearing capacity and the failure mode, a U-shaped beam was designed. 

The cross-section and longitudinal section are shown in Fig. 1. Beam was supplemented with 

blocks at both ends for prestressing anchors and prestressing force distribution. On the inner 

part of the UHPC shell, a texture of protrusions was made. Two beams of identical 

dimensions were made. In one of them, half of the cement amount in the filling concrete was 

replaced with an environmentally friendly binder Sorfix. Loading and failure can be seen in 

Fig. 2. 

 

Fig. 1 Composite beam, dark-UHPC, light - normal strength concrete, in the middle is a duct for additional 
prestressing. 

   

Fig. 2 Beam loading and the failure. 
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In the experiment, the shell itself was not prestressed. It was reinforced only with fibres and 

conventional steel reinforcement. The entire composite cross-section was then prestressed 

with an internal centric cable placed in the duct in filling concrete. The beam was designed 

to crush the concrete by compression and not to break the prestressing reinforcement during 

loading. The loading and failure of the beam are shown in Fig. 2. During loading, the first 

cracks were initiated in the bottom part. Subsequently, a compression failure occurred in the 

deck slab made of NSC. Then this crack extended and the UHPC shell later separated from 

the filling concrete.  

The dependence of the applied force on the deformation is plotted in Fig. 3. Maximum 

possible shift of the hydraulic loading machine was approximately 300 mm. Once this 

deformation was reached, the beam had to be unloaded and an extender was placed. Then the 

loading continued until a deflection of approximately 500 mm.  

 

Fig. 3 Deflection of beams versus loading force. 

The measured data were very close to the predictions of load-bearing capacity from the 

numerical analysis. This experiment provided very valuable data about the mode of failure. 

After reaching a deformation of 300 mm, the beam still provided a residual capacity of about 

20% of the maximum load-bearing capacity. In a simplified view, this is about 40% of the 

design load-bearing capacity. 

For large bridge beams, it would be recommended to add more connecting reinforcement to 

the top plate of the UHPC shell. This would prevent the delamination that can be seen in 

Fig. 2. 

3.2 Column 

The column test aimed to verify the whole manufacturing process and then the load-bearing 

capacity of the element. In this case, a steel net was used for the internal formwork of the 

shell. The shell was reinforced with longitudinal, transverse and fibre reinforcement. The 

column shell was concreted in the horizontal position, while the infill was concreted in the 

vertical position corresponding to the position in the structure. The cross-section and loading 

of the column are shown in Fig. 4. 
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Fig. 4 Arrangement of the experiment. 

The column achieved a load-bearing capacity of 4629 kN when shell failure occurred at its 

top, as shown in Fig. 5. The measured load-bearing capacity was lower than expected. The 

reason is that the loading method does not guarantee uniform load transfer to the shell and 

the filling concrete. More load is transferred to the shell due to the higher modulus of 

elasticity. 

 

Fig. 5 Failure of the composite column. 

The experiment has shown that it is necessary to pay attention mainly to the column head in 

real structures. This part can be connected to the superstructure by bridge bearing or directly 

or it can be connected to a transverse beam with bridge bearings. It seems more advantageous 

to create a full-size profile of UHPC in the head of the column or increase the amount of 

transverse reinforcement in this part of the UHPC shell. 
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Conclusions 

UHPC has many favourable qualities that can be used for larger structures. One possibility 

is making composite structures combining UHPC shells with conventional concrete. The 

research proved the applicability of this solution to real bridge structures. 

Destructive loading tests demonstrated the efficiency of this approach, the residual load-

bearing capacity of elements and the mode of failure. The beam element achieved very good 

compliance with the predictions. It would be recommended to add more connecting 

reinforcement to the top plate of the UHPC shell to prevent delamination. The column 

element also showed a high load-bearing capacity, which could be further increased by more 

efficient transfer of normal force to the entire cross-section of the column and by more 

efficient design of transverse reinforcement at the upper part of the column. 

When concreting elements made of UHPC, attention must be paid to the quality of the 

mixture and compliance with the technological rules. We consider it important to monitor 

the consistency of the mixture and its viscosity. In some cases, the mixture is difficult to work 

with or segregation of the dispersed reinforcement may occur. 

Specimens with filling concrete, where half of the cement amount was replaced by a 

secondary material binder (fly ash), showed almost the same properties as the specimens with 

conventional concrete. Due to the properties of UHPC, this approach allows the design of a 

cement-free filling concrete. This can be the subject of further research. 

Acknowledgements 

The authors gratefully acknowledge financial support from the project CK02000047-

Optimization of bridge construction and durability, using a new composite solution for 

UHPC and conventional concrete, mineralized admixtures and secondary materials, which 

was created with the support of the Technology Agency of the Czech Republic. This work 

was also supported by the Grant Agency of the Czech Technical University in Prague, grant 

No. SGS SGS23/053/OHK1/1T/11. 

References 

[1] Horak, P., Pešková, Š., Jogl, M., Sovják, R. and Vítek, P. “Experimental Investigation of 

Cohesion between UHPC and NSC Utilising Interface Protrusions,” Materials, 15(19), 6537 

(2022). 

  



 Experimental Stress Analysis 2023 
 6 – 8 June, 2023, Košice, Slovakia 

69 

Mechanical Properties of 3D Printed Resorbable Material  

for Manufacturing of Vascular Replacements 

Lukáš Horný1,a, Hynek Chlup1,b, Katarína Mendová1,c, Zbyněk Sobotka1,d, 

Zdeněk Petřivý1,e, Jakub Kronek1,f, Miroslav Kohan2,g, Tomáš Balint2,h,  

and Marek Schnitzer2,i  

1Czech Technical University in Prague, Faculty of Mechanical Engineering; Technická 4 

Prague 160 00, Czech Republic; 
2Technical University of Košice, Faculty of Mechanical Engineering; Letná 9/B 042 00 

Košice, Slovakia; 

alukas.horny@fs.cvut.cz, bhynek.chlup@fs.cvut.cz, ckatarina.mendova@fs.cvut.cz, 
dzbynek.sobotka@fs.cvut.cz, ezdenek.petrivy@cvut.cz, fjakub.kronek@fs.cvut.cz, 

gmiroslav.kohan@tuke.sk, htomas.balint@tuke.sk, imarek.schnitzer@tuke.sk 

Abstract: Modern additive manufacturing methods offer the ability to achieve high 

geometric complexity, allowing for the production of tubular implants with intricate 

anatomical details that were previously unattainable. Specifically, the manufacturing 

process enables the accurate fabrication of structures such as the aortic arch and its 

branches, which display significant inter-individual geometric variability. In this study, 

the mechanical properties of a 3D-printed material composed of polylactic acid (PLA) and 

polyhydroxybutyrate (PHB) were investigated. This material holds the potential for 

additive manufacturing of such implants. The results of uniaxial tensile tests conducted on 

PLA-PHB are compared with the mechanical behavior of GORE tubes, currently utilized 

as vascular grafts in clinical practice. Our findings reveal that, within the range of linear 

elasticity, the mechanical response of PLA-PHB strips closely resembles that of 

circumferentially cut GORE-TEX vascular graft strips. Conversely, longitudinally 

oriented GORE-TEX strips exhibit greater compliance compared to the 3D-printed PLA-

PHB material. 

Keywords: Additive manufacturing; Bioresorbable material; Elasticity; PLA-PHB; 

Uniaxial tensile test; Vascular graft 

1 Introduction 

Bioengineering focused on tissue engineering and tissue replacements development is an 

emerging field providing innovations in medical technology. Bioengineering uses 

multidisciplinary concepts of materials science and life sciences that together lead to the 

development of regenerative treatments and replacements, thereby improving the function of 

tissues damaged by injury, disease or congenital disorders [1]. In the field of 3D printing and 

bioprinting of tissue substitutes, materials science focuses on obtaining compatible materials 

suitable for the fabrication of so-called scaffolds, which are structures whose properties at 

the macroscopic and microscopic level promote the formation of new tissue and colonization 

by recipient cells [2]. Natural and synthetic polymers most commonly used for vascular grafts 

and vascular replacement include collagen, silk, gelatin, expanded polytetrafluoroethylene 

(ePTFE), polylactic acid (PLA), poly(-caprolactone) (PCL), polyurethane (PU), polyethylene 

terephthalate (PET), poly(glycolic acid) (PGA), and GORE materials [3-5]. 

Modern additive manufacturing methods have revolutionized the production of tubular 

implants by enabling the fabrication of complex geometries that mimic anatomical details 

[6]. This breakthrough opens up possibilities for the creation of custom-made urethras, 

esophagi, and blood vessels [6-8]. A notable application is the development of vascular 
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replacements that can accurately replicate intricate structures such as the aortic arch, which 

includes the brachiocephalic trunk, the left common carotid artery, and the left subclavian 

artery [8]. 

The focus of our research is the advancement of 3D printing techniques for vascular 

replacements. In this the feasibility study, which follows [9,10], the use of a biodegradable 

printed material composed of polylactic acid (PLA) and polyhydroxybutyrate (PHB) was 

investigated. 

2 Material and methods 

Rectangular strips of PLA-PHB were fabricated using 3D printing technology. Preprocessing 

of the printing process was carried out in Simplify 3D software (Simplify 3D, USA). The 

filament used for printing was developed in-house and prepared using the Maker Composer 

450 series (3devo, Netherlands). Before the actual filament production, the apparatus was 

cleaned with HDPE cleaning material at 180 °C. The cleaning was followed by extrusion of 

PLA/PHB + TAC 25% material. The filament composition consisted of 85% PLA and 15% 

PHB by weight. To enhance the material's properties, 25% TAC (Tricytyl 2-Acetyl Citrate) 

was incorporated into the final PLA-PHB blend as a plasticizer. Fig. 1 shows the design and 

dimensional characteristics of the rectangular samples fabricated using Fused Deposition 

Modeling (FDM) technology, utilizing the DeltiQ2 printer (Trilab, Czech Republic). The 

temperature of the extruder was 175°C, the speed of the extrusion was 30 mm/s, and the 

cooling of the extruded melt was 60% (temperature of the substrate was 90°C). The entire 

sample preparation process was conducted at the Department of Biomedical Engineering and 

Measurement, Faculty of Mechanical Engineering, Technical University of Košice. 

 

Fig. 1 Design and dimensional characteristics of rectangular samples for mechanical testing. 

There is an EN ISO 7198 standard for the marketing of vascular substitutes. This specifies 

the tests to be carried out on a sample of tubular vascular substitutes. However, our study is 

at a point where we are still in the process of testing the suitability of PLA-PHB material. 

For such a stage of development, it is more appropriate to use conventional uniaxial tensile 

tests to show how the PLA-PHB material actually behaves when compared to a material that 

has already met EN .ISO 7198. 

Cyclic uniaxial tensile tests were conducted at the Department of Mechanics, Biomechanics, 

and Mechatronics, Faculty of Mechanical Engineering, Czech Technical University in 

Prague. A Zwick/Roell universal testing machine (Zwick/Roell, Germany), see Fig. 2, 

specifically designed for testing soft tissues (blood vessels) and polymeric materials, was 

employed. The testing machine featured electromechanical actuators with a working load 
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range of -200 to 200 N in compression-tension mode. HBM U9C +/- 25N load cells were 

used in our experiments. The machine offered a displacement range of 0 to 140 mm, with a 

position resolution of 1 μm. Deformation of the specimens was measured using a built-in 

video extensometer equipped with a 5 Mpx uEye 3.0 CMOS camera. The applied loading 

rate was set at 0.2 mm/s. The specimens underwent preconditioning through 6 loading cycles, 

reaching up to 7 N and then returning to 0 N (not necessarily back to the initial length). All 

data were recorded on a control PC at a sampling rate of 20 Hz for subsequent post-

processing. 

 

Fig. 2 Rectangular samples of PLA-PHB prior to the tensile testing (left panel) and the sample mounted in the 

testing machine (right panel). 

The mechanical response of the tested specimens was described using the nominal stress 

σ = F/S0, where F represented the recorded loading force, and S0 denoted the reference cross-

sectional area of the specimens. Deformation was quantified as the engineering strain 

ε = l/L – 1, where L referred to the distance between marks made on the specimen's surface 

prior to the test, and l represented this distance in the deformed state. The initial Young's 

modulus Eini was determined by performing linear regression on the recorded responses 

within the small deformation (linear) regime (ε < 0.01). 

In addition to the PLA-PHB strips, mechanical tests were also conducted on commercially 

available samples of GORE-TEX material. Longitudinal and circumferential strips were 

prepared from a vascular substitute marketed under the brand name SA1802 (W. L. Gore & 

Associates, Inc., USA) and subjected to the same uniaxial tensile tests as the PLA-PHB strips. 

3 Results and discussion 

The stress-strain relationships obtained from the experiments are depicted in Fig. 3 and  

Fig. 4. Fig. 3 illustrates the responses of PLA-PHB and GORE-TEX materials during the first 

cycle of loading, while the preconditioned response of the GORE material (6th cycle of 

loading) is presented in Fig. 4. It was observed that the preconditioned response of PLA-PHB 

exhibited negligible differences compared to the primary response, hence only the primary 

response is shown in both figures. However, this was not the case for the GORE material. Its 

response indicated saturation of hereditary effects, and the response during the 6th cycle was 

deemed repeatable. 
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Fig. 3 Stress-strain relationships determined in uniaxial tensile tests for the pristine PLA-PHB and GORE-TEX 

materials. 

 

Fig. 4 Stress-strain relationships determined in uniaxial tensile tests for the preconditioned (6th loading cycle) 
PLA-PHB and GORE-TEX materials. 

In contrast to PLA-PHB, where all rectangular samples were obtained from the same printing 

plane, GORE samples were cut from the tube in two different orientations, leading to 

anisotropic behaviour. Fig. 3 and Fig. 4 illustrate the stress-strain responses of GORE 

material in longitudinal and circumferential orientations. It is evident that longitudinal strips 

of GORE material exhibit significantly higher initial compliance compared to circumferential 

strips, regardless of the loading history. 

The most significant observation from our study is that within the linear regime (small 

deformations with ε < 0.01), the mechanical response of circumferentially oriented GORE 

strips closely resembles that of PLA-PHB. The mean initial Young's modulus obtained for 

PLA-PHB samples was Eini = 39.04 MPa (± 8.27 MPa SD). In comparison, GORE strips 
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exhibited Eini values of 1.49 MPa (± 0.339 MPa), 30.1 MPa (± 5.84 MPa), 41.7 MPa  

(± 61.0 MPa), and 54.9 MPa (± 10.4 MPa) for the 1st cycle in the longitudinal and 

circumferential directions, and for the 6th cycle in the longitudinal and circumferential 

directions, respectively. These results suggest that although there are noticeable differences 

in the perceived compliance when handling the materials (GORE appearing more compliant), 

objective measurements indicate that this difference is not significant in the small 

deformation range. Fig. 5 provides a detailed comparison of the mechanical properties 

between the two materials through a box plot representation. 

 

Fig. 5 Box plot comparing the obtained values of the initial Young's modulus of elasticity for PLA-PHB and 
GORE-TEX materials. 

Conclusion 

Our study focused on comparing the mechanical properties of PLA-PHB material, which is 

easily applicable in current 3D-printing methods, and GORE-TEX material used for vascular 

replacements. Using uniaxial tensile testing, the response of GORE-TEX was found to be 

significantly non-linear, anisotropic and dependent on the deformation history. This 

behaviour of GORE-TEX can be attributed to its elastomeric nature, where gradually 

straightening molecular chains are responsible for its large strain stiffening.  

On the other hand, the observed behaviour of PLA-PHB was consistent with the response 

known for thermoplastics and was not highly dependent on loading history in the small strain 

regime. Although GORE-TEX is more compliant than PLA-PHB in a certain strain range, in 

the range of validity of the linear approximation (small strains), the differences between PLA-

PHB and GORE were not significant. As GORE-TEX is an established mateiral in the field 

of vascular replacements, this comparison suggests that a vascular replacement could be 

developed using PLA-PHB with mechanical properties that match the physiological 

conditions of blood vessels. However, it is of course clear that further research is needed to 
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verify the long-term mechanical behaviour, biocompatibility, and other properties of the 

PLA-PHB material to comprehensively evaluate its suitability. 
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Abstract: The paper deals with an alternative approach for determining elastic constants 

using the FE model update method. The object of interest is a unidirectional carbon fibre 

reinforced composite plate, which is subjected to experimental modal analysis. The natural 

frequencies of the freely supported plate are then used in an optimization process that aims 

to tune the homogenized numerical model of the plate to achieve modal parameters 

agreement. The material constants obtained in this way are compared with the results of 

mechanical tests.  

Keywords: Elastic constants; FE model updating; carbon fibre composite; modal analysis 

1 Introduction 

Knowledge of the material properties is crucial for describing its behaviour in terms of elastic 

response, plastic response, failure or fatigue. There are several methods for determining 

material constants and mechanical properties, which are mainly based on material tests. Many 

of them are standardised. The implementation of these tests can usually be time and cost 

consuming, as measurements need to be performed on a larger number of samples in order 

to increase statistical precision. The determination of elastic constants is a relatively simple 

matter, especially for homogeneous isotropic materials. However, in the case of orthotropic 

materials, such as fibre-reinforced composites, the situation becomes more complex as the 

number of constants increases with the degree of orthotropy. One alternative to the material 

tests required to determine elastic moduli, shear moduli and Poisson's ratios is the FE model 

updating method [1]. Its goal is to optimize the unknown parameters of the FEM model so 

that its response matches the measured data. The objective function can be the displacement 

or stress at a certain point, or the natural frequencies of the model, etc. This is a method that 

has wide application in practice. It can be used in dynamic analysis to identify damping in 

the structure [2]. The paper [3] presents the use of the FE model updating method to 

determine the damage of a structure based on the PSD of the vibration response obtained by 

measurement. Teughels and De Roeck used measured modal parameters to identify damage 

to the highway bridge structure [4]. A similar approach was used by the authors in [5] to 

determine the bond stiffness parameters. They also demonstrated the possibility of replacing 

the part of the numerical model at the location of the structure partition with a flexible bond 

(bushing) of equivalent stiffness. The method is also applicable to the refinement of various 

material parameters of composites or their components [6-8]. In the study [9], the authors 

tuned a material model of a 3D printed structure using a genetic algorithm (GA), trying to 

capture the relaxation and creep of the material. The experimental-numerical approach can 

also be used to determine residual stresses using the inverse algorithm, as shown in [10]. 

In this work, the material constants of a unidirectional carbon fibre reinforced composite 

plate are determined using FE model updating method. Basis for this is the measured natural 

frequencies and plate oscillation shapes. The basis is an experimental modal analysis of the 
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plate. To verify the approach used, the material constants are also determined by mechanical 

tests. The results are compared with each other and discussed. 

2 Composite sheet and tested specimens 

A vacuum bag moulding method combined with hand lay-up was used to produce the 

composite sheet. Using this method, the pressure inside the bag is reduced and the external 

pressure is increased, thereby removing excess air and resin. This method helps to produce 

laminates with uniform consolidation, complete wetting of the fibres and better core bonding. 

The composite material consisted of epoxy resin (MGS L258) and unidirectional carbon 

fibers (200 g/m2, 50 K) that were stacked in eight layers. Each layer was separately saturated 

with resin to achieve homogeneous properties through the thickness. The resulting nominal 

sheet thickness was approximately 2 mm. The vacuuming process can be seen in Fig. 1a. 

Subsequently, the composite sheet was cured in an oven for 12 hours at 60 °C. After curing, 

specimens for mechanical testing and modal analysis were made from the sheet by milling 

(Fig. 1b). 

(a)    (b)    

Fig. 1 (a) vacuum bag moulding process, (b) milling of specimens. 

3 Constitutive model of the composite 

The unidirectionally reinforced composite represents a transversely isotropic material. This 

material is symmetric about an axis that is normal to a plane of isotropy (see Fig. 2). This 

transverse plane has infinite planes of symmetry and thus, within this plane, the material 

properties are same in all directions. This is a special case of orthotropy, where 5 independent 

constants in the elasticity tensor are needed to describe the linear elastic behaviour of the 

material.  

 

Fig. 2 Transversely isotropic material. 

Assuming the 2–3 plane to be the plane of isotropy, transverse isotropy requires that 

2 3 12 13 21 31 12 13, , ,            p tp pt tE E E G G G , where p and t stand for  

“in-plane” and “transverse,” respectively. Thus, while  tp
 has the physical interpretation of 
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the Poisson's ratio that characterizes the strain in the plane of isotropy resulting from stress 

normal to it,  pt
 characterizes the transverse strain in the direction normal to the plane of 

isotropy resulting from stress in the plane of isotropy. In general, the quantities  tp
 and  pt

are not equal and are related by 
 
tp pt

t pE E
. The stress-strain laws reduce to [11] 
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where / 2(1 ) p p pG E . In the transversely isotropic case the stability relations for 

orthotropic elasticity are 
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4 Mechanical tests 

The elastic constants of the composite material were determined based on mechanical tensile 

and shear tests according to the relevant standards [12-14]. Loads were measured by force 

sensors integrated in the test machines. A Dantec Dynamics Q-400 3D correlation system 

was used to measure strain components (Fig. 3).  

(a)  (b)  

Fig. 3 Testing of material properties in tension (a) and shear (b). 

From the measured data, elastic moduli, shear moduli and Poisson's ratio values were 

calculated using well-known procedures. To increase the statistical accuracy, 5 specimens 

were tested and the calculated values were averaged. The resulting material constants are 

shown in Table 1. 

Table 1. Material constants of the composite obtained by mechanical tests.  

E1 [MPa] E2 [MPa] G12=G13 [MPa] G23 [MPa] Nu12 [-] 

120442 5779 3492 - 0.289 

5 Experimental modal analysis 

The test object was a rectangular plate with dimensions of 200.6 x 130.5 mm, whose average 

thickness was 1.969 mm. The plate was cut from the composite sheet at an angle of 40°. The 
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mass of the plate determined by weighing was 66.44 g. The density of the homogenized plate 

was determined by calculation to be 1.289·10-9 t/mm3. The plate was placed on thin elastic 

rubber bands so that the conditions for a free fit were met. 3D high-speed correlation system 

Q-450 Dantec Dynamics was used to measure vibration response (Fig. 4). A random 

stochastic pattern was created on the surface of the slab for the purpose of correlation 

measurements.  

 

Fig. 4 Experimental configuration for measuring modal parameters of a composite plate. 

The structure was excited with a Bruel&Kjaer Type 8206 modal hammer with a single impact 

on the bottom of the plate. The modal parameters (Fig. 5) were extracted using DICMAN 3D 

software [15,16]. Ten modes were identified whose frequencies were later used in the 

optimization process of FEM model. 

       
     1. mode: 110.4 Hz          2. mode: 197.7 Hz          3. mode: 281.3 Hz            4. mode: 452.2 Hz 

Fig. 5 The first four mode shapes and natural frequencies of the composite plate. 

6 FE model updating 

The FEM model of the plate was created in Abaqus/CAE. The plate was modelled as a 

homogenised shell, so a “Lamina” type material model was used to define its elastic 

properties. The plate was considered to be free, i.e. without any constraints. A linear 

perturbation procedure of type "Frequency" was used to calculate the natural frequencies and 

mode shapes. Rigid body modes have been excluded. The mesh was formed by 260 linear 

quadrilateral elements of type S4R with 294 nodes (Fig. 6).  
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Fig. 6 FE model of the plate. 

 

Fig. 7 Diagram of the optimization process. 

Within the definition of geometric and material properties, the average density and thickness 

of the plate were considered according to Section 5. The material coordinate system was 

rotated at an angle of 40°. Other material constants were assumed to be unknown. Their 

values were determined by optimization in Isight. The aim of the optimization was to tune 

the model so that its natural frequencies matched the measured ones. A block diagram of the 

optimization process is shown in Fig. 7. As an optimization algorithm was used 

Neighborhood Cultivation Genetic Algorithm (NCGA), which is based on Pareto optimal 

solution [17]. Block 'Calculator' verified the fulfilment of stability conditions (2). The FEM 

model was included in the 'Abaqus' block. Five parameters were optimized: E1, E2, Nu12, 

G12=G13, G23. These parameters were defined as design variables. Their initial bounds are 

shown in Table 2. The natural frequencies determined by the measurements were used as 

objective functions (see Table 3). For the first five, optimization constraints were at the same 

time defined (Table 4). 

Table 2. Initial and final lower and upper bounds of design variables.  

Name Initial Lower 

Bound 

Initial Upper 

Bound 

Final Lower 

Bound 

Final Upper 

Bound 

Elastic_LAMINA_1_E1 2000 200000 85000 120000 

Elastic_LAMINA_1_E2 200 20000 4500 7500 

Elastic_LAMINA_1_G23 200 20000 1500 7500 

Elastic_LAMINA_1_Nu12 -1 1 0.1 0.35 

Elastic_LAMINA_1_G13 200 20000 1500 5000 

Table 3. Objective functions.  

Name Direction Target 

Step_1__History__EIGFREQ[0,1] target 110.4 

Step_1__History__EIGFREQ[1,1] target 197.7 

Step_1__History__EIGFREQ[2,1] target 281.34 

Step_1__History__EIGFREQ[3,1] target 425.2 

Step_1__History__EIGFREQ[4,1] target 508.2 

Step_1__History__EIGFREQ[5,1] target 577.6 

Step_1__History__EIGFREQ[6,1] target 741.5 

Step_1__History__EIGFREQ[7,1] target 831.15 
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Table 4. Optimization constraints.  

Name Lower Bound Upper Bound 

Step_1__History__EIGFREQ[0,1] 105.0 115.0 

Step_1__History__EIGFREQ[1,1] 190.0 210.0 

Step_1__History__EIGFREQ[2,1] 270.0 290.0 

Step_1__History__EIGFREQ[3,1] 415.0 435.0 

Step_1__History__EIGFREQ[4,1] 490.0 520.0 

It should be noted that the optimization process was run four times, with the interval of the 

design variables being narrowed after each run. The boundaries of the last run are shown in 

Table 2. The elastic constants determined by Isight are listed in Table 5. 

Table 5. Material constants of the composite obtained by optimization in Isight.  

E1 [MPa] E2 [MPa] G12=G13 [MPa] G23 [MPa] Nu12 [-] 

115750 5367 3289 3603 0.309 

 

        
     1. mode: 115.7 Hz           2. mode: 203.8 Hz            3. mode: 286.6 Hz           4. mode: 435.5 Hz 

Fig. 8 The first four mode shapes and natural frequencies of the optimized FE model of the composite plate. 

Fig. 8 shows the mode shapes and natural frequencies of the FE model of the homogenised 

plate with the optimized material constants. Table 6 shows the percentage differences in the 

values of elastic constants and natural frequencies determined numerically and by the 

measurement. The measured data are considered as reference data. Comparison of the 

simulation and experimental results shows very good agreement, indicating high estimation 

accuracy. 

Table 6. Percentage differences between numerical estimation and experimental measurement.  

E1 E2 G12=G13 Nu12 1. mode 2. mode 3. mode 4. mode 

3.9 % 7.1 % 5.8 % -6.9 % -4.8 % -3.1 % -1.9 % -2.4 % 

Conclusion 

The paper presented an alternative method for determining the material constants of a 

composite material, which is based on the FE model updating method. The elastic parameters 

of the homogenized numerical model are optimized so that its natural frequencies match the 

frequencies determined by the experimental modal test. The accuracy of the estimation 

depends on several factors such as the dimensions and shape of the structure, the average 

density of the material, the way the structure was supported during modal analysis (bond 

stiffness), which must be known. If the orientation of the fibres is not known, it can be 

included as a design variable, in the same way the density value can be refined. As shown, 

the results obtained by FE model updating are in reasonable agreement with the results of the 

mechanical tests. With respect to the course of the optimization process, it should be noted 
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that the influence of the Poisson’s ratio on the natural frequencies is not very pronounced. Its 

value could be refined by including a MAC criterion comparing the mode shapes of the 

structure. 
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Abstract: This study investigates the use of biodegradable implants in skeletal 

traumatology. The focus is on evaluating the cyclic loading of intraosseous implants in the 

inner ankle region and comparing the load capacity of conventional and biodegradable 

implants in healthy tissue. Mechanical testing and retrospective analysis were conducted 

on chromium nickel and magnesium implants to assess their strength and stability. 

Laboratory testing involved simulating ankle fractures and analyzing the performance of 

different implants. The results show significant differences in fatigue capacity, with the 

biodegradable implants demonstrating lower ultimate stress but sufficient load-bearing 

capacity under actual stress conditions during the healing process. These findings 

contribute to our understanding of implant performance in skeletal traumatology and 

highlight the potential of biodegradable implants as a viable alternative in reducing 

invasiveness and improving patient outcomes. 

Keywords: Biodegradable implants; Skeletal traumatology; Cyclic loading; Ultimate 

fatigue capacity 

1 Introduction 

In the field of skeletal traumatology, when conservative treatment is not feasible, the primary 

objective is to minimize the invasiveness of surgical interventions. Presently, in addition to 

conventional implants, absorbable and biodegradable implants can be utilized for 

osteosynthesis. The integration of these absorbable materials into the therapeutic procedure 

mitigates certain side effects associated with osteosynthesis, particularly the need for a 

secondary surgical intervention for implant removal. This considerably reduces the overall 

surgical risks, such as general anesthesia, infection, embolism, and also alleviates the 

economic burden on the healthcare system. Consequently, the utilization of biodegradable 

and resorbable materials can be perceived as a minimally invasive approach [1]. 

Certain types of biodegradable materials possess the capability to degrade and be absorbed 

by the body without adversely affecting the bone tissue. Their crucial mechanical property 

lies in maintaining static stability, ensuring the strength of the implant over a specific 

duration, particularly during the healing of bone tissue (e.g., fracture healing). During the 

initial phase, the fracture stability is upheld by the osteosynthetic material, enabling bone 

healing to occur. Subsequently, the integrity and stability of the bone tissue are restored (bone 

callus is formed), and it is during this phase that the process of biodegradation accelerates 

[2]. The specific type and chemical properties of biodegradation are influenced by the 

composition of the implant itself. 
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Currently, the predominant material used for biodegradable implants is poly-L-lactide 

(PLLA) due to its exceptional mechanical properties, stability, natural biocompatibility, and, 

importantly, ease of processing [3]. However, the degradation process of PLLA in the body 

takes approximately 14 to 36 months, which does not align with the timeframe required for 

the healing of living bone (8 to 12 weeks) [4]. Moreover, the acidic by-products resulting 

from PLLA degradation often incite a local inflammatory response that hinders tissue 

regeneration [4]. PLLA also lacks osteogenic activity and can even impede osteogenic 

proliferation and differentiation due to its hydrophobic nature [4]. Consequently, alternative 

materials with improved characteristics are actively sought in the field of orthopedics and 

skeletal traumatology. 

One alternative is the utilization of novel polymeric materials such as polyglycolide (PGA), 

polycaprolactone (PCL), or their combination with PLLA [5]. These materials exhibit faster 

degradation rates and elicit more favorable biological responses compared to PLLA. 

Additionally, they demonstrate the ability to promote osteogenesis and facilitate bone 

regeneration [6]. Another option involves the use of osteosynthetic materials based on 

hydroxyapatite (HA) or tricalcium phosphate (TCP), which significantly enhance 

ossteointegration and can expedite bone healing. However, TCP's biomechanical properties 

render it brittle and prone to disintegration. Studies indicate that this material is not 

advantageous for osteosynthesis and is instead primarily employed for bone cyst filling [7]. 

Another category of materials applicable in bone surgery comprises biodegradable implants 

based on magnesium alloys. The initial attempts to employ magnesium in bone surgery date 

back to the early 19th century, exemplified by Lambotte's pioneering operation [8]. The 

notable advantage of magnesium alloys lies in their modulus of elasticity and strength, which 

closely match those of bone tissue, unlike common materials used in osteosynthesis such as 

stainless steel or titanium. For instance, the modulus of elasticity of bone ranges between 3 

and 20 GPa, while that of magnesium falls within 41-45 GPa, and titanium alloy exhibits a 

range of 110-117 GPa [9]. 

Due to the desirable properties and biodegradability of magnesium alloys, it is possible to 

minimize undesirable effects such as stress shielding, soft tissue irritation, loosening, or 

osteopenia that can occur with standard implants [9]. One notable innovative material based 

on magnesium alloys is an osteosynthetic material called Magnezix (Syntellix AG, 

Hannover, Germany). Introduced in 2013, Magnezix was the first magnesium implant 

approved for human use [10]. The chemical composition of this magnesium alloy, known as 

MgYREZr or "WE43," comprises magnesium, zirconium, and rare earth elements (REEs) 

such as yttrium, gadolinium, and others [7]. Through this metallurgical process and alloying, 

the material achieves high strength and a certain degree of stability during degradation via 

corrosion processes [11]. 

Upon implantation into bone tissue, Magnezix undergoes resorption and degradation through 

corrosion, releasing hydrogen gas according to the equation: Mg + 2H2O → Mg(OH)2 + H2 

[9]. Subsequently, it is gradually replaced by new bone tissue. Studies have also demonstrated 

a certain degree of osteoinductive potential associated with this material. Complete 

degradation of the material occurs within one year, although radiographic evidence of 

degradation can be observed earlier [12,13]. Magnezix implants are available in four types: 

compression screws (Magnezix CS/CSc), pins (Magnezix Pin), cortical screws (Magnezix 

CBS), and implants for bone fusion (Magnezix StarFuse). 
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Therefore, this study investigates the cyclic loading of ankle implants and compares the load-

bearing capacity of conventiona) and biodegradable implants in relation to the physiological 

loading experienced by healthy tissue. 

2 Methodology 

2.1 Preparation of Specimens and Implantation of Fixation Screws  

In our laboratory study, we conducted a comparative analysis of the stability and properties 

between Magnezix CBS screws and standard cortical screws (ISO 58321E implant steel) for 

medial malleolus fractures of the ankle. Medial malleolar fractures are very common among 

the adult population and constitute approximately 9% of all fractures [14]. Surgical treatment, 

specifically open reduction and internal fixation, is widely recommended in recent literature 

for dislocated ankle fractures [13]. The common technique employed involves operative 

fixation using two cannulated screws for medial malleolus fractures [15]. However, other 

studies have indicated that the stability of medial malleolus osteosynthesis performed with 

fully pre-drilled cortical screws did not significantly differ [16].  

 

Fig. 1 A schematic representation of the osteotomy and osteosynthesis procedure. 

Cadaveric bone, specifically the fresh-frozen distal third of the tibia, was utilized for this 

study. X-rays were conducted to confirm the absence of bone defects or traumatic focal 

changes in the tibial skeleton. The oblique osteotomy technique (Fig. 1) was selected as it 

closely simulates the characteristics of medial malleolus fractures and also serves as an 

approach to the talus articular surface. The osteotomy line was guided between the tibial 

plateau cartilage and the articular facet of the medial malleolus. Pre-drilled holes for future 

insertion of cortical screws were created using a 2.7 mm drill bit at a 60° angle relative to the 

tibia's long axis. Subsequently, the medial malleolus osteotomy was performed using an 

oscillating saw with a thin saw blade (0.4 mm width) to minimize bone loss. The saw 

osteotomy was guided at a 30° angle to the tibia's long axis, near the subchondral bone, and 

completed with an osteotome and thin chisel [12]. 

Next, osteosynthesis was carried out using two cortical screws, 40 mm in length and 3.5 mm 

in diameter. Each preparation was fixed using either two standard self-tapping cortical screws 

or two Magnezix CBS screws (38 or 40 mm length depending on the preparation size) with 

a diameter of 3.5 mm. The osteosynthesis was examined, and anteroposterior and lateral 

projection radiographs were obtained (Figs. 2 and 3).  
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Fig. 2 CT scan of applied screws into the tibial bone. 

 

Fig. 3 Bone specimen with implanted screws. 

2.2 Mechanical Testing of Biological Samples  

The cyclic testing itself was conducted using a LiTeM machine at a frequency of 4 Hz. The 

amplitude of the applied forces was selected in accordance with previous studies by other 

authors [17,18], ranging from Fmin = 10 N to Fmax = 50 + X*25 N, where X represents the 

cycle number (0, 1, 2, ...). Each cycle consisted of 10,000 repetitions. The number of cycles 

continued until mechanical failure of the implants (Fig. 4) or the attainment of the maximum 

displacement of bone fragments, particularly in the case of chromium-nickel implants. 

During the mechanical testing, the sample was placed in a custom-made holder and fixed 

using three screws at the epiphyseal region and a pair of screws at the diaphyseal region. The 

securely fastened sample within the inner housing was then stabilized in the optimal position 

using an outer housing and inserted into the jaws, ensuring overall system stability (Fig. 5). 

 

Fig. 4 Final destruction of a magnesium implant. 

 

Fig. 5 Picture of real loading in the LiTeM machine. 

Loading was generated based on a sinusoidal function, as depicted in Fig. 6. The mean value 

of the load was automatically increased during each loading cycle, corresponding to the 

starting position for the respective cycle. The loading direction is derived from studies 

focusing on fractures in the ankle region and considers the risk loading pattern [19]. 

3 Results 

Mechanical testing revealed significant differences in the ultimate strength of fixation 

screws. As the testing was conducted on non-living specimens, the resulting values relate 
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solely to the mechanical properties of the implants and the quality of the corresponding bone 

material. The obtained graphs illustrate an increasing displacement of diverging fragments, 

attributed to partial compression and bending of the screw, resulting in progressive separation 

along the osteotomy line. 

 
Fig. 6 A diagram depicting the cycles in relation to the applied load. 

Fig. 6 presents a diagram depicting the cycles in relation to the applied load. The gradual 

increase in deformation is evident from Fig. 6, represented by the colored curve. This 

displacement was calculated based on local minima and maxima of the displacement function 

obtained from the load machine's displacement sensor. It should be noted that this 

displacement does not represent the absolute separation perpendicular to the osteotomy plane 

(Fig. 7). The analysis encompassed a total of six specimens, with three utilizing 

biodegradable screws (samples 1-3) and three employing chrome-nickel screws (samples 4-

6). 

 

Fig. 7 The photographs of the loaded samples, indicating the osteotomy line, displacement, and the angle α 

representing the deviation of the fragment from the osteotomy line. The left image depicts a lower applied force 
compared to the right image, hence the noticeable non-zero displacement. 

Table 1 summarizes the results of cyclic loading. For each cycle (10,000 repetitions), the 

maximum displacement value at the beginning and end of the respective cycle is provided. 

The table also presents the difference value between the initial and final displacement values 

in the respective cycle. However, the average value supplemented with the standard deviation 

is only informative due to the significant variation in the density of biological material. 
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Table 1. The final value for each sample represents the overall displacement for that particular specimen. For each 

cycle, the displacement values at the beginning and end of the cycle are provided. 

material 

sa
m

p
le

 cycles 

1 2 3 4 5 6 

Displacement [mm] 

Magnezix 

1 1.08 1.67 1.91 1.96 2.84 3.49 * after ~ 21800 cycles 

2 0.48 0.75 1.07 1.17 1.23 1.38 1.43 1.68 * after ~ 32500 cycles 

3 1.05 1.28 1.61 1.81 2.53 3.06 * after ~ 21400 cycles 

average 

difference 
0.36 ± 0.16 0.12 ± 0.06 0.44 ± 0.21 0.25 ± x     

Stainless 

steel 

4 0.39 0.78 1.05 1.27 1.54 1.83 2.13 2.52 2.83 4.14 4.73 5.32 

5 0.75 2.45 2.97 5.89 # after ~ 6800 cycles 

6 1.22 2.19 2.87 6.43 6.82 8.27 # after ~ 12400 cycles 

average 

difference 
1.12 ± 0.67 2.23 ± 1.45 0.87 ± 0.58 0.39 ± x 1.31 ± x 0.59 ± x 

* – implant failure due to fracture; # – failure due to excessive displacement 

Results demonstrate that the evaluation of biological specimens requires a comprehensive 

approach, taking into account the varying quality of bone. Biodegradable samples 1 and 3 

endured a similar number of cycles, with failure (Fig. 4) occurring at a displacement of 

approximately 3 mm. Sample 2, implanted in denser bone, exhibited significantly lower 

displacement values and a higher maximum number of repetitions. Greater differences were 

observed with the conventional screw application. Sample 6 failed after 20,000 repetitions, 

where no fatigue fracture of the screw occurred, but rather the loosening of the implant within 

the bone (Fig. 8). Similar failures were observed with samples 4 and 5, resulting in loss of 

screw fixation. Overall, implant failure in all cases occurred at a displacement of ~3 mm, 

with biodegradable implants achieving this displacement consistently over the course of 

repetitions. 

  
(a) (b) 

Fig. 8 Sample 4 after failure of the fixation in the osteotomy line, leading to implant embedding into the bone and 

significant fragment collapse. 

Conclusion 

This study revealed a significant difference in the fatigue strength between the conventional 

and biodegradable implants. The biodegradable implant withstands substantially lower 



 

88 

fatigue loads, but considering the actual load at the application site, its strength is sufficient 

throughout the healing process. Furthermore, the lower material stiffness positively 

influences the degree of surrounding bone tissue compression, resulting in less pronounced 

displacements compared to conventional implants. During the healing period, bone stress is 

lower compared to the physiological state, and the lower implant strength proves to be 

adequate. It can be assumed that stress gradually transfers from the implant to the bone during 

the healing process. Biodegradable screws present an intriguing alternative, but a larger 

sample size would be beneficial for further study. To confirm this study, it will be necessary 

to expand the number of samples tested. However, considering the availability of biological 

samples, this is a long-term process. 
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Abstract: The present design of industrial machines is currently constructed with a wide 

range of non-ferrous and non-metal materials. The connection of machine parts of 

materials with non-standard strength properties provides specific demands to bolt 

connections concerning securing the proper preload. To ensure sufficient preload, 

specially shaped washers can be used. In the design process, the stiffness of a particular 

shape of the washer must be tested. Therefore, the article describes an innovative 

measurement device that enables testing washers for connections of various non-ferrous 

and non-metal materials. The laboratory testing process is shown in the specific example 

of the washer used in industrial practice. 

Keywords: Bolted joint diagram; Stiffness measurement; Washer 

1 Introduction 

The reliability of bolted connections is currently very important in modern machine design. 

The connected components are more often produced of non-ferrous and non-metallic 

materials or composites. The demands on modern machine design regarding economic 

efficiency, energy consumption, weight, etc., are increasing, and traditional materials are 

being replaced with a wide range of applications [1,2]. While bolted connections in 

conventional steel structures are reliable enough, the situation in the case of modern materials 

is entirely different. The main reason for the reduction in reliability is the loss of the preload, 

which ensures the strength and tightness of the connection. This phenomenon occurs due to 

the seating of connected components or thermal or vibration conditions that are more 

problematic in the case of non-ferrous and non-metallic materials [3-8]. For these reasons, 

the design of the bolted connection itself regarding the bolted joint diagram of connecting 

and connected components is of great importance. 

This problem can be solved by using a special washer that ensures sufficient preload in the 

bolted connection even after the seating of connected components or under thermal or 

vibration conditions [9,10]. In order to verify the designed shapes of washers, a special 

measurement device was proposed for testing the force and deformation conditions in bolted 

connections with non-ferrous and non-metallic materials. The article describes the special 

measurement device and shows its function through an example from an industrial practice. 

2 Measurement Device 

In order to verify the proposed washer shape, the special measurement device was designed. 

Using the measurement device and by analysing the measured force and deformations of the 

washer, the graph of stiffness characteristics of the washer testing specimen can be obtained. 

The washer testing specimen can be loaded and unloaded through the pressure base plate 

using a pressure bolt with trapezoidal thread. The pressure base plate is guided in the 

measurement device by linear rolling systems fixed to the frame of the device (Fig. 1). 
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Fig. 1 Measurement device. 

The measurement device disposes of changeable contact surfaces for placing the washer 

testing specimen. The changeable contact surfaces can be made from various non-ferrous and 

non-metallic materials, including composites. Changeable survaces, as well as, washer 

testing specimens are centred to the axis of the pressure bolt through centering pin with 

hardened surface. 

A GTM Series K force sensor with a nominal force of 10 kN and a Micro-Epsilon 

optoNCDT1402 laser deformation sensor with a range of 20 mm was employed at the 

measurement device. The parameters of the measurement device are summarised in Table 1. 

Table 1. The parameters of measurement device. 

Maximum 

Tightening 

Torque [Nm] 

Maximum 

Axial Force 

[kN] 

Maximum 

Lift [mm] 

Alignment 

[mm] 

Deformation 

Measurement 

Sensitivity [mm] 

40 10 100 0.5 0.01 

3 Example from Industrial Practice 

The measurement device was tested on the practical example of the washer in the shape of 

a disc spring. The washer is used in the bolted connection of batteries cooling system in 

electric cars. In the cooling system, the coolant distribution is made of aluminium alloy. 

Fig. 2 shows the cooling system assembly that is mounted by the bolt with the special washer. 

The cooling system assembly is realised with washers provided by two producers, Brugola 

OEB Industriale S.p.A. (Brugola) and Fontana Gruppo (Fontana). 

The dimensions of washer testing specimens are shown in Fig. 3. The washer is designed for 

bolted connection with bolts of M6 size. 
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Fig. 2 Assembly of cooling system. 

 

 

Fig. 3 Dimensions of washer testing specimens. 

The testing process of the washers of both producers was processed through the measurement 

device with a measurement unit Dewesoft Sirius R2DB and software Dewesoft X. Sampling 

frequency of measurement was set to 100Hz. 

Fig. 4 shows the results of the measured axial force and deformation of each washer. 

Differences in results of stiffness Brugola and Fontana washers are related to their production 

process. Output stiffness is dependent particularly on the accuracy of dimensions and 

material properties, especially the heat treatment process of spring steal. 

 

Fig. 4 Washer stiffness. 

Conclusions 

The article described the innovative measurement device that enables testing and evaluating 

the stiffness of specially shaped washers for bolted connections used in the construction of 

non-ferrous and non-metal materials. The measurement device uses the force sensor to detect 

the axial force and the laser position sensor to measure the axial deformation of the washer. 

The obtained data can be next composed to the graph of washer stiffness as the dependence 

of the axial force on the deformation. 
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Abstract: Temperature measurement in the Mezno tunnel was designed to obtain data 

about thermal actions reached in tunnel linings. After a period of operation, the initial data 

has been measured and evaluated. The evaluation presented the temperature differences 

across the tunnel lining in various spots during the winter and spring periods, identified 

the maximal thermal actions reached, compared them with available prescripts for static 

design, and discussed the suitability of further thermal monitoring. 

Keywords: Thermal actions; Thermal monitoring; Tunnel; Tunnel lining; Temperature 

1 Introduction  

Temperature measurement in monolithic concrete structures might be beneficial for 

investigating their behaviour. Thermal actions on rigid structures may induce high internal 

forces, potentially resulting in an oversized design if the applied thermal actions exceed those 

encountered in reality. Hence, a proper understanding of the actual thermal actions on tunnel 

linings is beneficial. The current situation involves multiple tunnel structures under 

construction in the Czech Republic, where a previously developed monitoring system has 

been installed in the secondary linings of these tunnels. The motivation for monitoring tunnel 

linings arises from the issue of thermal actions, which are relatively insufficiently described 

in standards. This motivation stems from earlier measurements conducted in the Klimkovice 

tunnel [1] and Valík tunnel [2], revealing a significant discrepancy with the values prescribed 

by the TKP ČD [3]. For a brief illustration, technical conditions prescribe only a simple 

temperature difference on the tunnel lining of 10 °C, whereas the measured differences were 

only up to 3 °C [1]. Additionally, it might be suitable to consider the division of temperature 

in the lining as non-linear to model realistic behaviour. However, the methodology used for 

these measurements cannot encompass the entire spectrum of thermal actions [2]. 

The monitoring system has been installed or is in the process of installation in three tunnels, 

with proposals for monitoring other structures in the project. These monitoring systems will 

continuously measure temperatures and deformations in the lining since the completion of 

tunnel construction. An integral part of the monitoring system's development is its 

optimization and adaptation for any other use in construction practice where measurements 

are appropriate. 

The second part of monitoring thermal actions on tunnel linings involves the continuous 

evaluation of the measured values and the preparation of an overall assessment of the data 

obtained from these measurements. A method for evaluating long-term measurement data 

will be proposed to better describe the thermal actions on the linings. The obtained 

description can be further processed for adjustments to the documents used in the static 

design of tunnel linings. 
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2 Monitoring in the Mezno tunnel 

The monitoring system in the tunnel has been installed based on the general conditions 

defined at the onset of the tunnel lining monitoring project [4]. In the Mezno tunnel, there 

are two measuring profiles. The first profile is located in the cut-and-covered part in block 

No. 1, approximately 10 meters from the eastern portal of the tunnel. The second 

measurement profile is situated in the bored part of the tunnel in block No. 15, approximately 

180 meters from the eastern portal of the tunnel. 

There are two temperature measurement points (as depicted in Fig. 1) within each profile. 

The first one is positioned at the top of the tunnel vault, while the second one is in the side 

wall of the tunnel lining. In each location, a set of thermometers is installed at specific 

positions to cover the entire thickness of the tunnel lining (consisting of 6 or 7 thermometers 

at specific depths, depicted in the result charts). Measurements are taken using resistive 

thermometers PT 1000 at a one-minute frequency, which can be adjusted using the remote 

control of the system. 

 
Fig. 1 Scheme of probe set positions in one measurement profile. 

Measurements from the Mezno tunnel are conducted by an automatic data acquisition system, 

which relies on the Raspberry Pi computer and operational modules for the sensors in use. 

The system has been operational since the beginning of December 2022, allowing for the 

evaluation of extreme temperature conditions during the winter and spring. 

3 Evaluation of thermal actions 

The measurements were evaluated with regard to the original purpose of the monitoring. The 

main emphasis was placed on the extreme linear and non-linear characteristics of the 

temperature change component (through the lining thickness) and the uniform temperature 

change component. These values were evaluated with respect to their location – the portal 

and central part of the tunnel – and the period in which they occurred. From a temporal point 

of view, it was appropriate to establish these characteristics in seasons and extremes for the 

entire period of measurement. 

According to the period of system operation, data can be basically divided into the winter 

and spring period. The overall measured data covered the period from December 5 th, 2022, 

to May 30th, 2023. The boundary between the winter and spring period could not be precisely 
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determined due to unstable weather conditions. However, this situation was not problematic, 

as only periods with maximal or minimal temperatures were chosen for evaluation. 

These time periods were selected based on air temperatures measured in the locality of Mezno 

village, which were extracted from the weather archive [5]. According to the weather archive, 

three periods during the winter and two periods during the spring were chosen. 

4 Winter seasons 

During the winter, three specific periods with low temperatures and relatively high 

temperature changes during the day occurred. The first period was set from December 10 th 

to December 22nd, 2022, the second one from February 3rd to February 11th, 2023, and the 

last one from February 24th to March 2nd, 2023. However, in contrast to previous winters, air 

temperatures did not reach such low values. The temperature change component has been 

evaluated at all four spots for these periods, and extreme situations were chosen for 

presentation. 

4.1 Portal profile 

The first evaluated spot is situated in the portal profile, down in the side wall, approximately 

1.5 – 2 m from the bottom of the tunnel. Maximal differences reached values up to 5.1 °C. 

The non-linear component of temperature change is presented in the chart in Fig. 2. 

 

Fig. 2 Extreme temperature differences during the winter across the thickness of tunnel lining in the spot in the 
side wall of lining, near the portal. 

The second evaluated spot is situated in the portal profile, at the top of the tunnel vault. 

Maximal differences reached values up to 5.2 °C, which are almost identical to those in the 

bottom part. The non-linear component of temperature change is presented in the chart in 

Fig. 3. 
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Fig. 3 Extreme temperature differences reached during the winter across the thickness of tunnel lining in the spot 

in the top of the tunnel lining vault, near the portal. 

4.2 Mid-part profile 

The spot in the mid-part profile is situated analogously to the portal profile, down in the side 

wall. Maximal differences reached values up to 4.8 °C. The non-linear component of 

temperature change is presented in the chart in Fig. 4. 

 

Fig. 4 Extreme temperature differences during the winter across the thickness of lining in the spot in the side wall 

of lining. 

The maximal temperature differences in the spot at the top of the tunnel vault reached values 

up to 3.3 °C, which is notably less than in the bottom part. The non-linear component of 

temperature change is presented in the chart in Fig. 5. 
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Fig. 5 Extreme temperature differences reached during the winter across the thickness of tunnel lining in the spot 

in the top of the tunnel lining vault. 

5 Spring seasons 

Spring was characterized by low air temperatures, which only rose in May, featuring two 

stable periods with more significant daily air temperature changes. The first one was set from 

May 6th to May 11th, and the second one from May 20th to May 30th, 2023. Extreme situations 

and maximal temperature changes are presented. 

5.1 Portal profile 

The spot in the mid-part profile is situated analogously to the portal profile, down in the side 

wall. Maximal differences reached values up to 4.9 °C. The non-linear component of 

temperature change is presented in the chart in Fig. 6. 

 

Fig. 6 Maximal temperature differences during the spring across the thickness of the lining in the spot in the side 
wall of lining, near the portal. 
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The maximal temperature differences in the spot at the top of the tunnel vault reached values 

up to 4.9 °C, the same as in the bottom part. The non-linear component of temperature change 

is presented in the chart in Fig. 7. 

 

Fig. 7 Extreme temperature differences reached during the spring across the thickness of tunnel lining in the spot 
in the top of the tunnel lining vault, near the portal. 

5.2 Mid-part profile 

The spot in the mid-part profile is situated analogously to the portal profile, down in the side 

wall. Maximal differences reached values up to 4.1 °C. The non-linear component of 

temperature change is presented in the chart in Fig. 8. 

 

Fig. 8 Maximal temperature differences during the spring across the thickness of the lining in the spot in the side 
wall of lining. 
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The maximal temperature differences in the spot at the top of the tunnel vault reached values 

up to 2.9 °C, which is considerably less than in the bottom part. The non-linear component 

of temperature change is presented in the chart in Fig. 9. 

 

Fig. 9 Extreme temperature differences reached during the spring across the thickness of tunnel lining in the spot 
in the top of the tunnel lining vault. 

Conclusion 

The evaluation of thermal actions on the tunnel lining in the Mezno tunnel after half a year 

of monitoring operations brought specific new information. Firstly, temperature differences 

across the thickness of the lining are within the expected values. Therefore, the presumption 

of overestimation of thermal actions by the TKP ČD prescript may be considered confirmed. 

However, for setting the thermal actions, further measurement and evaluation are necessary. 

 
Fig. 10 Comparation of temperature changes reached in the measured spots in winter and spring season. 

According to the comparison depicted in the chart in Fig. 10, there are a few differences that 

deserve discussion. Firstly, the temperature differences reached in the spring season were 

25

125

225

325

425

-3 -2 -1 0

d
ep

th
 [

m
m

]

Δ t [°C]

21.05.23

22.05.23

06.05.23

Measurement spot in 

certain depth

0

1

2

3

4

5

6

Δ
t 

[°
C

]

Winter

Spring

Portal - Down Portal - Up Mid-part - Down Mid-part - Up



 Experimental Stress Analysis 2023 
 6 – 8 June, 2023, Košice, Slovakia 

101 

slightly lower than those reached in the winter. This should be considered as a specificity of 

the period during which the measurement was taken. These differences could be evaluated 

only statistically after more years of monitoring operation. 

Secondly, a slight difference is observed between the portal part and the middle part of the 

tunnel. These differences should be confirmed by statistical evaluation; the assumption 

cannot be made at this point. However, in the case of a significant difference between the 

upper measurement spot in the mid-part and the other spots, the reason could be sought in 

the different thickness of the lining in this spot. The lowest point in the measurement is 425 

mm deep, which is about 100-140 mm shallower than the deepest points in other spots. 

Therefore, the thermal behaviour at this point is more variable than in more deep-seated 

points in other spots of monitoring. 

The maximal temperature difference reached 5.2 °C. As mentioned earlier, this value falls 

within the expected range. Continuous measurement of thermal actions in tunnel linings 

should provide a sufficient basis of data, creating the first step for a proper description of 

thermal actions and the efficient and safe design of tunnel linings in the end. Therefore, 

further measurements and system control will follow. 
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Abstract: This article deals with the determination of the initial plasticity area for the 

Inconel 718 nickel alloy produced by selective laser melting technology. A non-

destructive method based on linearity deviation is used, which allows multiaxial loading 

with any combination of stress components. The printed material is tested in its as-built 

state and virgin powder is used. The results of a total of 4 mechanical tests show that the 

material produced in this way does not correspond to the plasticity criterion according to 

von Misses, and the yield strength in pure tension and the effective stress obtained in pure 

torsion do not have the same stress values, but the shear component of the stress is 

significantly dominant. 

Keywords: Yield surface tracing; Inherent anisotropy; Inconel 718; Additive 

manufacturing; Selective laser melting 

1 Introduction 

Inconel 718 is a nickel-based steel alloy that has suitable mechanical properties, even at 

higher temperatures. Therefore, this alloy is mainly used in the aerospace industry. The 

disadvantage of this alloy is its poor machinability. Especially in the aerospace industry, there 

are components with complex shapes that need to be machined in a complicated way [1]. 

Additive manufacturing solves this problem to some extent. Using 3D printing technology 

such as Selective Laser Melting (SLM), it can produce elements with complex shapes. 

However, this technology has a disadvantage in build. The orientation of the building in 3D 

printing has an effect on the mechanical properties of the material. 

This paper is focused on the investigation of a nickel-based alloy, specifically Inconel 718, 

which is made using additive technology, specifically SLM technology. This paper deals with 

the experimental determination of the initial yield surface under combined loading using a 

non-destructive method. 

2 Materials and methods 

The method of tracing the yield surfaces with a centre point is used. This method is suitable 

for combined loading with any ratio of axial and torsional stress components [2]. Tubular 

samples were used for the experiments, so it was possible to simultaneously control the 

components of the axial and torsional stress. The samples were produced using the SLM 

method with vertical orientation of the building, using virgin powder, and were tested in the 

as-printed state. The geometry of the sample is based on the standard for low-cycle fatigue 

[3], and the specific geometry used in these experiments is shown in Fig. 1. However, due to 

the manufacturing method, the real dimensions of the sample are slightly different. The real 

dimensions of the sample were 11.3 mm on the inner diameter and 13.9 mm on the outer 

diameter of the test part (length 28 mm in Fig. 1). 
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Fig. 1 Sample geometry for elastic region tracing. 

All experiments performed were stress controlled. The ratio of axial and torsional stress rates 

was varied using a specific angle ψi. Thus, this angle defines a specific probing path. Using 

this angle, we can determine the effective stress rate, which depends on the increase of the 

stress components. These components of stress can be written in the following form 

𝜎̇ = 𝜎̇𝑒𝑞𝑣 ∙ 𝑐𝑜𝑠𝜓𝑖  , 𝜏̇ = 𝜎̇𝑒𝑞𝑣
𝑐𝑜𝑠𝜓𝑖

√3
,  (1) 

where 𝜎̇𝑒𝑞𝑣  is the required equivalent stress rate. The same equivalent stress rate 𝜎̇𝑒𝑞𝑣 =1 

MPa/s is used for all probing paths. On the contrary, relief was performed with a constant 

equivalent stress rate of 10 MPa per second to shorten the time of the entire test. The sequence 

and rate ratio of each probing path can be seen in Fig. 2.  

 

Fig. 2 Probing paths scheme for the experiment. 

The LabControl hydraulic biaxial machine with maximum load values of 100 kN/1000 Nm 

was used for the tests. The criterion of the effective increment of the plastic strain, according 

to eq. (2), is used to terminate the given probing path and evaluate the point that corresponds 

to the specific yield point. This equation is evaluated online during measurement. As soon as 

this condition meets the prescribed value of 50 µS, the probe is terminated and the next in 

the sequence continues. 

Δ𝜀𝑒𝑓𝑓 = √Δ𝜀𝑝𝑙
2 +

1

3
Δ𝛾𝑝𝑙

2 , (2) 

To determine the plastic components of strain in eq. (2), an additive rule is used in the 

following form 

Δ𝜀𝑝𝑙 = 𝜀 − 𝜀𝑒𝑙 − 𝜀𝑅,    Δ𝛾𝑝𝑙 = 𝛾 − 𝛾𝑒𝑙 − 𝛾𝑅. (3) 



 

104 

The total axial strain value 𝜀 is read by the extensometer during the test, as the total strain in 

shear 𝛾. Epsilon 3550 extensometer with a gauge length of 25 mm was used for the tests. 

This type of extensometer allows us to measure both axial and torsional deformation 

simultaneously. The elastic components of strain 𝜀𝑒𝑙 and 𝛾𝑒𝑙  in relation (3) are determined as 

the ratio of the current stress value to the modulus of elasticity (for tensile component 𝜎/𝐸 

and for shear then 𝜏/𝐺). The moduli of elasticity (𝐸 and 𝐺) are determined as the slope of a 

straight line from the predetermined Δ𝜎 region defined by eq. (4). For the following 

experiments, this value was set at 100 MPa. The modulus of tensile and shear elasticity 

determined from this region is then invariable for the evaluation of the given probe. Eq. (4) 

is repeated for each probing path. The result is 14 values of the modulus of elasticity of tensile 

and shear (for pure tension and pure torsion, the opposite component is neglected). 

Δ𝜎 = √𝜎2 + 3𝜏2, (4) 

The residual components of the strain in (3) 𝜀𝑅 and 𝛾𝑅 are then evaluated as a constant from 

the equation of a straight line that describes the modulus of elasticity. This value 

characterises, for example, the landing of the sample in the testing machine and is also 

evaluated for each probing path separately. 

Conclusions 

The total tracing of the yield surface, consisting of 16 partial probes, was repeated 4 times in 

total. All measurements were performed on the same sample and all specific yield stress 

values are listed in Table 1.  

Table 1. Specific yield stress values for all tests and probing paths. 

 Test 1 Test 2 Test 3 Test 4 

n. of 

path 

σ  

(MPa) 
√3𝜏 

(MPa) 

σ  

(MPa) 
√3𝜏 

(MPa) 

σ  

(MPa) 
√3𝜏 

(MPa) 

σ  

(MPa) 
√3𝜏 

(MPa) 

1 225 0 198 0 206 0 207 0 

2 268 111 256 118 291 120 281 116 

3 158 378 167 403 157 378 165 394 

4 -190 459 -205 493 -210 504 -208 501 

5 -265 109 -265 109 -276 114 -276 115 

6 -279 -116.4 -270 -112 -271 -114 -263 -111 

7 -194 -471 -195 -473 -187 -450 -206 -499 

8 171 -413 174 -421 182 -441 179 -429 

9 -300 0 -311 0 -308 0 -277 0 

10 -240 -241 -252 -252 -249 -250 -254 -254 

11 0 -566 0 -574 0 -589 0 -623 

12 234 -234 238 -239 232 -233 239 -241 

13 263 -110 274 -114 275 -114 266 -111 

14 235 235 240 240 240 240 241 243 

15 0 591 0 594 0 625 0 633 

16 -254 254 -259 257 -263 263 -256 258 
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Similar values as those given in this chapter were also obtained by control measurements on 

another sample of the same geometry. Fig. 3 shows the moduli of elasticity for individual 

load speed ratios using a box graph.  

The first column, marked 0, indicates either pure tension or pure torsion. From the individual 

load speed ratios, it can be seen that the highest deviations for the tensile component give the 

probing path, when the shear component of the stress prevails over the tensile one. This is a 

probing path 5, 7, 13 and 15 from Fig. 2. The average value of the Young modulus is  

137.7 GPa, which is lower compared to conventionally produced material [4]. However, 

lower values of the modulus of elasticity in Inconel 718 manufactured unconventionally were 

pointed out by [5]. On the contrary, the highest dispersion for the modulus of elasticity in 

shear is seen in all experiments by combinations where the tensile component dominates with 

respect to the shear component, in Fig. 2 it is probes 3, 9, 11 and 10. The other three ratios 

are very close to the average value of 92.8 GPa. This may to some extent be because the 

sample produced in this way shows significantly higher values of stress in torsion than in 

tension. 

 

Fig. 3 Moduli of elasticity for Inconel 718 produced by additive manufacturing. 

Fig. 4 shows the initial yield surface of the nickel-based alloy Inconel 718, produced by 

additive technology, specifically by SLM in the stress space σ − √3τ. It can be seen from the 

results that the shear stress component is significantly dominant. The shear stress has an 

average value for all measurements of 610 MPa and in the opposite direction of 588 MPa. 

The average value for normal stress is 209 MPa, respectively, 298 MPa in pressure. 

Therefore, the data obtained cannot be fitted using the von Misses condition, as is the case 

with conventionally manufactured samples [6]. For a simple description, we can fit the points 

to the function of an ellipse with a main semiaxis size of 599 MPa and a minor semiaxis. size 

of 253.5 MPa, as can also be seen in Fig. 4. 
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Fig. 4 Initial yield locus for Inconel 718 produced by additive manufacturing. 
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Abstract: The content of the paper deals with a relatively new approach to the 

experimental determination of modal parameters (resonant frequencies, mode shapes and 

damping ratios) based on the measured displacements by the non-contact, full-field optical 

method of Digital Image Correlation (DIC). The output is an application module which, 

based on a three-dimensional displacement matrix from the measurement results, can 

compile a frequency response function (FRF) for the needs of experimental and 

operational modal analysis and determine the required modal parameters from it. The 

application module was designed in Scilab 6.1.0 software, while its script interferes 

directly with the ISTRA4D high-speed camera software from Dantec Dynamics company. 

The created application was based on the measurements of a simple steel sheet excited by 

an impact hammer for the simulation of experimental modal analysis. Verification of the 

calculation algorithm or the obtained modal parameters of the excited sheet steel plate was 

performed by means of a simulation in the numerical software Abaqus, whose mode 

shapes and resonant frequencies showed a high similarity with the results of the 

application. 

Keywords: Digital Image Correlation; Experimental Modal Analysis; Operational Modal 

Analysis; Frequency Response Function; Resonant frequency; Mode shapes; Damping 

ratios 

1 Introduction 

Non-contact optical methods with the possibility of all-field analyses are among the current 

trends in the field of experimental mechanics. Laser Doppler vibrometry (LDV), electronic 

speckle interferometry, digital speckle shearography and digital image correlation fall into 

this field [1]. In vibration analyses, laser vibrometry is a frequently used method for practical 

reasons. The advantages of the laser vibrometry method are high sensitivity, frequency range, 

high accuracy, measurement speed and the ability to measure over large distances. The main 

disadvantage is the high cost of the measuring equipment. LDVs have a wide range of 

applications in science and research, as evidenced by the number of published papers devoted 

to experimental modal analysis, operational modal analysis, operational vibration waveform 

analysis, and vibrodiagnostics. Šároši et al. [2] used the LDV method for a comprehensive 

analysis of the disc during its rotation. Specifically, they dealt with experimental modal 

analysis of the disc in a stationary state, oscillation shape analysis at operating speed 5000 

revolutions per minute and run-up analysis, which aimed to investigate the effect of the 

rotation speed on the change of the natural frequencies of the disc. A laser Doppler 

vibrometer and an optical derotator were used as measuring equipment. Zucca et al. [3] used 

the LDV technique to determine the frequency response functions and operating responses 

of 24 turbine blades at a specific angular velocity. Stanbridge et al. [4] streamlined the 

sensing approach which allowed modal shapes to be obtained from a relatively small set of 

measured data. Trebuňa et al. [5] used a laser vibrometer to identify the source of excessive 
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vibration of a gas compressor discharge line. The use of a laser vibrometer was necessary in 

this case as the vibration level limited the use of accelerometers. The operational modal 

analysis is also addressed using LDV in the following papers [6,7]. 

Digital image correlation (DIC) is another method that has potential for use in vibration 

analysis [8]. However, for these purposes, a measurement system with high-speed cameras 

must be used. Although the DIC method is primarily used for component testing and 

determination of material properties [14-16], various publications report its use for vibration 

analysis and experimental modal analysis as well. There is also known publication where 

DIC is used for in-plane or in-space motion analysis [17]. 

2 Application module for modal analysis 

The ISTRA4D software is capable of recording and evaluating measurement data using the 

DIC optical method. It offers various options for the needs of laboratories and industrial 

practices. It allows further extensions in the form of post-process applications. These 

applications, also called application modules, are programmed in Scilab software and 

interfaced with ISTRA4D software, where the modules transform the measurement results 

according to defined mathematical functions. In this paper, the authors discuss the 

development and description of an application module for the determination of modal 

parameters based on experimental modal analysis (EMA) and operational modal analysis 

(OMA) from data obtained by digital image correlation (DIC) measurements [8]. The 

relationship between the ISTRA4D software and Scilab is described in Fig. 1. Based on the 

visual representation of the measured object, it is possible to identify a point, curve or 

polygon on its surface that defines our region of interest on the analyzed object. From the 

ISTRA4D software, it is then possible to export displacements, relative deformations, point 

coordinates, and time characteristics. It is also possible to obtain the outputs of the analog 

channel, which represents, for example, the excitation signal. The export of this data is then 

processed by Scilab. 

 

Fig. 1 ISTRA4D—Scilab relation. 

The application module consists of two main files. They are text documents in the format: 

a) .ISSJD, which defines the export of the required ISTRA4D measurement data to Scilab.   

b) .SCE or .SCI, which works with the exported measurement data and transforms them on 

the basis of mathematical-physical relations into the required resulting parameters. It is the 

script itself created in Scilab. 

The first interface of the modal analysis application module focuses on EMA, i.e., the 

estimation of modal parameters based on data from the frequency response function (FRF), 

which is influenced by the excitation frequency spectrum [8]. 
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3 Measurement of input data using DIC for EMA solution 

The application module was built based on a series of real sample measurements using the 

DIC method. For this purpose, a simple rectangular steel plate was chosen as the analyzed 

object, which had an analyzed area with the dimensions 156 × 152 mm and a thickness of 0.8 

mm. The analyzed sample was made of DC03 steel. It is a deep-drawn steel, suitable for 

automotive body interior parts and other mouldings. The stochastic pattern was applied to 

the analyzed area in the form of pre-printed spots on a vinyl film. The steel sheet was woven 

at the bottom edge using two L-sections connected by screws (Fig. 2). Fig. 2 also shows the 

excitation location (EMA) where the impact hammer blow was located on the back side of 

the steel sheet [8]. 

 

Fig. 2 Laying of the analyzed steel plate and the excitation point. 

The measurement was carried out with the Q-450 system from Dantec Dynamics using high-

speed cameras. Calibration and correlation of the images were carried out using Istra4D 

software [8]. 

The measurement and evaluation conditions were as follows: 

• Image acquisition time = 1 s; 

• Frame rate = 5000 fps; 

• Facet size = 21 pixels; 

• Application grid spacing = 17 pixels. 

In the first step of the solution, all measurement images were exported from the ISTRA4D 

software into hierarchically arranged. HDF5 files containing temporal information, frame 

counts and displacement matrices (Fig. 3) [9]. The images were exported in the form of HDF5 

files, with 2004 frames out of 5000 exported in total to reduce the computation time required. 

For the needs of the application module we developed, only the displacement matrices in the 

directions of all three axes are sufficient. The displacement matrices are loaded directly by a 

command from Scilab (.SCE file), which operates on the data of one of them as needed [8]. 
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Fig. 3 ISTRA 4D working environment 

The methodology for processing the measured and exported data using the Scilab 

mathematic-physical relationships is defined in Fig. 4. The .SCE file, which represents a 

computational script written in the Scilab programming language, must be placed in the same 

folder as the .ISSJD file that defines the export of the time increments. 

 

Fig. 4 Processing of exported measurement data in Scilab. 

Starting the application displays a window (Fig. 5) that automatically defines the acquisition 

time based on the number of selected .HDF5 files. 

 

Fig. 5 Initial GUI window for determining modal parameters. 
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For the demonstration of the application module, only one measurement file was used, i.e., 

the system was built by an impact hammer strike at only one location; hence, we will only 

look for one singular curve. 

The ISTRA4D software stores the temporal data from the measurements in terms of a column 

vector and orientates the spatial data into row vectors. Scilab command lines define the input 

parameter time, which is automatically calculated as the difference between the second and 

first time steps multiplied by the number of selected .HDF5 files. Since the acquisition time 

was 1 s at 5000 fps, when considering 2000 frames, the time is adjusted to 0.4 s. 

The first function requires the user to select the path to the exported .HDF5 files from, the 

measurement to determine the number of time steps and the naming of the files to work with 

next. The quantities that are also required between functions are always defined as a global 

parameter. 

For the analysis, the excitation signal from the analog output was adjusted to a timedomain 

waveform based on signal processing theory. Subsequently, it was transformed into a 

frequency spectrum by using the fast Fourier transform (FFT) (Fig. 6). 

  
Fig. 6 Transformation of 3D displacement matrix from time domain to frequency spectrum and 

excitation signal in time domain and frequency spectrum. 

A three-dimensional displacement matrix of the oscillating steel plate in the Z-axis direction, 

where the third dimension of the matrix represents time, was then used to determine the 

modal shapes. To describe each dimension of the matrix, a representation model was created, 

shown in Fig. 6. The product of the number of rows and columns gives the number of points 

(facets) at which displacements were measured. Each of these points has a specific 

characteristic function dependent on time t. These displacement functions of all points were 

transformed from the time domain to the frequency spectrum by a fast Fourier transform 

(FFT) (Fig. 6) [8,9]. 

Subsequently, the FRF matrix was determined based on the response in the form of the 

frequency spectrum of the displacement matrix, which is influenced by the frequency 

spectrum of the excitation signal and transformed into a vector notation (Fig. 7). 
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Fig. 7 Transformation of the FRF matrix into vector notation. 

By plotting the singular values on the frequency axis, a singular waveform was obtained 

whose peaks indicated the presence of modes of oscillation (Fig. 8). The respective 

frequencies of the individual peaks are the natural or resonant frequencies. For each natural 

frequency, there is an intrinsic mode of oscillation. The eigenmodes of oscillation are 

exported for the selected frequency from the FRF matrix. 

 

Fig. 8 Singular curve. 

Another modal parameter that needs to be determined is the damping coefficient of the mode 

of oscillation. Since the Scilab software does not provide the ability to automatically select 

the half-power points based on the peaks, the nearby frequencies need to be manually 

selected. 

Fig. 9 shows the natural frequencies and the corresponding mode damping coefficients 

determined from the Z-axis displacement matrix obtained by the DIC method (points 1–6). It 

is also possible to see peaks in the singular waveform that are not natural frequencies of the 

oscillating steel airfoil, but represent modes resulting from the fit (points X). In the same 

way, the modal parameters in the X and Y axis directions can be analyzed in the proposed 

application [8]. 
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Fig. 9 Resulting modal parameters obtained with the application module. 

Each natural frequency has its own specific mode of oscillation. The individual mode shapes 

with their respective frequencies are shown in Fig. 10. 

Mode 1 = 32.55 Hz Mode 2 = 82.56 Hz 

  

Mode 3 = 197.71 Hz Mode 4 = 275.26 Hz 

  

Mode 5 = 307.78 Hz Mode 6 = 530.39 Hz 

  

Fig. 10 Modal shapes and corresponding EMA eigenfrequencies. 

4 FEM modal analysis 

The correctness of the results obtained by experimental modal analysis based on DIC 

measurements was verified numerically. There are many numerical methods such as 

peridynamics [10], discrete element method [11], damage mechanics [12] and others, but due 

to the availability of software, we used the finite element method (FEM) to verify our 

solution. The numerical model was constructed in the form of a shell element to which the 

material properties of the steel and the dimensions of the real measured steel plate were 

assigned. The boundary condition of the fit was simulated by taking all degrees of freedom 
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of motion at the bottom edge of the numerical model. The mesh was meshed from 

quadrilateral elements.  

The resulting frequencies obtained by the FEM method are shown in Fig. 11a. To compare 

the results of the natural frequencies and modal shapes, the first six modes were selected 

whose natural shapes are shown in Fig. 11b [8,13]. 

 

(a)    

 (b) 

Fig. 11 (a) Eigenfrequencies of the modes determined by the FEM method, 

(b) Modal shapes (Z direction) and corresponding natural frequencies obtained by the 

FEM method. 

5 Discussion 

The resulting eigenfrequency values obtained experimentally by modal analysis using the 

DIC method and numerically by the FEM method are shown in Table 1. The differences of 

the natural frequencies in Hertz and percentage are also given in Table 1.  

Table 1. Resulting eigenfrequency values obtained by EMA analysis and FEM analysis. 

Mode EMA Analysis [Hz] FEM Analysis [Hz] Difference [Hz] Difference [%] 

1 32.55 29.95 2.6 7.99 

2 82.56 71.93 10.63 12.88 

3 197.71 183.23 14.48 7.32 

4 275.26 225.82 49.44 17.96 

5 307.78 263.63 44.15 14.34 

6 530.39 456.04 74.35 14.01 

In Fig. 12, the deviations of the resulting natural frequencies of the different modes of 

oscillation obtained by numerical and experimental analysis are plotted [8]. 

Mode 1 = 29.95 Hz Mode 2 = 71.93 Hz 

  

Mode 3 = 183.23 Hz Mode 4 = 225.82 Hz 

  

Mode 5 = 263.63 Hz Mode 6 = 456.04 Hz 
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Fig. 12 Comparison of eigenfrequency results obtained by EMA analysis and FEM analysis. 

The differences arising in the results are attributed to the choice of boundary conditions in 

the numerical FEM method. In the experiment, it is difficult to achieve a perfect fit of the 

analyzed sample. 

Conclusion 

Currently, either of the numerical modal analyses are used to estimate the modal parameters, 

or if a more accurate estimation corresponding to the real material properties and boundary 

conditions of the fit is required, an experimental solution is approached. The commonly used 

experimental modal analysis procedures are currently conditioned by the application of 

acceleration sensors on the object under analysis, by means of which the resulting frequency 

response function is obtained. 

This paper describes a new approach to estimate the natural (resonant) frequencies, as well 

as the corresponding modal oscillation shapes and damping coefficients, based on the results 

of measurements obtained by the optical digital image correlation method. The resulting 

modal shapes are obtained based on a displacement matrix. 

The main advantage of this new methodology is the fact that, by using high-speed 

measurements, a full-field analysis of the imaged area of the object is possible, which implies 

that responses at all points of the object can be obtained on the basis of a single measurement. 

Conventional methods, with their acceleration sensors, can negatively affect the modal 

parameters of the system by their mass for sensitive analyzed objects. The full-field analysis 

by the DIC method makes it possible to determine the responses of any point on the analyzed 

object without the additional mass of the sensors. 

The application module which has been designed in Scilab is able to determine the modal 

parameters based on the measured displacement matrix by the DIC method.  

The aforementioned application is able to determine natural frequencies, modal shapes, and 

damping coefficients based on experimental modal analysis when the FRF function takes 

into account the excitation of the system. It is also possible to estimate the modal parameters 

based on the principle of operational modal analysis when the excitation of the system is 

unknown. 
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Abstract: This research focuses on investigating the impact of stress on piezoelectric cells 

located on roads with electric voltage. We aim to optimize the design and placement of 

piezoelectric cells on roads to improve their accuracy and effectiveness in generating 

electricity from passing vehicles. Our study focuses on three types of loading: one-point 

loading, uniform distributed loading, and triangle-distributed loading. By analyzing the 

stress and shear exerted by the pressing truck on the piezoelectric cells, we aim to gain 

insights into the behavior of these cells under different loading conditions. To conduct this 

research, we use finite element analysis (FEA) simulations to model the compression cells 

and simulate the load-truck conditions. The piezoelectric cells are used to measure the 

electric voltage generated by the stress on the road surface, which is correlated with the 

stress and shear values obtained from the FEA simulations. The results of this research 

provide valuable insights into the impact of stress on piezoelectric cells and can be used 

to optimize the design and placement of these cells on roads, improving their accuracy and 

effectiveness in generating electricity from passing vehicles. Additionally, this research 

can inform the development of new materials and technologies for road surfaces that can 

better withstand the stress and shear exerted by heavy vehicles. Overall, this research has 

the potential to make significant contributions to the fields of transportation, energy, and 

materials science. 

Keywords: Shear and stress research; Piezoelectric cells; Load-truck conditions; Finite 

element analysis; Electric voltage 

1 Introduction 

Shear and stress research has significant applications in various fields, including aerospace, 

construction, transportation, and materials science. This research is essential for developing 

new materials and designs that can withstand the stresses and strains of heavy use, as well as 

for testing the safety and reliability of critical infrastructure. One such application 

of shear and stress research is in the development of piezoelectric cells for generating 

electricity from passing vehicles on roads.  

1.1 Piezoelectric cells  

Piezoelectric materials are considered to be smart materials because of their unique ability to 

convert mechanical stress or strain into electrical potential and vice versa through the direct 

and reverse piezoelectric effects, respectively. This conversion process is the basis of 

piezoelectricity and has numerous practical applications. The piezoelectric material used in 

a piezoelectric system can operate in different modes, which are defined by the piezoelectric 

strain constant dij. This constant represents the relationship between the mechanical strain or 

deformation applied to the material and the resulting electrical voltage output. The subscript 

"i" indicates the direction of electrical voltage output, while "j" indicates the direction of 

applied mechanical stress. 
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There are primarily two constants, d33 and d31, which are commonly used in piezoelectric 

systems. These constants are characterized by the poling direction being along the 3-axis. 

The d33 constant represents the piezoelectric strain coefficient in the direction of the electric 

field, while the d31 constant represents the piezoelectric strain coefficient perpendicular to 

the direction of the electric field. Understanding these constants is essential for designing 

effective and efficient piezoelectric systems. In summary, piezoelectric materials are unique 

and valuable because of their ability to convert mechanical stress or strain into electrical 

potential, which has many practical applications. The different modes of operation in a 

piezoelectric system are defined by the piezoelectric strain constant dij, with d33 and d31 

being the two most commonly used constants as see in Fig.1. 

 

Fig 1. Reference axis generating for piezoelectric material. 

1.2 Piezoelectric material  

PZT-5J is a type of lead zirconate titanate (PZT) material that is commonly used in 

piezoelectric systems. It has a high electromechanical coupling coefficient, which makes it 

an efficient material for converting mechanical stress or strain into electrical energy. It is also 

more readily available and cost-effective than other PZT materials, making it a popular 

choice for many applications. The thickness of the PZT module is also an important factor to 

consider in the design of piezoelectric systems. The thickness of the module affects the 

sensitivity and responsiveness of the system to mechanical stress and strain. The availability 

and cost of the PZT-5J is more feasible than the other PZT materials. Therefore, PZT-5J 

material was chosen here and the module chosen is of thickness 2 mm. 

2 Investigating the impact of stress on piezoelectric cells  

2.1 Types of impact 

In order to understand the impact of stress on piezoelectric cells located on roads with electric 

voltage, we will be investigating the behavior of these cells under different loading 

conditions. We will be conducting experiments to analyse the effect of one-point loading, 

uniform distributed loading, and triangle-distributed loading on the piezoelectric cells. These 

different loading conditions will be simulated to obtain a better understanding of how the 

cells react to the stress generated by passing vehicles on roads. 
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Fig.2 provides an illustration of the different loading trucks used in our research and their 

corresponding loading conditions on the piezoelectric cells on roads. By studying the 

behavior of the cells under these different loading conditions, we aim to determine the most 

effective and efficient design and placement of piezoelectric cells on roads to generate 

electricity from passing vehicles. 

(a)  (b)    (c)  

Fig. 2. Different loading truck on piezoelectric cells inside the roads. (a) one point loading, (b) uniform distibuted 

loading, (c) triangle distibuted loading. 

2.2 Analysis for impact of stress on piezoelectric cells   

The goal of this analysis is to optimize the design and placement of piezoelectric cells on 

roads to maximize their energy generation potential. We will use FEA simulations to model 

the compression cells and simulate different load-truck conditions. The FEA simulations by 

MATLAB will help us to understand how the cells react to different types and levels of stress 

generated by passing vehicles on roads so we have finite and infinite elements as shown in 

Fig. 3. 

 

Fig. 3 Finite and infinite drawing under different loading. 

Each stress vector (t) in indicial notation tx, ty in the coordinate system (x, y) can be resolved 

into components along the coordinate lines x, y: 

σᵪ iᵪ + τᵪᵧ iᵧ =  tᵪ (1) 

τᵪᵧ iᵪ +  σᵧ iᵧ =  tᵧ (2) 

Resolving stress vectors into their normal and shear components can be a valuable approach. 

This involves breaking down the stress vector (t) into two separate components: one that is 

parallel to the normal of the surface element (n), which is known as the normal stress (σ), 

and another component that is perpendicular to the normal (n), which is known as the shear 

stress (τ). This method is illustrated in Fig. 4, which demonstrates how the normal and shear 

stresses can be separated and analysed independently. By using this approach, we can gain a 

better understanding of how the stress is distributed across the surface and how it may impact 

the behavior of the piezoelectric cells. 
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Fig. 4 Graphical representation of the resolution of the stress vector t according to normal element. 

The equation of motion in coordinate system of x, y can give as: 

∂tᵪ

∂x
+

∂tᵧ

∂y
 +  ρb =  0   (3) 

ρb: it referred to forces which act on piezoelectric body in different loading truck. 

When we substitute equations (1) and (2) into equation (3), we can derive scalar equations 

(4), (5) for the stress vectors. This involves using the equations to express the stress vectors in 

terms of their normal and shear components. By doing so, we can simplify the equations and 

make them easier to analyse. The resulting scalar equations provide a way to calculate the 

magnitude of the stress vectors based on their normal and shear components. 

∂σᵪ

∂x
+

∂τᵪᵧ

∂y
 +  fᵪ =  0 (4) 

∂τᵪᵧ

∂x
 +

∂σᵧ

∂y
+  fᵧ =  0 (5) 

The model depicted in Fig. 5 shows an infinite medium that is subjected to various types of 

loading, shear and stress forces. The purpose of the model is to analyse the behavior of 

piezoelectric cells under different types and levels of stress. The arrows in the model 

represent various types and magnitudes of loading, which are applied to the medium to 

simulate different stress conditions. By analysing how the medium responds to these 

loadings, we can gain valuable insights into how the piezoelectric cells will behave under  

different stress conditions, and how they will deform and generate electrical energy. This 

analysis is important for optimizing the design and placement of the cells, as it allows us to 

identify areas of high stress concentration and determine how the cells will perform under 

different stress conditions. The model may vary depending on the specific application and 

type of piezoelectric cell being used, but the basic principle is to subject the cell to different 

types of loading and analyse its behavior under these conditions. By optimizing the design 

and placement of the cells based on this analysis, we can maximize their energy generation 

potential and improve their overall performance. 



 Experimental Stress Analysis 2023 
 6 – 8 June, 2023, Košice, Slovakia 

121 

 

Fig. 5 Infinite medium model that is subjected to various types of loading, shear and stress forces. 

Fig. 6 provides a visual representation of the stress distribution in the piezoelectric cell, which 

is non-uniform and varies across the cell. This stress distribution is observed in equations (4) 

and (5), as well as in Fig. 5. The figure shows the stress distribution across the cell on the A-

A section, with different areas experiencing varying degrees of stress concentration. By 

analysing this distribution, we can gain a better understanding of how the cell will respond 

to different types and levels of pressure, and how we can optimize the design and placement 

of the cells for maximum energy generation potential. The figure models three types of 

loading on the piezoelectric cell dimension, with the length of the cell along the x-axis and 

the width of the cell along the y-axis both equal to 20 meters. The loadings include shear 

forces, compressive forces, and tensile forces, with a magnitude of 1000 kN/m. By modelling 

these different loadings, we can gain insight into how the cell will respond to different types 

and levels of stress. This information is important for optimizing the design and placement 

of the cells to ensure maximum energy generation potential. 

  

 

 

 

 

 

 

 

Fig. 6 A visual representation of the stress distribution σᵪ, σᵧ, and τᵪᵧ, in the piezoelectric cell along A-A section 
under three loads of point, triangular, and uniform. 
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The Open Circuit Voltage (OCV) is a measure of the voltage generated by the piezoelectric 

material when it is subjected to mechanical stress or strain. It is an important parameter to 

consider when designing piezoelectric devices for energy harvesting, as it determines the 

amount of electrical energy that can be harvested from the mechanical energy. 

The OCV can be calculated using the following equation: 

(OCV) =  g₃₃.  σ .  T (6) 

where g₃ ₃  is the voltage constant and it is a material property that relates the electrical and 

mechanical properties of the piezoelectric material. In our case of PZE the value of g₃ ₃  is 

typically around: g₃ ₃  = 21.3×10⁻ ³ Vm/N.  

T: Thickness of piezoelectric cell and here its equal to 2.1 mm. 

Similarly, the charge density (CD) is a measure of the amount of electric charge that can be 

stored in the piezoelectric material. The charge density can be calculated using the following 

equation: 

(𝐶𝐷) = d₃₃ . σ                                (7) 

where d₃ ₃  is the electric charge constant, which is another material property that 

relates the electrical and mechanical properties of the piezoelectric material. In our 

cell the value of: d₃ ₃  = 485×10⁻ ¹² C/m². 

By carefully selecting and designing the piezoelectric material and the device geometry, we 

can maximize the OCV and charge density, leading to more efficient and effective 

piezoelectric devices for energy harvesting applications by maximize the amount of stress or 

strain that it is exposed to, as well as selecting materials with high voltage and charge 

constants. 

3 Results 

The results of the stress analysis provide valuable information for the design and analysis of 

PZE materials, and can help ensure the safety, reliability, and performance of these systems. 

According to the stress distribution plots in Fig. 6, it appears that the maximum stress occurs 

near the cell of the piezoelectric material. This is likely due to the localized deformation and 

strain that occurs in this region when the material is subjected to mechanical loading. 

The maximum stress is observed under point load conditions and is equal to about 1.78×10⁶  

N/m² for normal stress σᵧ. The minimum stress is observed under uniform distribution load 

conditions and is equal to 0.96×10⁶  N/m² for normal stress σᵧ. For normal stress σᵪ, the 

maximum stress under point load conditions is found to be 0.12×10⁶  N/m², while the stress 

distribution under uniform and triangular loads appears to be relatively close together. 

In terms of shear stress τᵪᵧ, the maximum stress is observed under triangular load conditions 

and is equal to 10.3×10⁴  N/m². The stress distribution under point and uniform load 

conditions for shear stress τᵪᵧ appears to be relatively close together. Using the OCV equation 

with a normal stress of 1.8×10⁶  N/m², the Open Circuit Voltage generated by the 

piezoelectric material was found to be 76.7 Volts. Using the formula for charge density (CD) 

with the area of the piezoelectric cell (400 m²), the charge density was calculated to be 0.34 

A. Using the current and voltage values, the Power output was calculated to be 26.078 Watt. 

It's important to note that these calculations assume ideal conditions and may not be 

representative of the actual performance of the piezoelectric material in practical 
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applications. Further research and testing may be needed to fully understand and optimize 

the performance of the material for specific applications. 

Conclusion 

This research focuses on investigating the impact of stress on piezoelectric cells located on 

roads with electric voltage and aims to optimize their design and placement to improve their 

accuracy and effectiveness in generating electricity from passing vehicles. Three types of 

loading (one-point loading, uniform distributed loading, and triangle-distributed loading) 

were analysed using finite element analysis (FEA) simulations to model the compression 

cells and simulate load-truck conditions. The results provide valuable insights into the 

behavior of piezoelectric cells under different loading conditions and can be used to inform 

the development of new materials and technologies for road surfaces that can better withstand 

the stress and shear exerted by heavy vehicles. we found that the normal stress of 1.8 × 10⁶  

N/m², the charge density and power output were also calculated to be 0.34 A and 26.078 

Watt, respectively, based on the area of the piezoelectric cell (400 m²) and the current and 

voltage values. This research has the potential to contribute significantly to the fields of 

transportation, energy, and materials science, as it can inform the development of more 

efficient and sustainable road systems. By generating electricity from passing vehicles, 

piezoelectric cells can help reduce the reliance on non-renewable energy sources and promote 

the use of clean energy. Overall, this study highlights the importance of understanding the 

impact of stress on piezoelectric cells and provides a foundation for further research and 

development in this field.  
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Abstract: Pulmonary artery banding is a surgical procedure used in neonates to induce a 

mechanobiological response, leading to natural repair of certain congenital heart defects. 

Current banding methods involve a two-step procedure that requires the use of a non-

absorbable material, necessitating surgical removal after a specific period of time. The 

objective of our project is to develop a banding material for pulmonary artery banding that 

eliminates the need for surgical removal in the second step by enabling resorption. In this 

study, we compare the mechanical properties of a composite banding material consisting 

of a copolymer of caprolactone (PCL) and lactide acid (PLA) used as reinforcement in a 

collagen matrix (COLL) with a commercially available banding material from W. L. 

GORE. Through uniaxial tensile testing, we demonstrate that our COLL-PLCL banding 

material exhibits greater compliance compared to GORE materials while maintaining 

sufficient strain at failure. 

Keywords: Collagenous nanofiber matrix; Polycaprolactone; Polylactide; Uniaxial tensile 

test; Young modulus of elasticity 

1 Introduction 

Cardiovascular diseases (CVD) remain a leading cause of death worldwide, contributing to 

significant morbidity and prompting the ongoing development of both non-invasive and 

invasive treatment approaches [1-3]. Our research group focuses on the development of new 

materials for cardiovascular surgery, with the ultimate aim of creating a resorbable fabric 

composed of a composite material comprising a polylactide and polycaprolactone 

(PLA/PCL) copolymer nanofibrous reinforcement combined with a collagen matrix. One 

potential application for this material, among others, is in pulmonary artery banding (PAB) 

procedures [4,5]. PAB is a palliative surgical technique employed to reduce pulmonary 

overcirculation in neonates with various types of congenital heart disease [6-8]. It is primarily 

performed in cases where a left-to-right shunt is present. According to various databases, the 

total number of PAB procedures accounts for approximately 2% of all surgeries for 

congenital heart disease [9]. The key advantage of utilizing our COLL-PLCL material for 

PAB is its resorbability, eliminating the need for debanding surgery and minimizing the 

burden on patients due to repeated surgical interventions. 
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2 Methods 

Composite COLL-PLCL (Fig. 1A) bandings were fabricated using nanofibrous layers based 

on a L-lactide/caprolactone copolymer (PLCL; 70/30 mol/mol; Purasorb PLC 7015, Corbion, 

The Netherlands). The nanofibrous layers were prepared using a needleless electrospinning 

technique (Production line NS 1S500U with precisely controlled air conditioning unit 

NSAC150, Elmarco, Czech Republic) with a direct current applied to a 10 wt% (PLCL) 

solution of chloroform and ethanol (Penta, Czech Republic) in an 8:2 weight ratio. The 

surface density of the layers was 30 g/m2, and the fiber diameter ranged from 50 to 1000 nm. 

The matrix of the composite was composed of collagen type I (calf skin, VUP Medical, Czech 

Republic). Five separate layers of nanofibrous reinforcement were impregnated with a 5 wt% 

aqueous dispersion, placed in a mold, and left at room temperature for 36 hours. The volume 

fraction of all fibrous reinforcement in the composite was 70 ± 10 vol%. The stability of the 

collagen matrix was further enhanced by cross-linking using a 95 wt% ethanol solution 

containing EDC (N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride) and NHS 

(N-hydroxysuccinimide) at a 4:1 w/w ratio (Sigma Aldrich, USA). 

 

Fig. 1 Experimental setup with mounted COLL-PLCL specimen (panel A), GORE Cardiovascular patch strip 

(panel B). 

For comparison with our artery banding material, we acquired commercially available 

materials from GORE (W. L. Gore & Associates, Inc., USA) that are currently used for 

banding purposes. These were strips prepared from GORE Preclude Pericardial Membrane 

(3 pieces) and GORE Cardiovascular Patch (3 pieces, Fig. 1B). Further details can be found 

at https://www.goremedical.com/products. 

The mechanical behavior of all materials was assessed through uniaxial tensile testing using 

a Zwick/Roell universal testing machine (Zwick/Roell, Germany, Fig. 1A) specifically 

designed for testing soft tissues (blood vessels) and polymeric materials. The testing machine 

was equipped with electromechanical actuators with a working load range of -200 N to 200 

N in compression-tension mode. In our experiments, HBM U9C +/- 25N load cells were 

utilized. The displacement range of the machine is from 0 mm to 140 mm, with a position 

resolution of 1 µm. The deformations of the specimens were measured using a built-in video 

extensometer consisting of a 5 Mpx uEye 3.0 CMOS camera. The applied loading rate was 

set to 0.5 mm/s. All data were recorded and stored on a control PC at a sampling rate of 20 

Hz for subsequent post-processing. 

https://www.goremedical.com/products
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Fig. 2 Stress-strain relationships determined in uniaxial tensile tests within the primary loading (pristine material). 

The mechanical response of the measured specimens was described by the nominal stress  

 = F/S0, where F is the recorded loading force and S0 is the reference cross-sectional area of 

the specimens. Deformation was expressed as the engineering strain  = l/L – 1. Here, L is 

the distance between the marks made on the surface of a specimen prior to the test, and l is 

this distance in the deformed state.  

The mechanical properties of the COLL-PLCL material were determined in its hydrated state, 

with the experiment conducted in air immediately after exposing the material to a phosphate 

buffer solution at 37°C for 2 hours. As it was already obvious during manual (sensory) testing 

that the elongation at intermediate strength for the GORE material was far beyond what was 

expected under physiological loading (several hundred percent of the original length), and 

on the other hand we knew nothing about COLL-PLCL at the beginning, it was decided to 

use a slightly different loading scheme for each type of material. The COLL-PLCL material 

was tested monotonically, while the GORE materials underwent 5 loading-unloading cycles, 

followed by a 6th loading branch that continued until failure (refer to Fig. 2). 

3 Results and discussion 

Fig. 2 presents the results obtained from our experiments, which involved a total of 15 

uniaxial tests (9 using COLL-PLCL strips and 6 using GORE materials). All three materials 

displayed an approximately linear mechanical response under primary loading. For the 

GORE materials, Fig. 2 illustrates the complete cyclic loading pattern. In contrast, Fig. 3 

provides a detailed view of only the 1st and 5th segments of the loading branch. The cyclic 

loading induced a preconditioned state in the GORE materials, resulting in a slightly non-

linear response that can still be effectively modeled using a linear model. Furthermore, the 

preconditioned GORE-Tex materials were considerably stiffer compared to their pristine 

state (Fig. 3). 

The GORE materials exhibited higher stress at failure than the COLL-PLCL material, while 

the strain at failure was approximately the same (Fig. 2). Notably, the COLL-PLCL material 

demonstrated significantly greater compliance than the GORE materials (Figs. 2 and 4). 

Based on our findings, we hypothesize that the COLL-PLCL material will induce a reduced 

mechanobiological response to compliance-mismatch during banding procedures. 
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If a linear constitutive model is used to describe the material behavior, the mechanical 

properties can be expressed in terms of the Young's modulus of elasticity (E). Our 

experiments revealed that the Gore Pericardial Membrane and Gore Cardiovascular Patch 

exhibited a Young's modulus of E = 35.7 MPa ± 2.12 MPa and E = 33.7 MPa ± 1.76 MPa, 

respectively, under primary loading. After preconditioning, their response stiffened, resulting 

in a Young's modulus of E = 167.4 MPa ± 6.88 MPa (Pericardial membrane) and E = 119.9 

MPa ± 10.9 MPa (Cardiovascular patch). On the other hand, the COLL-PLCL material 

demonstrated a Young's modulus of E = 3.78 MPa ± 1.02 MPa, indicating significantly 

greater compliance. While some may express concerns regarding this result, it is important 

to note that the COLL-PLCL material falls within the range of physiological properties 

observed in arteries, thereby facilitating the avoidance of the compliance mismatch effect 

[10]. 

 

Fig. 3 Comparison of the primary loading response and 5th cycle (preconditioned). 

 

Fig. 4 Stress-strain relationships determined in uniaxial tensile tests within the primary loading of commercially 

available banding materials (GORE) and our COLL-PLCL composite. 

 



 Experimental Stress Analysis 2023 
 6 – 8 June, 2023, Košice, Slovakia 

129 

Conclusions 

In this study, we presented the results of our comparison of the mechanical properties 

between our COLL-PLCL material and two commercially available Gore materials suitable 

for pulmonary artery banding: Gore Pericardial Membrane and Gore Cardiovascular Patch. 

Uniaxial tensile tests were conducted on strips made of all three materials. The COLL-PLCL 

material underwent monotonic tensile testing, while the Gore materials were subjected to 

cyclic loading. The COLL-PLCL material was tested in its hydrated state. The results of the 

uniaxial tensile tests demonstrated that our COLL-PLCL banding material exhibited greater 

compliance compared to the GORE materials while still exhibiting sufficient strain at failure. 
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Abstract: This contribution deals with the experimental identification of the loading 

acting on the paddle of a kayaker. To identify loading, strain gauges were installed at three 

positions of the paddle shaft, always in two directions. The paddle was then loaded with 

known force in the laboratory to identify the relation between the bending moment and the 

bending strain. Operational loading followed to identify the level of bending strain during 

use. With knowledge of the relation between the bending moment and the bending strain, 

the bending moment during operational use was identified in each measured position and 

direction and also the global bending moments were identified for each position combining 

both directions in position.  

Keywords: Paddle; Shaft; Composite; Kayak; Loading identification 

1 Introduction 

The aim of the work is to identify the loading that acts on the paddle of the kayaker during 

sprint kayaking. Knowledge of loading is important for the development of an optimised 

design and will be used as one of the entries for multicriteria optimisation. In general, sports 

equipment has been manufactured and improved for decades. Our long-term aim is to propose 

a design that will help improve the performance of an athlete. Thus, the first step in this long-

term objective is to identify the loading. Usually, the experimental identification of the 

loading is done using one measurement position on each side of the paddle as in [1,2]. Based 

on [3], the loading during stroke is quite complex, as the paddler moves with the paddle at a 

specific angle from the boat to the side. Also, the paddle blade is not just a flat plane shape, 

but it has curvature using the same idea as the aeroplane wing profile to help the athlete move 

forward.  

2 Method 

Positions of interest on the paddle are shown in Fig. 1 and described in Table 1. An approach 

of identification of the bending moment over the bending strain was chosen. Three positions 

were chosen at the paddle shaft for the strain measurement and, at each of these positions, 

strain gauges (SGs) were installed. Linear SGs were used, half-bridge connected for bending 

strain measurement. At the positions on the left and right sides of the paddle, the SGs were 

orientated in the expected maximum strain position and a perpendicular position close to the 

blades to be able to identify the global bending of the shaft. The last measured place was 

between the hands to obtain two measurement places for each (left and right) stroke. As the 

measured paddle was feathered, the SGs between the hands were rotated against the SGs 

close to the blades by ± half the feathering angle. With coefficient k we can get the relation 

between bending strain and bending moment as the formula: 

𝑀𝑜 = 𝑘 ∙ 𝜀𝑜.  (1) 
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The SGs were wired to the small amplifier that was attached to the paddle shaft together with 

a small battery and controlled remotely via Bluetooth. Data were recorded in the memory 

card inside the amplifier. 

 

Fig. 1 Positions of interest of the paddle. 

Table 1. Description of positions of interest. 

Position Description 

PI1 Position of the left blade 

PI2 Position of the measurement, left close to the throat 

PI3 Left hand grip position 

PI4 Position of the measurement, between hands 

PI5 Right hand grip position 

PI6 Position of the measurement, right close to the throat 

PI7 Position of the right blade 

3 Laboratory loading 

To identify the relation 𝑘 between bending moment 𝑀𝑜 and bending strain 𝜀𝑜, it was 

necessary to load the paddle with known force. This was done separately for the left and right 

sides of the paddle to have the maximal bending moment close to the measured place. The 

paddle was loaded at first only in the expected maximal orientation as the perpendicular one 

is unstable. In both cases, the paddle was placed inside the loading machine and loaded over 

the strap as shown in Fig. 2. The loading scheme with PI2, PI4, and PI6 representing the places 

with SGs is shown in Fig. 3. The position of SGs between the hands was not loaded separately 

as it was loaded during the loading of the left blade.  

 

Fig. 2 Paddle during the 
laboratory loading. 

 

Fig. 3 Scheme of the laboratory loading with the bending moment. 
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Fig. 4 Distances between positions during the laboratory loading. 

3.1 Left side 

For the left side, weight m = 10 946 g was used during laboratory loading. Distances 

according to the schemes in Fig. 3 and Fig. 4 are in Table 2. We can construct the equilibrium 

equations and identify the bending moments at the PI2 and PI4 positions: 

𝑀𝑜(𝑃𝐼2) = 𝑅2 ∙ (𝐿3 + 𝐿4 + 𝐻4), (2) 

𝑀𝑜(𝑃𝐼4) = 𝑅2 ∙ 𝐻4. (3) 

By expressing the k in formula (1), we can obtain the coefficient for the left position directly 

using the measured strain at this position 𝜀𝑜(𝑃𝐼2) = 568 µm/m. The coefficient is: 

𝑘(𝑃𝐼2) =
𝑀𝑜(𝑃𝐼2)

𝜀𝑜(𝑃𝐼2)
=

36 370

568
= 64.03 

Nmm

µm/m
. (4) 

For the central section, the loading is not orientated directly on any of the SGs. Considering 

the approach of finding the resultant of generally acting moment, in case of perpendicular 

positions, it is: 

𝑀𝑜 = √𝑀𝑜(𝑀)
2 + 𝑀𝑜(𝑅)

2 , (5) 

where  𝑀𝑜(𝑀) and 𝑀𝑜(𝑅) are representing two perpendicularly oriented moments. Using 

formula (1) in (5), we get: 

𝑀𝑜(𝑃𝐼4) = √(𝑘(𝑃𝐼4) ∙ 𝜀𝑜(𝑃𝐼4−𝑀))
2

+ (𝑘(𝑃𝐼4) ∙ 𝜀𝑜(𝑃𝐼4−𝑅))
2

= 

= 𝑘(𝑃𝐼4) ∙ √𝜀𝑜(𝑃𝐼4−𝑀)
2 + 𝜀𝑜(𝑃𝐼4−𝑅)

2 , (6) 

and thus, we can find the global strain for the PI4 position as: 

𝜀𝑜(𝑃𝐼4) = √𝜀𝑜(𝑃𝐼4−𝑀)
2 + 𝜀𝑜(𝑃𝐼4−𝑅)

2 . (7) 

The coefficient for the PI4 position is then: 

𝑘(𝑃𝐼4) =
𝑀𝑜(𝑃𝐼4)

𝜀𝑜(𝑃𝐼4)
=

15 008

253
= 59.32 

Nmm

µm/m
. (8) 
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Table 2. Distances during laboratory loading of the left side of the paddle.  

Position Distance [mm] 

H1 368 

H2 45 

L2 + L3 306 

H4 215 

3.2 Right side 

For the right side, weight m = 14 891 g was used during laboratory loading. Distances 

according to the schemes in Fig. 3 and Fig. 4 are in Table 3. Again, we can construct the 

equilibrium equations and identify the bending moments at the PI6 position: 

𝑀𝑜(𝑃𝐼6) = 𝑅2 ∙ 𝐻5, (9) 

Again, by expressing the k in formula (1), we can obtain the coefficient for the right position 

directly using the measured strain at this position 𝜀𝑜(𝑃𝐼6) = 1014 µm/m. The coefficient is: 

𝑘(𝑃𝐼6) =
𝑀𝑜(𝑃𝐼6)

𝜀𝑜(𝑃𝐼6)
=

65 155

1014
= 64.2 

Nmm

µm/m
. (10) 

Table 3. Distances during laboratory loading of the right side of the paddle.  

Position Distance [mm] 

H5 530 

H6 32 

H7 473 

3.3 Result 

As the 𝑘(𝑃𝐼2) value is almost the same as the 𝑘(𝑃𝐼6), average of these two values was used for 

both, and for the perpendicular positions on the left and right. The 𝑘(𝑃𝐼4) value is slightly 

different from them as it is affected by the joint between the hands. 

4 Operational loading 

The paddle was loaded on a short track by a kayaker simulating sprint kayaking. The strains 

were meassured, section of recorded signals is shown in Fig. 5. With the use of (1), we can 

identify the bending moments from them as shown in Fig. 6. With the use of formula (5) we 

obtained the global bending moments at PI2, PI4, and PI6 positions, which is shown in Fig. 

7. Maximal values of the bending moments during measurement were identified as PI2-max = 

101 011 Nmm, PI4-max = 89 352 Nmm and PI6-max = 99 575 Nmm. Unfortunately, during this 

first measurement, the PI6 – R channel did not measure any signal, which means that the 

absolute value for the right side is affected and the real value will probably be slightly higher. 
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Fig. 5 Section of measured bending strains during the operational loading. 

 

Fig. 6 Section of calculated bending moments during the operational loading. 

 

Fig. 7 Section of global bending moments during the operational loading. 
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Conclusion/Summary 

The bending moment identification approach proved to be useful. The choice of two 

perpendicular positions of SGs in each PI position helped to improve the precision of the 

identified values. It was possible to identify the relation between the bending moment and 

the bending strain and use it for identification of bending strains/moments during operational 

loading. With a malfunction of the PI6 – R channel during operational loading, we probably 

got slightly underestimated values of global bending moment at PI6 position which we can 

estimate from the behaviour of PI2 position. During each stroke, two places were actively 

measuring, which is important for further identification of forces acting on the paddle shaft. 

Thus, this setup will be used for future measurements to identify the forces acting on the 

paddle, which will serve as input for the optimisation of the paddle shaft. 
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Abstract: A feasibility of using an unconventional high-resolution neutron diffraction 

three-axis setting for studies of substructure phases of some alloys is presented. The 

usefulness of the diffraction setting is documented on measurements of powder diffraction 

profiles of several samples of Inconel 718 alloy. Even though the measurement at the 

medium power research reactor is rather time consuming, together with the  phase matrix, 

it was possible to distinguish portions of other phases ´ and ´´corresponding to created 

precipitates which depending on percentage content could have a significant influence on 

material properties.  

Keywords: Neutron diffraction; Inconel 718 alloy; Substructure phases; Experimental 

Analysis 

1 Introduction 

Polycrystalline Ni-based superalloys are one of the very frequently used materials for high 

temperature load-bearing applications due to their high mechanical strength and chemical 

resistance. When looking for good mechanical properties and corrosion resistance of the 

material at elevated temperatures, a Ni-based superalloy 718 (also known as Inconel 718) is 

widely used e.g. in gas turbines in jet engines. The excellent properties of the Inconel 718, 

namely, strength and ductility, result from a good combination of the phases [1-3]:  phase 

matrix with the fcc crystal structure, the coherent ´´ phase precipitates with Ni3Nb 

composition and a tetragonal bct (D022) crystal superstructure. Then, less often a fcc crystal 

structure of ´ precipitates could be present. The precipitation of either ´ or ´´ is dependent 

on the concentration of Ti and Nb. Typically, Inconel 718 is used in applications carried out 

at medium temperature, because above 650 oC the thermodynamically stable -phase forms, 

with Ni3Nb composition and an orthorhombic crystal structure (at the expense of the 

´´phase) which degrades the mechanical properties of the material. The  phase precipitates 

either at the grain boundaries or intragranular. 

Thanks to their excellent properties, fabricating components of the Alloy 718 using additive 

manufacturing (AM) methods are very attractive for different applications because they 

provide large possibilities of design flexibility. The most usually used AM processes are the 

so-called powder bed fusion ones, which include the following methods: direct metal laser 

sintering (DMLS), electron beam melting (EBM), selective heat sintering (SHS), laser 

powder bed fusion (LPBF usually referred as selective laser melting, SLM), and selective 

laser sintering (SLS). In the LPBF method a laser source is utilized for melting and selectively 

fusing together metallic powders, which are spread on a moving plate when the designed 

component is built. In the LPBF method, processing parameters as the laser power, scanning 

speed, hatch spacing, and layer thickness, are the most influential ones when producing 

microstructure for particular metals/alloys. For the studies of the microstructure and 

determination of the individual phases in the material, conventional X-ray diffraction (XRD) 

and neutron diffraction are usually used. Namely, synchrotron XRD, providing the high flux, 
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is very important for indexing and quantifying different phases in low fractions in the 

material. However, it is well known that due to a low penetration of X-rays into the material 

(for low energies X-rays), XRD provides required information related to the surface of the 

studied samples. On the other hand, neutron diffraction can use much larger probed volumes 

when fighting with a relatively much lower flux and thus also with much longer measurement 

time. As a feasibility study, in this paper we introduce neutron powder diffraction results of 

several samples of Inconel 718 as obtained by unconventional high-resolution neutron 

diffraction method in order to identify some phases having very close lattice spacings to the 

matrix one. 

2 Experimental procedure 

The neutron diffraction experiment was carried out by a high-resolution three-axis setting as 

schematically shown in Fig. 1. Following the sketch shown in Fig. 1 (for small widths of the 

samples), a maximum resolution from this arrangement can be achieved for minimal 

dispersion of the whole system [4,5]. When treated in momentum space, it means that the 

orientation of the k momentum domains related to the monochromator and analyzer should 

be matched to that of the sample, and this can be achieved by proper radii of curvature of the 

bent perfect crystal (BPC) monochromator and analyzer. Thus, focusing in real and 

momentum space can be realized. Contrary to the conventional two axis diffractometer, the 

diffraction profiles with the three-axis set-up are obtained by rocking (step-by-step) the 

(BPC) analyzer situated on the third axis of the diffractometer and the neutron signal is 

registered by a point detector (see Fig. 1). 

Rocking BPC 

analyzer

BPC monochromator

Polycrystalline 

sample Point 

detec tor

M






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S

LMS

LSACd slit 

 

Fig. 1 Three-axis diffractometer setting employing BPC monochromator and analyzer as used in the experiment 

(RM, RA - radii of curvature, M, A - Bragg angles). 

For LMS/(RM·sin M) ≠ 1 and LSA/(RA·sin A) ≠ 1, a general form for focusing in momentum 

space (not dependent on 1 and2) which minimizes the dispersion between all elements can 

be derived as [6] 

2 tan S = tan M /(1 - LMS/(RM ·sin M)) + tan A /(1 - LSA/(RA · sin A)). (1) 

When fulfilling the condition (1), a maximum peak intensity and a minimum FWHM of the 

analyzer rocking curve can be expected. The experimental tests were carried out on the 3-

axis neutron diffractometer installed at the Řež research reactor LVR-15. The diffractometer 

employs the Si(111)-monochromator and Si(311)-analyzer single crystals which have the 

dimensions of  200x40x4 mm3 and 20x40x1.3 mm3 (length x width x thickness), respectively. 

The monochromator Si(111) provides the neutron wavelength of 0.162 nm and has a fixed 

curvature with a radius RM of about 12 m. The radius of curvature of the analyzer was 
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changeable in the range from 3.6 m to 36 m. It permitted us to determine an optimum analyzer 

curvature minimizing the dispersion and thus optimizing the resolution of the setting.  

3 Experimental results  

Examples of an excellent resolution of the 3-axis setting as documented by FWHMs of the 

analyzer rocking curves obtained on well annealed -Fe(110) standard samples are shown in 

Fig. 2. Both samples were put on the second axis in the vertical position. High resolution of 

the setting points out an applicability of using it for studies of special material research tasks 

e.g. determination and volume content of different material phases, namely, when they have 

very close values of lattice spacing. Furthermore, microstructure analysis of plastically 

deformed samples, or samples under the external thermomechanical load during a 

deformation process, can be studied on the basis of diffraction profile analysis [7-10]. 

Recently, it has been found that the setting provides a sufficiently high resolution, though 

slightly relaxed, when wider slits (e.g. up to 20 mm) i.e. wider samples are used [11]. This 

phenomenon can be used e.g. for strain measurement on samples of large dimensions which 

is based on the measurement of the resulted peak shift S. When the sample of large 

dimensions is used, namely, its width introduces a too large resolution uncertainty in the case 

of the conventional two-axis strain/stress scanners. 
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Fig. 2 -Fe(110) diffraction profiles when using a well annealed 2 mm and a small steel plate of the dimensions of 

2x7x15 mm3 – (b). 

Recently, it has been found out that the high-resolution setting can be used to distinguish 

diffraction profiles corresponding to very close lattice constants e.g. of different phases, as it 

is in the case of Inconel 718. For the measurement test we used several samples of Inconel 

718 of the dimensions of 2x7x18 mm3 which were put on the second axis vertically. The 

impinging beam on the sample was limited by a 5 mm Cd slit in order to be smaller than the 

width (7 mm) of the sample. Fig. 3 - Fig.5 show several results obtained on the wrought, 

SLM and wrought–aged samples which document the feasibility of the three-axis diffraction 

setting for such demanding experimental investigations. When using the values of the lattice 

spacings from ref. 3 and a simple formula A ≈ - (2S) valid for large values of RA, our 

results well correspond to the ones obtained in ref. 1.  

The inspection of Fig. 3 reveals that the main maximum (the red line) corresponds to the  

phase of the matrix while the small maxima at the shoulders correspond to the separated ´ 

(green line) and ´´ (blue line) phases, respectively. Then, Fig. 4 reveals that the main 

maximum (the red line) corresponds to the  phase while the small maximum at the shoulder 
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(green line) corresponds to the ´ phase. On the other hand, Fig. 5 shows that together with 

the main  phase, there is a considerable contribution of a mixture of ´ and ´´ phases (green 

line). The difference of the lattice spacings of the individual phase in the particular sample 

can be determined from the relation A = (dS/d0,S)·tan S. 
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Fig. 3 Analyzer rocking curve related to the wrought 
Inconel 718 sample. 
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Fig. 4 Analyzer rocking curve related to the SLM 
Inconel 718 sample. 
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Fig. 5 Analyzer rocking curve related to the wrought-aged Inconel 718 sample. 

Conclusion/Summary 

High-resolution three-axis setting employing BPC Si(111) monochromator and BPC Ge(311) 

analyser with a polycrystalline sample between them was tested on the NPI neutron optics 

diffractometer and its feasibility of using it for investigation of special tasks of powder 

diffractometry was demonstrated. Namely, the excellent properties of the diffractometer 

setting permitted us to identify a substructure of Inconel 718 polycrystalline alloy containing 

several phases having close lattice spacings. As the mechanical properties considerably 

depend on the volume content of additional phases accompanying the main one their 

determination could be highly important. Naturally, the diffractometer setting could also be 

exploited for measurements of diffraction profiles of plastically deformed samples subjected 

e.g. to thermo-mechanical load and from their analysis to evaluate the dislocation density and 

a mean grain size in the polycrystalline sample. Of course, this setting can also be used for 

conventional macro-strain scanning based on the angular shifts A of the obtained 

diffraction profiles, but due to the step-by-step analysis with the analyzer, rather time-

consuming measurement could be impractical in comparison with the conventional 
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strain/stress diffractometer. We hope that the presented neutron diffraction setting can offer 

an additional support to complement the information achieved by using the other 

conventional characterization methodologies. 
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Abstract: The development of 3D print-thermal spray systems, resistant against wear and 

corrosion is the main objective of an extensive research project handled in our institute. 

Additive technologies have potential to produce light and complex-shaped components. 

However, required service life and reliability under different load modes has to be ensured. 

Components surface needs to be protected against wear and corrosion. Such combination 

enables to exploit advantages of 3D printing with benefits provided by thermal spraying. 

One of the goals of the project is to determine the effect of residual stresses on the quality 

of the thermal coating and at the same time to optimize the application of the coating in 

terms of the level of residual stresses. First, the spray optimization was carried out on 

standard steel. The goal of presented research was to compare residual stresses in thermal 

coatings for different coating materials and process conditions. To be able to choose the 

optimum measurement procedure, several measurements method were compared. Both 

semi-destructive hole-drilling and groove grinding methods and non-destructive X-ray 

diffraction were used.  

Keywords: Residual stresses; Hole-drilling method; X-ray diffraction; 3D print-thermal 

spray; Additive technologies; Thermal spraying technology 

1 Introduction 

3D-printing is often the technology of choice for manufacturing intricate-shaped parts with 

cooling channels and a light-weight structures. However, one of the disadvantages is lower 

strength when subjected to dynamic and cyclic loading, others are the presence of residual 

stresses, higher surface roughness and poor wear resistance.  

Thermal spraying technology is a modern technology that offers the protection of the 

substrate surface from external influences, such as wear, corrosion, high temperature, 

oxidation or thermal shock. As well as 3D printing technology, the results are highly 

dependent on the process parameter settings. The microstructure of the coatings, the adhesion 

to the substrate and the development of the residual stresses are strongly influenced by the 

material used, the deposition technology and the process parameters.  

The 3D printed-thermally spray systems will be analyzed to study their mutual influence on 

adhesion strength and residual stress development in a more advanced stage of the project. 

The coatings will be deposited from powders and the spray parameter optimization will be 

done regarding coatings microstructure, phase composition and residual stress development 

from commercially available powders, WC- and CrC-based hard metals with variable amount 

of composition of matrix and new powder composition. Optimization of the spray parameters 

for coatings microstructure, phase composition and residual stress development will also be 

performed. Heat treatment will be used for further residual stress elimination. 
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At the beginning of the project, MS1 tool steel and following types of thermal sprays Amperit 

588, Amperit 543 (42WC 42“CrC“- 16Ni) and WOKA 7502 (37WC-43“CrC“-18NiCo) were 

used. Thickness of the thermal spray layer was 0.5 mm. Main goal was to introduce 

compressive stresses into the surface layer. 

2 Measurement of residual stresses with semi-destructive methods 

The combination of 3D printing and thermal spray technology has not been studied yet, 

neither the residual stress of the layer, 3D printed material, nor the system. 

Therefore, theoretical calculation of residual stress in the layers were performed at the 

beginning. Determination of the residual stresses was measured using three methods, two of 

them were performed by Research and Testing Institute Pilsen, namely semi-destructive 

hole-drilling method [1] and groove-grinding method and the last one X-ray diffraction, 

which was performed by Department of Solid State Engineering, in Prague. Both devices for 

semi-destructive measurement of residual stresses are presented in Fig. 1. 

 
(a) 

 
(b) 

Fig. 1 Measuring devices which were used for measurement of residual stresses: (a) hole-drilling method, 

(b) groove-grinding method. 

In a first step, the residual stresses were measured on the opposite side of a 5 mm thick thin 

plate. Here, two strain gauges LWK-06-W250D-350 in the longitudinal and transversal 

direction and Pt-thermal resistance sensor were fixed to the bottom side using spot welder, 

see Fig. 2. The layer was deposited on the front side. The goal was to measure the residual 

stresses through the change of the curvature. However, the sensitivity of such a measurement 

was very low, only approx. 12% of residual stresses of the layer were detected on the bottom. 

On the other hand, the strain gauges withstood a relatively high temperature without 

destruction. 
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The groove-grinding method was used at the beginning of the investigations on a 5 mm thick 

plate, see Fig. 3 and the results in Fig. 4. The HBM 0,6/120LY11 strain gauge was used for 

the measurement and the groove was performed 2 mm from the center of the grid of strain 

gauge, a diamond wheel with a diameter of 38 mm was used as a tool. Depth of the groove 

was 2 mm and the step of grooving was 0.05 mm. Grinding was used to achieve the base 

material, where stress relaxation could be observed.  

Based on FEM calculations, the size of the steel cube for applying the layer was optimized 

to minimize the bending stresses. The result was the cuboid with dimensions of 100×100×150 

mm, with which further tests were performed. 

In the first step, the residual stresses were measured in the CrC-NiCr layer by the groove-

grinding method on the optimized cuboid, see Fig. 1b). The goal was to compare residual 

stresses in the layer of the 5 mm plate and the layer on the cuboid. For both material 

thicknesses the depth courses of residual stresses were comparable, see Fig. 4. 

 

Fig. 4 Comparison of the depth courses of residual stresses measured on the plate – “deska” and on the cuboid 
– “hranol”. 

Next step was the comparison of different types of Amperit 543 (42WC42”CrC” 16Ni) and 

WOKA 7502 layers. Residual stress measurement was performed by hole-drilling method 

using Vishay RS-200 device with air turbine with the speed of over 200 000 rpm. A TML 

FRS-2-11 strain gauge rosette and a SINT D2/1 diamond cutter (⌀ 1.6 mm) were used. An 8-

chanell HBM SPIDER8 amplifier and Catman Professional software were applied for the 

data acquisition. Evaluation of residual stresses was performed by the SINT EVAIL7.2 

software from SINT and also using user developed software in spreadsheet. 
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Fig. 2 Plate with the strain gauges and Pt-thermal 

sensor. 
Fig. 3 Groove grinding method on the plate of 

5mm thickness. 
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Three specimens with different coating parameters were prepared using Amperit 543 and 

WOKA 7502, corresponding to the main optimalization, see Table 1. 

Table 1. Deposition parameters.  

Sample    Layer param. 

Ser. 1 # Material Ser. 2 # Material Φ 
Press. 

[Pa] 

1 Amperit 543 1 WOKA 0,66 6,8 

2 Amperit 543 2 WOKA 0,75 7,8 

3 Amperit 543 3 WOKA 0,85 8,5 

Sample No. 3 was measured both with hole-drilling and X-ray diffraction.  

3 Measurement of residual stresses using X-ray diffraction 

The X-ray diffraction measurements were performed using the X´Pert Pro MPD 

diffractometer in Bragg-Brentano geometry. Evaluation was focused for two major phases in 

the layer, namely WC and Cr3C2, and for the base material. The {111} diffraction lines of 

WC phase, {361} of Cr3C2 phase and {211} of α-Fe phase were analyzed using chromium 

radiation. The residual stresses values were calculated from lattice deformations determined 

on the basis of experimental dependencies of 2θ(sin²ψ) assuming a biaxial state of residual 

stress (θ is the diffraction angle, ψ the angle between the sample surface and the diffracting 

lattice planes) [2]. 

In order to determine the depth courses of macroscopic residual stresses, gradual electrolytic 

removal of the surface layers of the material was chosen using electrolytic polishing realized 

using the PROTO Electro polisher with A2 electrolyte. The thickness of the removed layer 

was measured using a digital micrometer. 

Based on the results of strain analysis, it can be said that majority WC phase shows 

homogeneous tensile residual stresses (RS) at the surface, whereas RS values of minority 

Cr3C2 phase shows moderate compressive values. The depth courses of the RS of both 

analyzed phases have a decreasing trend. RS are tensile in the case of the WC phase and 

compressive in the case of Cr3C2. At depths greater than 0.5 mm, residual stresses were 

determined for MS1 tool steel as the major phase. Only compressive residual stresses of about 

130 MPa were described (see Fig. 4). 

4 Evaluated residual stresses 

Evaluated results are presented in Fig. 5. Residual stresses in the Amperit 543 layer which 

have decreasing trend from tensile residual stresses to the compressive for each sample. A 

very high residual stress gradient was found at the interface between the layer and the base 

material, and rapid relaxation accompanied by an audible crack was observed when the hole 

was drilled. This behavior was able to observe only in the Amperit 543 layer.  

The evaluated residual stresses in this paper are the mean values of the measured stresses in 

the principal directions (the both stresses in the principal directions are nearly the same). This 

is described as a hydrostatic stress state with zero shear stresses. 

It is evident that samples using Amperit 543 have higher tensile residual stresses than the 

others. Samples with WOKA 7502 have compressive residual stresses. 
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Fig. 5 Comparison of the mean component of depth courses of the residual stresses measurement including 
measurements by the X-ray diffraction. 

Conclusion 

The compressive residual stresses were proven after some optimization procedures in WOKA 

7502 layer using hole-drilling method. The main goal was achieved, compressive residual 

stresses were obtained for all selected deposition parameters. Further, it was also found that 

X-ray diffraction and hole drilling method give approximately the same values of 

macroscopic residual stresses. 
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Abstract: Fatigue failure remains a major concern in the design and performance 

evaluation of machine components and structures as it accounts for a significant proportion 

of mechanical failures. This article presents a fatigue evaluation methodology based on 

SN (stress-cycles to failure) curves to understand and predict the fatigue behavior of 

components under various loading conditions with widely varying device geometry and 

dynamics. In order to accurately interpret and utilize the SN curves, the paper outlines key 

factors influencing material fatigue, including stress amplitude, mean stress, stress 

concentration, environmental effects, and surface finish. The integration of these factors 

into the SN curve-based assessment is discussed to tailor fatigue evaluations to specific 

machine components and structures. To demonstrate the practical application of SN curves 

in fatigue assessment two case studies of machine components and structures are 

presented. The paper ends with a summary and conclusions, the most important of which 

is that the greatest impact on the design fatigue life has accurately estimated stresses 

resulting from the load conditions and the dynamics of the structure. 

Keywords: Fatigue assessment; Machine components; Structural fatigue; SN curves 

1 Introduction 

Fatigue analysis is an integral part of the design of machine elements and structures subjected 

to variable load. It is carried out at the design stage and during the improvement of the 

structure with the use of basic fatigue information of materials. These are mainly fatigue 

stress or strain characteristics, so called fatigue curves, that are performed in the laboratory 

under simple loading conditions such as axial push-pull or reverse torsion [1–4]. In order to 

use information about materials to predict fatigue life, an algorithm should be developed that 

takes into account all aspects affecting the fatigue life of machine and structure components. 

Typically, the following elements are considered [5–8]: 

Load Analysis: The algorithm should incorporate an analysis of the applied loads, including 

both static and dynamic loads. This involves understanding the magnitude, frequency, and 

distribution of the loads that the machine elements or structures will experience during their 

service life.  

Stress and Strain Analysis: The algorithm should account for the stresses and strains 

generated in the machine elements or structures due to the applied loads. This involves 

performing stress analysis and calculating the stress and strain amplitudes at critical 

locations. It is crucial to account for the response of the material to variable loads by 

employing suitable hypotheses for the accumulation of fatigue damage such as Miner's rule 

or other more advanced models based on the specific application. Additionally, the algorithm 

should address the multiaxial nature of the stress state. 

Material Properties: It is crucial to consider the material properties, such as yield strength, 

ultimate tensile strength, fatigue strength limit and finite fatigue strength. These properties 
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determine the response of the material to cyclic loading and are essential for accurate fatigue 

life prediction. This data is typically represented by an S-N curve, which relates stress 

amplitudes to the number of cycles to failure.  

Environmental Factors: The algorithm should account for environmental factors that can 

affect fatigue life, such as temperature, corrosive conditions and exposure to other potentially 

damaging agents. 

Scale and Stress Concentration Effects: If the machine elements or structures contain notches, 

fillets, or other stress concentration features, the algorithm should incorporate methods to 

assess their impact on fatigue life. This may involve applying appropriate stress concentration 

factors and combine them with finite element analysis (FEA) to model local stress 

concentrations. The scale effect should be considered if the volume of material subjected to 

fatigue stresses is not comparable with laboratory samples. 

Validation and Calibration: It is important to validate and calibrate the algorithm against 

experimental data or real-life case studies to ensure its accuracy and reliability. This may 

involve performing fatigue tests on representative samples or comparing the algorithm's 

predictions with known fatigue failures. 

Bearing in mind the above factors affecting fatigue life, new and more accurate algorithms 

for determining fatigue life are being developed. These algorithms are built to take into 

account all factors, creating a universal way of solving the problem. Nevertheless, each case 

is different and even the most universal algorithm needs to be adapted to the current case. 

The reason for using the algorithm for current needs is primarily the speed of calculations 

and their accuracy. A decision should be made regarding: 

 durability estimation methods i.e. the stress or strain approach, 

 domain in which the calculations will be performed, i.e. in time or frequency, 

 whether adjustments to the impact of notches on fatigue life will be necessary, 

 whether "pure material" fatigue or fatigue of joints, such as welds or bolted 

components, determine durability, 

 whether the influence of external factors such as temperature change or corrosive 

environment should be taken into account, 

 from where they will be taken or by what method stresses or strains will be 

determined. 

In order to present the complexity of this issue, two cases of determining the fatigue life of 

structures are presented below, which differ significantly from each other and the basis for 

their determination are classic stress fatigue characteristics, i.e. SN curves for basic material. 

2 Case studies 

Two case studies are presented. The first concerns the compressor mounting bracket in 

passenger cars and the second concerns the device for transporting motorcycles. In both 

cases, the SN curve is known, however, the degree of complexity of the shape of the element 

and load conditions complicate the process of determining the fatigue life and requires a 

different computational path. Therefore, appropriate algorithms for fatigue assessment were 

constructed for both cases and presented in subsections 2.1 and 2.2. 
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2.1 Fatigue assessment of the compressor mounting bracket 

2.1.1 Background 

This case involves suspension system with nonlinear dynamic behaviour caused by collisions 

among suspension subcomponents during operational loading and vibration tests. The 

structure consists of a vibrating mass, functioning as a compressor for car air suspension 

system, which is securely attached to compressor brackets. To isolate vibrations, the structure 

is suspended on vibration isolators that include springs, rubber, and a lower bumper. 

Additionally, the entire assembly is fastened to a rigid frame that serves as the upper bumper 

for the rubber (Fig. 1). 

 

Fig. 1 (a) Simplified scheme of suspension system of compressor. (b) Vibration isolator cross section. 

During working conditions, the structure operates close or at its natural frequency which 

leads to the rubber-bumpers collisions even under low level excitation. Collisions are realized 

double-sided, occurring both between the rubber and the upper bumper, and between the 

rubber and the lower bumper. As a consequence, the fatigue life of the compressor brackets 

is significantly affected. 

Effective methods for vibration fatigue calculations called spectral methods are performed in 

frequency domain [9,10]. Frequency response analysis in Finite Element Method (e.g. 

Nastran SOL 111 or ANSYS Harmonic Response) are used as an input for the spectral 

methods. Obviously, this are linear solvers which do not consider structure nonlinearities like 

collisions in the described system and cannot be used directly for stress history prediction. 

To overcome this limitation, an adaptation was needed to make the linear response of the 

structure compatible with the real nonlinear dynamic caused by collisions. 

2.1.2 Proposed solution 

Due to the occurrence of collisions the main problem in the algorithm for determining the 

fatigue life is the correct determination of stresses in the points of interest. In order to use 

efficient linear FEM solvers for stress calculations the method is proposed where, vibration 

test was conducted to obtain dynamic response of the structure under collisions conditions. 

The idea is to modify in FEM simulation the excitation input to obtain response of vibrating 

mass which will be in line with registered in the test. The modified PSD input for FEM 

simulation can be obtained from Eq. (1), where 𝑃𝑆𝐷𝑜𝑡𝑝𝑢𝑡_𝑡𝑒𝑠𝑡 is power spectral density based 

on accelerations recorded in the test, and 𝑆(𝑓) is the transfer function of the system. 

𝑃𝑆𝐷𝑖𝑛𝑝𝑢𝑡_𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 =
𝑃𝑆𝐷𝑜𝑢𝑡𝑝𝑢𝑡_𝑡𝑒𝑠𝑡

𝑆(𝑓)2  (1) 
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The system was excited on electrodynamic shaker in vertical direction using PSD profile 

with RMS acceleration of 1g (see Table 1). Fig. 2 displays the graphical representation of the 

PSD input. The shape and test frequency range of the defined PSD input is based on 

automotive standards like DIN EN 60068-2-64 “Environmental testing; Part 2-64: Tests; Test 

Fh: Vibration, broadband random and guidance” or DIN EN 60068-2-47 “Environmental 

testing; Part 2-47:Tests; Mounting of specimens for vibration, impact and similar dynamic 

tests”. 

Table 1. Vibration test profile used in the test. 

Point Frequency [Hz] PSD [g2/Hz] 

1 5 0.0250 

2 10 0.0300 

3 20 0.0300 

4 200 0.0004 

RMS acceleration 1.02g 

 

 

Fig. 2 Vibration test profile according to Table 1. 

Two acceleration sensors were installed on the test rig. The 1st one close to shaker table to 

control the input PSD signal, and the 2nd sensor is mounted on the vibrating mass 

(compressor) to control the system PSD response required for further FEM simulation 

(Fig. 3). The structure was excited for 100 s using sampling rate 1 600 Hz. 

 

Fig. 3 (a) Test rig for compressor dynamic response measurement. (b) Response measurement point (compressor). 
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2.1.3 Results for loading PSD 

The test aimed to measure the dynamic response of the vibrating mass (compressor) in the 

suspension system, following vibration test profile presented in Table 1. Registered results 

are presented in Fig. 4. To obtain the PSD function, the acceleration time history data on the 

compressor (Fig. 4a) was subjected to analysis through the Welch method [11], resulting in 

the presentation of the PSD function in Fig. 4b. 

 

Fig. 4 Response of the compressor in accordance to the input shown in Table 1. (a) Response acceleration in time 

domain, (b) response in frequency domain. 

The acquired results were utilized to adjust the fundamental PSD input for finite element 

method simulation. In place of the vibration profile detailed in Table 1 and Fig. 2, a modified 

PSD input was calculated using Eq. (1) and visualized in Fig. 5. 

 

Fig. 5 Modified PSD input signal for FEM simulation. 

Fig. 6 shows the difference between RMS stress results on the compressor bracket when 

collisions are disregarded (Fig. 6(a)) and when they are taken into consideration (Fig. 6(b)). 
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Fig. 6 Von Mises stress results during random vibration test: (a) results when collisions are not included, 
(b) Results with modified PSD Input – collisions included. 

The PSD functions for both the model with collision consideration and the model without 

collision consideration were extracted from the bracket notch area, where fatigue cracking is 

anticipated. These functions are presented in Fig. 7. 

 

Fig. 7 Von Mises stress results during vibration test: (a) results when collisions are not included, (b) results with 

modified PSD Input – collisions included. 

The bracket material is specified as fine-grained steel suitable for cold-working. S-N curve 

was derived based on the fatigue limit 𝜎𝑎𝑓 = 185 MPa and the corresponding number of 

cycles 𝑁0 = 106 at which this limit was initially observed. The curve slope, represented by 

the parameter k, is determined to be 5. Following that, fatigue calculations were conducted 

employing the methodologies proposed by Dirlik and Tovo-Benasciutti [12–14]. The 

outcomes of these fatigue calculations are presented in Table 2. 

Table 2. Bracket vibration fatigue calculation results. 

Stress PSD RMS, 

MPa 

Peak stress, 

MPa 

E[P], 

1/s 

According  

Dirlik, days 

According  

Tovo-Benasciutti, days 

Without collision 34 170 12.34 467.6 495.4 

With collision 75 375 50.38 3.22 3.33 
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2.2 Fatigue assessment of the motorcycle transport device 

The second case study focuses on analysing a transportation system consisting of a 

motorcycle transport device, an automobile, and a motorcycle. This device is mounted on the 

car's hitch, as shown in the Fig. 8. During transportation, it is subjected to random vibrations 

originating from the road surface over which the movement takes place [15]. While the S-N 

curves (fatigue strength) of the materials used in the device's construction are well-known, 

the exact loads and excitations acting on this device remain unknown. 

 

Fig. 8 Transport device according to patent PL 224395 B1; 1. Mounting element (for tow hitch); 2. Wheel base;  
3. Stabilizing strap 

In the context of the discussed system, which is related to the field of automotive engineering, 

there is an opportunity to reference the characteristics of excitations – standardized Power 

Spectral Density (PSD) functions that are commonly used in fatigue calculations within the 

automotive industry [16]. However, the presented system is exposed to specific excitations 

resulting from interactions with the suspended mass on the car's hitch. To precisely analyse 

these excitations, real acceleration measurements were conducted directly on the device at 

the hitch mounting location (Fig. 9). These measurements were conducted on two distinct 

road surfaces: asphalt roads and unpaved roads. The device underwent these measurements 

while being subjected to a full load during the transportation of a motorcycle (Fig. 10) 

 

Fig. 9 Measurement point for acceleration in three 

axes. 

 

Fig. 10 The device with a motorcycle attached. 

 

Based on the measured accelerations, utilizing MATLAB tools, particularly the PWELCH 

function, the power spectral density function was determined for both the asphalt (Fig. 11) 

and non-paved road (Fig. 12) routes. The obtained PSD characteristics constitute significant 

input data for further analysis. To comprehensively assess the impact of these excitations on 

the device's behaviour, a numerical simulation was employed using the FEM within ANSYS 

software. 
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Fig. 11 Asphalt road: (a) raw recorded signal, (b) determined PSD function. 

  

Fig. 12 Unpaved road: (a) raw recorded signal, (b) determined PSD function 

The incorporation of PSD excitation characteristics in the computer simulation allowed for 

the replication of a realistic dynamic environment in which the analysed device operates. 

Such an approach facilitated a detailed assessment of stresses, deformations, and potential 

critical areas with regard to material fatigue. Comparing simulation results with previously 

known S-N curves of materials will enable an evaluation of safety and durability for the 

designed structure under real operating conditions. 

After constructing a simplified computer model of the analysed system, a detailed simulation 

was initiated using the Ansys software (Fig. 13). As part of the basic strength analysis, a node 

most susceptible to potential damage was identified. This pivotal node is located within a 

triangular support where significant loads and stresses are present. 

To conduct a more advanced analysis, Ansys Random Vibration tools were employed, 

enabling the modelling of interactions caused by random vibrations. These simulations were 

conducted while considering boundary conditions, which were selected in accordance with 

the research carried out in the publication by Mazurek and Mamala [17]. The device's 

mounting location was modelled as a fixed support, the rear car wheel as a cylindrical 

support, and the entire motorcycle system with a mass of 200 kg was appropriately 

considered. For the purpose of representing real-world conditions, an excitation in the form 

of PSD was applied to the fixed support point. 

 

P
1

(f
)]

 
P

1
(f

)]
 

Time, s 

Time, s 

f, Hz 

S
[m

] 
  

  
  

 V
[m

/s
] 

  
  
  

  
A

[m
/s

2
] 

S
[m

] 
  

  
  

 V
[m

/s
] 

  
  
  

  
A

[m
/s

2
] 

f, Hz 

(a) (b) 

(a) (b) 



 

154 

 

Fig. 13 Determination of the PSD response reading location. 

Conclusion and Summary 

Fatigue characteristics of materials in the form of SN curves are only the basis for fatigue 

calculations. Equally important here are all elements of the fatigue life determination 

algorithm, in particular stress determination and consideration of factors influencing fatigue, 

such as scale factor, stress concentration effect, average stress, amplitude distribution and 

sequence, and environmental factors. At the forefront of factors influencing the fatigue life 

is the correct determination of stresses, on the basis of which the analysis is carried out. In 

real elements subjected to operating loads, it is difficult to assess the actual state of the load. 

Therefore, this element is burdened with the greatest uncertainty.  

For fatigue calculations in real conditions, the most suitable is the spectral method, which 

statistically reflects the load. This is a well-known method and is often referred to as vibration 

fatigue method. 

The influence of the notch on the fatigue life is usually expressed by an increase in the stress 

value. In the spectral method, if the notches are not sharp, their influence is taken into account 

in the FEM calculation, also by increasing the stress near the notch. Of course, the scale factor 

for the volume of loaded material should not be neglected. 
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Abstract: This pilot study is aimed to compare the gait parameters of two healthy subjects 

when wearing barefoot shoes and classic shoes, using a pedogait device. The study was 

conducted in a laboratory setting, and each participant performed three walking trials 

(barefoot, barefoot shoes, and classic shoes). The pedogait device recorded various gait 

parameters, including gait line, foot pressure, step length, and gait speed. Results showed 

that when wearing classic shoes, participant that is not barefoot user had a significantly 

shortened support phase of the step, and the maximum forces at the initial contact of the 

heel and the rebound from the toe increased compared to barefoot. These preliminary 

findings suggest that barefoot shoes may alter walking parameters compared to normal 

shoes and it is necessary to emphasize the correct walking technique since there is no 

compensatory cushioning in the shoe itself. However, the small sample size of this pilot 

study limits the generalizability of the results, and further research with larger sample sizes 

and more diverse populations is needed to confirm these findings. 

Keywords: Barefoot shoes; Gait analysis; Gate line 

1 Introduction 

The first interface between the body and the ground during the human gait are shoes. Their 

primary purpose is mainly ensuring to protect the feet against thermal, chemical, or 

mechanical influences and possible injuries [1]. During one step, the human foot is 

transformed from a flexible shock absorber, which occurs when the heel strikes, to a rigid 

lever, which occurs when stepping forward. The foot is defined as a structure formed by 

transverse and longitudinal arches. During the stance phase of the gait cycle, the human foot 

is an elastic and arched structure that actively works to maintain body stability through small 

mediolateral and anteroposterior movements [2]. Footwear significantly affects the 

distribution of pressure on the foot, which is often associated with changes in upright posture. 

Shoes also significantly affect postural and dynamic stability, it degrades somatosensory 

feedback to the foot through the tactile proprioceptive system, because of the design elements 

of the footwear itself [3]. The aim of the presented work is to compare and evaluate the gait 

lines recorded during the measurements on the sensory treadmill. The DIERS 4D Lab Motion 

- Pedogait device was used for the individual measurements. Two subjects took part in the 

podometric assessment, one of them is a user of barefoot shoes and the other wears classic 

shoes. The parameters such as: gait line, average pressure, and basic walking parameters such 

as: step length, step width, speed, cadence, and foot rotation were evaluated.  

2 Materials and methods 

During the pilot study aimed at assessing the biomechanical parameters of gait, the following 

methodology was determined, and the described equipment was used. Two female 

participants were measured. The subjects were familiarized with the entire measurement 

procedure, they filled in and confirmed the informed consent and a brief questionnaire before 

the measurement. The measurement was non-contact, painless and safe and took a few 
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minutes. The participants were measured barefoot, in classic and barefoot shoes, between 

individual measurements there were breaks to avoid the fatigue effect. During the adaptation 

to walking on the surface of the sensory treadmill, the gait velocity gradually increased to the 

standard 4.5 km/h. Each measurement lasted 5 minutes, while a time of 20 seconds was 

recorded, representing a path of 25 meters. 

The first measured participant was a 22-year-old woman with a weight of 59 kg and a height 

of 162 cm. The number of shoes used during the measurement was 36. Classic footwear was 

sport shoes with a sole thickness of 3 cm (Fig. 1a), and barefoot footwear was characterized 

by a wider and rounded shape of the front part of the shoe with a sole thickness of 0.6 cm 

(Fig. 1b). Subject 1 is not a user of barefoot shoes; in this study, it is her first contact with 

this type of shoes.  

The second measured participant was a 42-year-old woman with a height of 169 cm and a 

weight of 61 kg. The number of shoes used when measuring the subject was 40. Classic 

footwear was sport shoes with a sole thickness of 3 cm, and a higher slope of the toe (Fig. 

1c), and barefoot footwear was characterized by an elongated shape of the front part of the 

shoe, which provides enough space for the toes, but is not of a particularly wide type with a 

sole thickness of 0.65 cm (Fig. 1d). Subject 2 common uses barefoot shoes during her daily 

life. 

 

Fig. 1 Classic (a) and barefoot (b) shoes of the first subject. Classic (c) and barefoot (d) shoes of the second 

subject. 

The measurement was carried out in cooperation with MUDr. Ján Sekáč in the Orthopedic 

Clinic and Movement Laboratory with the DIERS pedogait system (DIERS International 

GmbH, Germany) allows the functional representation of the foot pressure reaction forces 

while walking. The integrated measuring platform is 1.0 m long with 5.376 sensors for an 

exact capture of the pressure values. The admission frequency amounts to 100 Hz The 

standing treadmill can be used for static measurements of the foot pressure measurement as 

well as for the stabilometry. 

2.1 Measured and analyzed biomechanical parameters of the gait 

One of the main parameters evaluated during the dynamic test is the level and distribution of 

plantar pressure. Average and maximum pressure are mostly evaluated. In the graphical 

display, the pressure values are displayed as a line of points of the maximum load that was 

recorded during the dynamic analysis. The curve of this graph should rise for normal values 

in the middle part and slightly decrease at the end of the graph. The curve of the graph of the 

average value of the pressure shows the line of the average pressure recorded. 
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Another important parameter is impulse force over time. It can be expressed as the area under 

the pressure versus time curve. The greater the pressure and the longer it acts, the greater the 

impulse, so it is the total load. 

An important aspect of plantar pressure measurement is the centre of pressure line. The 

physiological gait line should start in the rear third of the foot, continue towards the 5th 

metatarsal, then proceed centrally to the 4th metatarsal, then the 3rd to 2nd metatarsal, and 

end at the big toe, as it is the last in contact with a ground. This movement represents a shift 

in about 83% of the length and 18% of the width of the contact surface of the foot in middle-

aged adults. Pressure line velocity is also an important indicator, which should be 

approximately 22-27 cm/s and 38 cm/s for middle-aged adults and young adults [4]. 

3 Results 

The evaluated parameters are the distribution of plantar pressures, the course and length of 

the gait lines, the maximum pressures during contact of the heel with the mat and the toe off, 

mediolateral deviations of the centre of gravity, the percentage of the individual phases of 

the gait cycle, the step parameter (length, width, foot rotation, cadence) and also the total 

force of segment [N] in time on individual foot areas. Tables 1 and 2 represent evaluated 

biomechanical parameters of gait for different types of shoes and bare feet of subject 1 (Table 

1) and subject 2 (Table 2). 

Table 1. Biomechanical parameters of gait for subject 1.  

Step parameters Classic shoes Barefoot shoes Bare feet Standard 

 R       L R L R L   

Step length [cm] 64+/-1 63+/-2 64+/-1 63+/-2 63+/-21 62+/-2  

Step time [ms] 514+/-2 499+/-2 511+/-2 495+/-2 503+/-24 486+/-2  

Stride length [cm] 127+/-6       126+/-6                  124+/-6 141 

Stride time [ms] 1013      1005                      990         1200 

Track width [cm] 12+/-1     12+/-1                    9+/-2        10 

Foot rotation [°] 7 2 4 2 4 10    10-15 

Cadence [step/min] 114 114 117                113 

Table 2. Biomechanical parameters of gait for subject 2.  

Step parameters Classic shoes Barefoot shoes Bare feet Standard 

 R L R L R L   

Step length [cm] 66+/-

2 

64+/-

2 

64+/-

1 

63+/-

2 

62+/-

2 

62+/-

1 

 

Step time [ms] 512+/

-2 

518+/

-2 

504+/

-1 

512+/

-2 

498+/

-3 

496+/

-2 

 

Stride length [cm] 129+/-6 127+/-6 124+/-6 141  

Stride time [ms] 1029 1016 994 1200 

Track width [cm] 8+/-1 8+/-1 9+/-1 10 

Foot rotation [°] 3 5 3 7 4 8 10-15 

Cadence [step/min] 114 114 117 113 

The pressure distribution of subject 1 (Fig. 2) on individual feet is uneven in classic and 

barefoot shoes, in the case of barefoot, the pressure is adequately distributed, and subject 1 
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loads the foot equally on the heel and in the forefoot. In none of the measurements was 

pressure exerted over the 5th metatarsal, which also captures the shape of the rolling curve, 

which is flat (i.e. straight). In classic shoes, can be observed that the gait line did not go 

through 5., 4., 3. nor the 2nd metatarsal. It’s beginning was not in a third of the heel, and the 

line of pressure went directly to the toe, which was the most loaded. The pressure was exerted 

through the centre of the foot and not through the individual metatarsals. 

 

Fig. 2 Graphical representation of the average pressure distribution and gait line in subject 1: a) bare foot vs. mat, 

b) barefoot shoes vs mat, c) classic shoes vs mat. 

On all prints of subject 2 (Fig. 3), the pressure lines are also unevenly distributed. In barefoot 

shoes, the medial part of the forefoot was the most loaded. The gait line was flat, i.e. straight 

throughout its entire course in barefoot shoes on the left foot. Barefoot was also the most 

loaded forefoot in the medial part. The most deformed gait line can be seen in classic 

footwear. Its beginning is not in a third of the heel and does not gradually pass through the 

metatarsals. In this case, the forefoot and the area of the toes, i.e. the thumb in particular, are 

more stressed. The pressure is not exerted through the metatarsals but through the middle of 

the foot and the roll curve ends at the 2nd metatarsal. 

 
Fig. 3 Graphical representation of the average pressure distribution and gait line in subject 2: a) bare foot vs. mat, 

b) barefoot shoes vs mat, c) classic shoes vs mat. 

The maximum forces at the heel strike of subject 1 were lower in each of the measurements 

than at the toe-off phase and their values ranged from 437-528 N (Fig. 4). The maximum 

forces at the toe-off phase were higher than at the heel strike in each of the measurements. 

Their values ranged from 530-592 N (Fig. 5). The biggest difference between impact and 

reflection was captured barefoot on the right foot. The smallest values were measured 

barefoot shoes and barefoot. The measured values of the maximum forces of subject 1 are 

shown in the Table 3. 
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Table 3. Maximum forces during heel strike and toe-off gait phase for subject 1.  

Maximum forces 
Classic shoes Barefoot shoes Bare feet 

L R L R L R 

Heel strike [N] 528 470 486 485 480 437 

Toe off [N] 530 531 570 530 592 540 

 

Fig. 4 Force-time diagram subject 1: a) left foot, b) right foot; the blue curve represents classic shoes, the red 
curve represents barefoot shoes and the green curve represents bare feet. 

 

Fig. 5 Total force diagram - subject 1. 

The maximum forces of subject 2 at heel strike were lower in each of the measurements and 

their values ranged from 506-565 N (Fig. 6). The maximum forces at the toe-off phase were 

higher than at impact in each of the measurements. Their values ranged from 588-630 N 

(Fig.7). The biggest difference between impact and reflection was in barefoot on the left foot. 

The smallest values were measured barefoot. We did not notice significant differences 

between the shoes. The measured values of the maximum forces of subject 2 are shown in 

the Table 4. 
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Table 4. Maximum forces during heel strike and toe-off gait phase for subject 2.  

Maximum forces 
Classic shoes Barefoot shoes Bare feet 

L R L R L R 

Heel strike [N] 530 513 565 515 510 506 

Toe off [N] 620 612 615 630 600 588 

 

Fig. 6 Force-time diagram subject 2: a) left foot, b) right foot; the blue curve represents classic shoes, the red 

curve represents barefoot shoes and the green curve represents bare feet. 

 

Fig. 7Total force diagram - subject 2. 

The length of the gait line of subject 1 (Fig. 8a) varied between 14.8-17.3 cm during the 

measurements. Significant differences were not captured between individual measurements. 

In the total length of the gait line, we noticed a significant difference between classic shoes 

and bare feet, and that's on the left foot. 
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Table 5. Gait line length and mediolateral deviations of COG for subject 1.  

Shoe type Classic shoes Barefoot shoes Bare feet 

 L R L R L R 

Length of gait line in 

midstance phase 
16+/-4,2 15.6+/-1,2 17.3+/-1,1 14.8+/-4 16.3+/-1 15.8+/-3.9 

Total length of gait 

line 
26.4+/-6.6 27.5+/-0.2 25.4+/-0.2 23.5+/-5.9 21.6+/-0.3 20.6+/-5 

Mediolateral 

deviations of COG 
6.9+/-1.3 7.3+/-0.9 7.3+/-1.2 6.0+/-1.2 7.1+/-1.7 6.4+/-1.3 

The length of the gait line of subject 2 (Fig. 8b) varied between 17.3-19.3 cm during the 

measurements. Significant differences between individual measurements were not captured. 

In the total length of the gait line, we detected slight differences between the classic and 

barefoot, and the significant difference was in the right foot. During the measurement, 

individual fluctuations of the centre of gravity were recorded, which are related to the course 

of the gait line. 

Table 6. Gait line length and mediolateral deviations of COG for subject 2.  

Shoe type Classic shoes Barefoot shoes Bare feet 

 L R L R L R 

Length of gait line in 

midstance phase 

19.3+/-0.8 17+/-4.4 17.4+/-4.4 18.2+/-0.5 17.3+/-4.2 18+/-0.4 

Total length of gait 

line 

28.9+/-0.4 27.5+/-6.9 25.5+/-6.4 27+/-0.3 22.1+/-5.4 23.1+/-0.4 

Mediolateral 

deviations of COG 

3.1+/-1.8 5.5+/-1.5 4.3+/-1.0 3.8+/-1.4 5.1+/-1.1 3.4+/-1.3 

 

Fig. 8 Gait line during gait cycle: a) subject 1, b) subject 2, the blue curve represents classic shoes, the red curve 

represents barefoot shoes, and the green curve represents bare feet. 

Conclusion 

Significant differences in the movement pattern were observed in subject 1, who is not a 

regular user of barefoot footwear. The difference between barefoot shoes and bare feet 

walking was minimal, but significantly different from classic footwear. In classic shoes, the 

support phase of the step has been significantly shortened and the maximum forces at the 
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initial contact of the heel and the rebound from the toe have increased. This may be due to 

the subject relying on the cushioning ability of the sole. When walking barefoot and walking 

in barefoot shoes, the subject focused more on the initial contact of the heel, which increased 

its duration and also reduced the forces acting in this phase. Since subject 2 is a regular 

barefoot shoes user, the walking pattern differed minimally. 

The presented work is a pilot study from which the following hypotheses result, which need 

to be subsequently verified. In further studies, it would therefore be appropriate to verify 

different movement patterns in individual types of footwear, especially in subjects who are 

not regular users of barefoot footwear. Step time decreases significantly during barefoot 

walking in both measurement cases. In classic shoes, the impact on the heel is lower than in 

barefoot or bare feet. When walking bare feet, the length of the gait line is shortened. As it 

results from the biomechanics of gait, the area of the heel during contact with the mat and 

the toes during the toes off phase were the most heavily loaded. These values were mitigated 

by the influence of a thicker sole in classic shoes. Classic shoes also ensured a more optimal 

distribution of pressure in the area of the metatarsals. From the results, it can be concluded 

that when walking barefoot or in barefoot shoes, it is necessary to emphasize the correct 

walking technique, since there is no compensatory cushioning in the shoe itself. 
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Abstract: The attention of the article is focused on the use of additional concrete 

reinforcement to increase material parameters. Concrete structures are demanding in terms 

of material consumption, energy used in cement production and CO2 production. The first 

part of the article describes the method of preparation and production of test specimens. 

Subsequently, the methodology for measuring material properties is discussed. The result 

of the measurement is a comparison of contact and non-contact methods of measuring 

deformations, ascertaining the material properties of the tested concrete. 

Keywords: Concrete, Strain and stress, Digital Image Correlation, Strain measurement, 

Transverse direction reinforcement 

1 Introduction 

The social effort to reduce the energy demand of the construction industry leads to the search 

for economical solutions. One of the many possibilities for savings is the more economical 

use of building materials. Concrete, as the most widespread building material, can offer an 

opportunity to find savings. The production of concrete, and especially cement, is a very 

energy-intensive process, with a high production of CO2. There are more options for 

optimizing concrete production. For example, more efficient use of production raw materials 

in the production of cement, more appropriate use of selected types of cement in concrete for 

a specific type of construction, or appropriate use of the mechanical properties of concrete in 

building construction. 

This paper is focused on the last of the mentioned optimizations, i.e. influencing the 

mechanical properties of concrete in the structure. Specifically, attention is paid to increasing 

the load-bearing capacity of concrete by means of transversely oriented external 

reinforcement, which increases the compression strength of concrete in the axial direction. 

The compressive strength of concrete is mainly influenced by the composition of the 

concrete. Reinforced concrete structures have increased compressive strength due to concrete 

reinforcement. Nevertheless, the basic component of the concrete strength of reinforced 

concrete remains the strength of the concrete and the strength of the steel reinforcement [1]. 

Often in construction applications there is no need for a rapid increase in concrete strength 

and the ability of concrete to increase compressive strength over time can be used. 

Many concrete building structures are loaded with long-term loads after a few months of their 

construction. The increase in strength of concrete over time strongly depends on the type of 

cement used [2]. The Portland cements type I have the fastest increase in strength. In contrast, 

the use of blended Portland cement results in a lower evolution of heat of hydration during 

concrete maturation, as well as a significantly slower increase in compressive and tensile 

strength. Nevertheless, over a longer period of time, concrete made from mixed cement can 

achieve the same parameters as concrete in which Portland cement was used. 
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2 Tested material 

The work aims to capture the change in strength over time, which is influenced by the 

composition of the concrete, as well as by the method of reinforcement. The question is 

whether reinforcement has an effect on increasing the bearing capacity of concrete?  

Concrete from mixed Portland cement CEM II was chosen for testing. This cement has a 

slower increase in strength than CEM I cement. Reducing the amount of cement would result 

in low strength. A replacement for cement was chosen using ground limestone. The detailed 

composition of the concrete mixture is described in Table 1. 

Table 1. Mixture of the tested concrete.  

Part Description Content [kg/m³] 

1 CEM II/A-LL 42,5 272 

2 Limestone 148 

3 Sand 0-4 980 

4 Aggregate 4-8 216 

5 Aggregate 8-16 380 

6 Plasticizer 2.5 

7 Stabilizer 1.5 

8 Water 175 

The plasticizer and stabilizer were added to the mixture for processing without vibrating the 

mixture and for preventing the separation of individual components from the mixture. 

The production of concrete specimens consisted of concreting cylindrical test specimens with 

a base diameter of 100 mm and a cylinder height of 200 mm. The basic cylinders were 

concreted into steel forms without reinforcing rings. These specimens were used to determine 

the basic strength of the produced concrete. Other cylinders were made by inserting 

aluminum rings with an outer diameter of 100 mm into steel molds. Plastic spacer rings of 

the same diameter and thickness were inserted between the individual rings. Two ring 

thicknesses of 2 and 3 mm were chosen for reinforcement. The plastic intermediate rings 

were removed after removing the specimens from the steel molds. 

Three specimens without reinforcing rings, three cylinders with 2 mm thick reinforcing rings 

and three bodies with 3 mm thick rings were prepared for testing. The production was 

prepared for the verification of properties at the age of 28 and 90 days. After concreting, the 

specimens were left in a laboratory environment, i.e. at 20°C and a relative humidity of 50%. 

Storing the specimens in an environment with 100% relative humidity was not feasible due 

to the need to exclude a chemical reaction between concrete and aluminum.  

As can be seen from Fig. 1, cylindrical specimens with 12 reinforcing aluminum rings of two 

thicknesses of 2 mm and 3 mm were used for testing. 

3 Measurement of the parameters 

The specimens were tested in compression at the age of 28 and 96 days. Table 2 shows how 

the strength of the cylinders without reinforcement and with reinforcement increased in the 

given period. Simultaneously with the determination of the compressive strength, other 

mechanical parameters such as the modulus of elasticity and Poisson's ratio are possible 

determinate. 
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A compression test for concrete specimens was chosen for testing. The loading speed was 

chosen in accordance with standard regulations [3]. For the measurement, as can be seen 

from Fig. 1, two attached extensometers with a measuring length of 150 mm were used. The 

measured length of the extensometers guaranteed the measurement of deformations that 

could occur on the cylinder. The sensors were mounted in the direction of loading of the test 

specimens. The force signals and total deformation of the cylinder in the axial direction were 

also recorded from the test device. 

  

Fig. 1 Concrete specimen strengthened by external reinforcement in the shape of rings. The cylinder after 

completion of the compressive test (right) and principle of the measurement of deformation (left). 

The measurement was carried out until the destruction of the surface reinforcement, which 

was made of an aluminum alloy. Axial deformations were measured using attachment 

extensometers. From the previous measurements, a DIC (Digital Image Correlation) with a 

stereo deformation recording device manufactured by Dantec Istra was chosen for a more 

detailed analysis. 

To measure deformations using DIC, all specimens were provided with a pattern. The image 

recording from both cameras was stored in a storage device. The time step between frames 

was chosen to be 5 seconds. The test of the unreinforced specimen is quite fast and 

approximately 150 images could be recorded during the test. Testing cylinders with 

reinforcement to complete failure is more time-consuming. In this case, a record of 300 to 

400 images was taken, which were used for processing by digital image correlation.  

The processing of the measured signals enables the creation of working diagrams. Using 

extensometers, it is possible to determine the changing strain in the axial direction. From the 

total deformation and strength record, a working diagram can be established, including the 

strength behavior of the concrete. The overall working diagram cannot be determined from 

extensometer measurements and force recording. The result is strongly dependent on the fact 

whether the crack formation takes place in the area measured by the extensometer or not.  

This aspect can be avoided by using non-contact measurement. With the help of DIC, suitable 

places on the body can be selected for the placement of virtual extensometers, both in the 

axial and transverse directions with respect to the loading axis. 
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Fig. 2 Working diagrams created from contact measurement for specimen without rings (up left), for specimen 
with 2 mm rings (up right) and specimen with 3 mm rings (below).  

4 Results 

Fig. 2 shows working diagrams for specimens aged 96 days. The first is determined from 

extensometers and the horizontal axis is expressed as strain from extensometers. The second 

and third graphs, which are measurements on cylinders with reinforcing rings, are drawn 

using the total deformation of specimens 200 mm high.  

Fig. 3 shows the steps in the processing of recorded DIC images. As an example, specimenss 

aged 96 days, cylinder No. 2 without reinforcing rings and cylinder No. 8 with reinforcing 

rings of 3 mm thickness are used. The colored field captures the total deformation (in 

horizontal and vertical direction) of the selected area. In the defined field, it is possible to 

enter any points for the definition of the distance measurement and also the proportional 

deformation. In the figure, they are indicated by red lines in the defined field. 

  

Fig. 3 Processing measurements using DIC. On the left, the total deformation of the body No. 2, on the right, the 

total deformation of the cylinder 8. Fitting extensometers. 

Cylinder 2, without rings, 96 days.
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Conclusions 

The results of contact and non-contact measurements yielded very consistent results both in 

terms of the quality of the measurements and information on the use of a specific type of 

additional reinforcement. A very positive aspect can be found to be a significant increase in 

the compression strength of concrete already when using 2 mm thick rings. Furthermore, an 

almost 30% increase in strength is evident in 2 months from the first testing.  

Table 2. Compression strength of tested concrete cylinders.  

Age 
Reference 

[MPa]  

Cylinders with rings 2mm 

[MPa] 

Cylinders with rings 3 mm 

[MPa] 

28 25.1 50.8 57.9 

96 34.0 58.3 67.6 

As can be seen in Table 2, the compressive strength of concrete when using 3 mm 

circumferential reinforcement reaches even higher values than with 2 mm reinforcement. 

This strength is almost 2 x higher than the unreinforced material at the age of 3 months. 

Trends in material behavior can bring significant savings in the use of the amount of concrete, 

or cement binder in concrete which is evident from the values of the increase in strength over 

time when using less energy-intensive CEM II cement. 
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Abstract: The article focuses on the investigation of the environmental impact of 

contaminated by colloidal aggressive substances on a 50-year-old wastewater treatment 

plant, where the sampling of core boreholes of DN150mm × 370 mm in the tank was made. 

The properties investigated were the microstructure and compressive strength of the 

concrete. The results showed that the aggressive environment had no effect on the resulting 

compressive strength of the concrete. 

Keywords: Degradation of concrete; Corrosion; Aggressive environment 

1 Introduction 

The aggressive environment in wastewater treatment plants is a constant problem due to the 

observance of hygiene standards in the elimination of the spread of bacteria, fungi, and 

viruses. So that the ecosystem is not damaged. The influence of wastewater has an impact on 

the construction part in the treatment stations, and subsequently it cannot be done without 

local remediation. Nowadays, the design of monolithic constructions mainly uses the 

watertight concrete system (WCS), “white tub system”, for its waterproof properties with the 

extension of the curing time to reduce microcracks in concrete constructions [1]. Wastewater 

treatment plants cannot do without monolithic constructions with regard to their resistance 

to other materials. Their maintenance is appropriate due to the influence of attacking the 

aggressive environment with polluted water due to the chemical composition and degradation 

processes. The resulting value for pre-purified water is monitored and projected to the values 

of BOD (Biochemical Oxygen Demand), COD (Chemical Oxygen Demand), US 

(Undissolved Substances), N-NH4 (Ammonia Nitrogen), Ptotal (Total Phosphorus), Ntotal 

(Total Nitrogen) [2]. The main component of pollution are substances from human activity 

(humanoid substances), micropollutant substances and unwanted substances. These attributes 

are reduced with the help of mechanization, separated (mechanical cleaning) and further 

stabilized by a biological cleaning process [3]. Using the microorganism in which they live, 

they grow and reproduce. As a result of this biomass, CO2, and hydrogen sulphide H2S are 

released, which supports the degradation of concrete structures due to CO2. The effect of 

poor maintenance of wastewater treatment plant managers with insufficient oxygenation is 

the conversion of H2S to H2SO4, which reduces the alkalinity of hardened concrete supported 

by steel corrosion. The treatment process is supported by stabilization using nitrification to 

nitrates with the help of a phosphorus precipitation stabilizer [4]. This has the effect of 

promoting penetration into the pore structure of concrete, where crystallization and volume 

increase occur. With low strength, microcracks may occur on the surface of the concrete. In 

an environment in which concrete structures are stressed, the penetration of undesirable 

substances occurs and consequently the degradation of concrete structures, in extreme cases, 

chemical corrosion of steel occurs when there is insufficient coverage [5]. Another factor of 

corrosion due to carbonation supported by carbon dioxide. Chemical action and 
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microstructural aggressive environment caused by organic acids reducing the alkalinity of 

concrete and soluble salts reducing the durability of concrete [6]. 

The research dealt with the influence of an aggressive environment on monolithic structures 

at a specific treatment plant, where reconstruction was taking place to increase the capacity 

of the wastewater treatment plant with the modernization of the technological part. The 

samples were taken from the place of constant influence of an aggressive environment, in 

which the cleaning cycle (aerobic and anaerobic) took place, according to the needs of the 

user. The selected site was chosen for its age and the effects of several factors without 

precipitation of phosphorus. 

2 Material and samples 

The wastewater treatment plant is in the village of Horní Bezděkov, where intensification 

and capacity increases were carried out. As part of the demolition work, the existing tank was 

used, and its volume was increased. (Fig. 1). The tank was used for 50 years, for the sludge 

separation process and for the areobic process (chemical cleaning), as needed by the plant 

manager. The individual boreholes were chosen in heights of tank, according to the 

frequencies of environmental contamination. In total, there were 7 bores. Of this, Core_4, 

broke off during the drill and was replaced at the same height of tank by Core_4x. Optical 

microscopy was carried out on the lowest outcrop Core_1, it was the most contamination site 

of the permanently flooded. The location of the individual core drillings can be seen in 

(Fig.1). Also, in the Fig. 1 you can see the maximum and minimum level of contaminated 

water during operation. The height is given from the sea level of the Baltic system. 

 

Fig. 1 Cut through the sampling point in the tank, scale 1:50. 

Core drilling was carried out with the help of a DN150 mm diameter diamond core coring 

machine with cooling and pumping of drink water. The resulting individual dimensions of 

core were approximately 144.60 mm and 370 mm in height for a total of 7 pieces. 
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3 Experimental methods 

Optical microscopy was used to describe to the microstructure of the concrete by ZEISS Axio 

Zoom V16 Stereo Zoom Microscope.  The microscopic images were taken on core of 

borehole 1 (Core_1). The area examined was on a longitudinal section of the sample Core_1. 

The examined area had an area of 540,20 cm2 at a magnification of 3.5 ×. For this reason, a 

9 × 9 image matrix was used. The compressive strength was determined by uniaxial 

compressive test on the individual core of borehole. The specimens were moulded so that 

their height was fixed at the same value of 300 mm in order to comply with the condition of 

twice the diameter according to EN 12390-3 [7]. The testing was displacement controlled at 

a constant rate of 5 mm/min. 

4 Results and discussions 

In Fig. 2 we can see the microstructure of the Core_1 sample detected by optical microscopy. 

The sample (Core_1) shows the effect of the aggressive environment on the concrete 

structure. Part A in Fig. 2 shows the microstructure towards the soil showing a covering layer 

of cement paste of approximately 950micron thickness and this layer in Fig. 2 Part B cannot 

be seen due to environmental degradation contaminated by colloidal substances. The 

structure remains undisturbed in the longitudinal section direction. 

 

Fig. 2 Image for optical microscopy magnification 3.5x. 

Table 1 shows the results of mechanical destructive testing of the individual samples, the 

range of compressive strength values was from 35.85 to 43.32 MPa. The Core_4x sample 

was removed from the statistics due to non-standard testing. The average strength of the 

concrete was at 37.49 ± 5.03 MPa. Considering the standard deviation, it can be specified 

that all the speciement had the same compressive strength values. The result shows that the 

aggressive environment has an effect on the cover layers and does not affect the final strength 

of the concrete. 

 

 



 

172 

Table 1. Compressive strengths of samples analysed. 

Set 
Diameter 

[mm] 

Area 

[mm2] 

Height 

[mm] 

Weight  

[g] 

Load 

[kN] 

Compresive 

strenght  

[MPa] 

Core_1 - - - - - - 

Core _2 144.73 16451.55 297.00 2335.80 670 40.73 

Core _3 144.27 16347.15 297.00 2249.38 612 37.44 

Core _4 144.66 16435.64 296.00 2364.46 712 43.32 

Core _5 144.62 16426.55 297.50 2301.05 495 30.13 

Core _6 144.64 16431.10 296.50 2277.59 589 35.85 

Core _4x 144.19 16329.02 185.50 2273.00 427 26.15 

Conclusion 

Concrete samples (core boreholes) taken from the overburden were examined as part of the 

research. Over a period of 50 years of exposure to an aggressive environment The results 

showed the properties of concrete and their compressive strength at 37.49 ± 5.03 MPa, this 

is the strength in the entire profile with regard to the selection of a sample from one-way 

places of different exposure to an aggressive environment. Optical microscopy showed the 

occurrence of attack to the upper depth of the concrete.  

Future research will address comparison of new samples supported by phosphorus 

precipitation and the effect of microorganism in monolithic constructions. Growth, 

propagation and settling in a porous structure. 
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Abstract: Mechanics is a science that studies motion and is therefore a fundamental 

building stone for many other scientific disciplines. These other disciplines include human 

biomechanics and therefore the response of the human body to some mechanical stress. 

This article is devoted to the creation and verification of the child headform impactor, 

which is used in the automotive industry in the development of new vehicles. The child 

headform impactor is a test object representing a child's head and is used to verify the 

safety of a vehicle in the event of a collision with a child. The so-called Head Injury 

Criterion (HIC) is evaluated on the impactor and the deformation zones on the bonnet of 

the vehicle are then modified according to this criterion in order to avoid serious or critical 

head injuries. The development and verification of the numerical model of the child 

headform impactor was based on experimental measurements. Physical impact tests were 

performed with the headform impactor fired at a bent steel plate, evaluating and comparing 

the HIC with the results from the simulations. The certification of the impactor was based 

on the rules of the certification test, i.e. free fall of the impactor on a rigid steel plate and 

the acceleration of the impactor was measured. 

Keywords: Impact test; Child headform impactor; FEM; Pedestrian protection 

1 Introduction 

The aim of car manufacturers is to minimise the number of traffic accidents by using active 

and passive safety systems. Active safety systems try to prevent crisis situations and avoid 

accidents. These systems include e.g. ABS (Anti-lock Braking System), ESP (Electronic 

Stability Programme) and many others. Despite the sophistication of active safety systems, 

traffic accidents cannot be completely prevented. In cases where collisions cannot be 

prevented, passive safety systems come into action. The aim of these systems is to minimize 

the risk of serious injury to a person health. In a collision with a pedestrian, the pedestrian's 

head hits the bonnet or windshield of the car. The head impact is the most critical in terms of 

pedestrian safety and it is simulated with headform impactor. The acceleration time history 

curve of the headform impactor after contact with the bonnet is evaluated and the HIC (Head 

Injury Criterion) is then calculated from this curve. The aim of this work is to develop and 

verify a numerical model of the child headform impactor that would match as closely as 

possible the results obtained from experimental tests [1,2]. 

2 Experimental and numerical investigation 

There are studies that deal with a similar problem of creating and validating a numerical 

impactor of a child or adult head. Researchers are also focusing on the material properties of 

rubber and many other areas related to the pedestrian protection [3-5]. A headform impactor 

(see Fig. 1) is an assembly of multiple components designed to meet given biomechanical 

properties similar to those of the human head. It consists of an aluminium hemisphere and a 
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synthetic cover. Its outer diameter shall be 165 mm ±1 mm and its weight shall be  

3.5 kg ± 0.07 kg. The cut-out in the hemisphere shall contain one tri-axial accelerometer or 

three uniaxial accelerometers. Their first natural frequency shall be greater than 5000 Hz. 

The position of the accelerometers from the centre of the hemisphere shall be defined for a 

direction perpendicular to the direction of measurement ±1 mm and in the direction of 

measurement ±10 mm. The Channel Frequency Class (CFC) response value shall be  

1000 Hz and the Channel Amplitude Class (CAC) response value shall be 500 g for 

acceleration [6]. 

 

Fig. 1 Main parts of the child's headform impactor [6]. 

The aluminium hemisphere and the end plate were meshed with bigger quad elements. The 

synthetic cover was meshed with the smaller quad elements as the synthetic cover is in direct 

contact with the sheet metal. The new numerical model of child headform impactor is shown 

in Fig. 2 and the cut through the impactor where the sensors are placed can be seen in Fig. 3. 

Viscoelastic Ogden Rubber for Solid Elements (Ogden-Based Viscous Response) was 

chosen as material model for the synthetic cover. 

Table 1 and Table 2 show the values of the masses, the coordinates of the centre of gravity 

(CG) as well as the moments of inertia around the individual axes of the current and new 

computational model. 

  

 

Fig. 2 Numerical model of the child headform 

impactor. 

 

Fig. 3 A cut through the impactor model. 
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Table 1. Comparison of the masses and coordinates of the center of gravity of the current and new impactor. 

 Mass [kg] CGx [mm] CGy [mm] CGz [mm] 

Current impactor 3.452 -25.299 0.00017 97.486 

New impactor 3.504 -26.473 -0.41295 98.429 

 

Table 2. Comparison of the moments of inertia of the current and new impactor. 

 
Ixx 

[kg.mm2] 

Iyy 

[kg.mm2] 

Izz 

[kg.mm2] 

Ixy 

[kg.mm2] 

Iyz 

[kg.mm2] 

Ixz 

[kg.mm2] 

Current 
impactor 

9360.63 8688.04 9664.03 0.00597 -0.20834 784.90 

New 

impactor 
9585.57 8869.70 9859.68 -0.01155 -3.76055 777.89 

The certification test shall be carried out by free fall of the impactor (see Fig. 4). The impactor 

shall be allowed to fall freely from a height of 376 mm ±1 mm at an angle of 50° ±2° onto a 

rigid steel plate at least 50 mm thick and 300 mm x 300 mm in dimensions. This test shall be 

carried out three times for the impactor, each time rotating the impactor 120° about the axis 

of symmetry. The test shall be carried out at a temperature of 20 °C ± 2 °C, the temperature 

deviation being valid for a relative humidity of 40 % ± 30 %. The resulting measured values 

from the certification test shall be in the range 245 ÷ 300 g, which, when converted, gives 

acceleration values in the range 2 403 ÷ 2 943 m/s2 [6].  

 

Fig. 4 Child headform impactor certification test set-up [6]. 

The free sheet impact test (see Fig. 5) is carried out by throwing the impactor into a sheet of 

1120 x 1120 mm. The plate is 0.7 mm thick and has a free area of 1000 x 1000 mm. The 

sheet metal is folded by 20 mm over the free width of 1000 mm and its angle to the horizontal 

support is 15°, which is intended to approximately simulate the shape and position of the 

bonnet of a car. The sheet is loosely clamped on a rigid frame with rounded edges. The sheet 

is initially flat, but when mounted on the rigid frame, it is clamped under the rails on the right 

and left edges, which creates an elastic deformation of the sheet and achieves the desired  

20 mm bending shape. The sheet metal clearance under the rails is 0.3 mm. Its position in the 

longitudinal direction is secured by pins. The impactor is thrown against the plate at an angle 

of 50° at a speed of 11.3 m/s, which represents a speed of 40.68 km/h. The contact point of 

the impactor with the sheet metal is in the centre of the sheet metal. During the test, the time 

history of the accelerations is recorded and the HIC15 (Head Injury Criterion) value is 

calculated, which indicates the severity of the head injury at impact [6]. 
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Fig. 5 Simulation of head impact test. 

The HIC15 allows the severity of head injuries in a crash to be quantified. The relationship 

for calculating the HIC15 value, as well as the limit values, are based on experimentally 

obtained data 
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where 
2

xa , 
2

ya , 
2

za  represent the accelerations in each axis and a  is the resulting acceleration 

in multiples of 
2

g (1 g = 9.81 m/s ) . The values 
1t and 

2t  are the two time instants during the 

impact that determine the start and end interval of the recording, which is a maximum of  

15 ms. 

After creating a computational model of the new impactor and after defining all boundary 

conditions and creating a simulation, the next step was to compare the results from the 

simulation with the results from the real tests. Acceleration curve and HIC15 values from tests 

and simulations of the current and new impactors are shown in Fig. 6. 

 

Fig. 6 Comparison of time histories from tests and simulations of the current and new model of the impactor. 
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3 Adjusting a new model based on test results 

In the basic setup, the free sheet had a thickness of 0.7 mm, a density of 7850 kg/m3, the 

clearance under the rail was 0.3 mm, the coefficient of shear friction between the steel parts 

was 0.1 and between the sheet and the impactor was 0.65. To adjust the new numerical model 

of the impactor to the results of the experimental tests, several variants were created, where 

different test parameters were changed such as the coefficient of friction between the steel 

parts (from 0.1 to 0.3), the mesh on the contact surfaces was refined, and the material models 

of the individual parts of the impactor were changed. The effect of each change was 

monitored and evaluated by simulating the impact of the impactor on the sheet metal and also 

compared with the experimental results. Several such resulting curves from the simulations 

can be seen in Fig. 7. 

During the impactor adjustment process, two paths were created for subsequent impactor 

adjustment. In the simulations, it was shown that there is sliding of the synthetic cover 

between the cover and the aluminium hemisphere of the impactor as well as between the 

synthetic cover and the sheet metal. As a result of eliminating this error, a pre-tension 

between the cover and the aluminium hemisphere was defined to simulate the stretching of 

the cover on the hemisphere. Thus, the impactor labelled IMP_01 was an impactor without 

pre-tension and IMP_02 was an impactor with pre-tension. 

 
Fig. 7 Results from simulations with several changes in boundary conditions. 

Conclusion 

Two numerical models of the child headform impactor were created and simulations of the 

impact tests were performed on a slightly bent sheet plate to simulate the bonnet of a car. The 

results of the numerical analysis were compared with the results from experimental 

measurements. Fig. 8 shows the agreement in the obtained results and therefore it is possible 

to conclude that both impactors are describing the behaviour of the real impactor in 

experimental tests with high accuracy.  
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Fig. 8 Comparison of experimental and numerical results. 

Fig. 9 shows the results of the acceleration of the impactors from the certification test. The 

impactor IMP_02 has exceeded the upper allowed acceleration limit and therefore failed the 

certification test. IMP_01 has passed the certification test and can be used in pedestrian 

protection simulations. 

 

Fig. 1 Results from numerical simulation of certification test of child headform impactor. 
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Abstract: The aim of paper is an analysis of the causes of an accident that occurred in the 

piping system as a result of the failure of the control system and subsequent uncontrolled 

operation of the steam boiler for several hours. Cracks were found in many places of the 

pipe system of the boiler after it was shut down, and in one place the pipe was completely 

destroyed. The temperature change of a piping system was performed by the finite element 

method. Quantification of residual stresses by the hole drilling method were performed to 

assess possible causes of the failure of the piping system. From the obtained results, it is 

clear that the temperature change in the piping system cannot be considered the main cause 

of the pipe system failure. High levels of residual stress was identified at the site of the 

breach were found to be the most important cause of the failure. 

Keywords: Welded structure; Failure; Stress analysis 

1 Introduction 

The steam boiler, waste collection bunker and the flue gas cleaning equipment are the main 

technological units of the waste incinerator for energy recovery of municipal waste. The heat 

produced in the form of steam is used for technological needs of the incineration plant as 

well as for the central heat supply of residential buildings and also for generation of electric 

power. In order for the complex technological units to function properly, it is necessary to 

constantly monitor and evaluate the operational parameters. The most common method used 

to set optimum operating modes of steam boilers is to control changes in temperature and 

pressure, where pressure of the medium can change independently of its temperature. Thus, 

acceptable changes in the temperature of the medium used during startup and shutdown 

processes are to be determined [1]. Modern automated control systems of steam boilers must 

also enable to solve the problem of combustion of combustible (explosive) materials 

contained in municipal waste during operation. For this reason, the design of steam boilers 

already places great emphasis on the analysis of temperature fields. For steel welded 

structures operated at high temperatures or in a humid environment, it is necessary to pay 

close attention to issues related to corrosion, creep. Prolonged exposure to elevated 

temperatures of ferritic steel boiler pipes reduces their service life and is often a major cause 

of damage [2]. Most cracks occur in the bent parts of the tubes which confirms the possible 

presence of residual stresses caused by bending. Insufficient heat treatment (e.g. annealing) 

does not release stresses [3,4]. As the knowledge gained from practice shows, failure of load-

bearing structures may occur not only due to operating load, material fatigue, corrosion, but 

also due to reconstructions. Duda et al. [5] describes the procedure of the boiler failure 

analysis that occurred during the reconstruction works. The numerical and experimental 

modelling methods are used to document the conclusions. Although modern computer 

simulations are used in the design of complex devices, it is important to point out that 

defining boundary conditions corresponding to operating conditions is very difficult in such 

cases. The quantification of some effects in these situations by other than experimental 
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methods is impossible. In identifying failure in welded steel structures, comparative analysis 

of the material taken from the location of the failure with the new material is often used to 

determine the causes. In this case, however, the equipment operator had no new material 

available for comparison. Numerical modelling is very difficult to use for the assessment of 

the operation safety of a steam boiler after its failure, as it is a steel welded structure. In these 

cases, it is almost impossible to define the boundary conditions so that they correspond to the 

actual conditions, i.e. to take into account possible assembly and manufacturing inaccuracies, 

the operating load history as well as thermal analysis. It should be pointed out that the 

analysed steam boiler (Fig. 1) is a part of the incinerator, where unforeseen thermal shocks 

such as burning of explosive material and the like often occur. For this reason, the authors 

proposed a methodology for assessing the further safe operation of the steam boiler on the 

basis of available data, i.e. supplied drawing documentation, description of the accident, 

material taken from the place of failure. First of all, measurement of the residual stresses in 

the materials collected from the damaged area were carried out. The numerical modelling 

was performed using the submitted design documentation, visual inspection and information 

on the process of the failure. 

 

Fig. 1 Schema of analysed steam boiler. 

2 Description of the steam boiler accident 

Piping systems of steam boilers are loaded by internal pressure and also by thermal stresses. 

These are welded steel structures for which, when assessing their durability and safe 

operation, it is necessary to consider the increased levels of tensile stresses in the vicinity of 

welds caused by welding technology. In many cases, a failure occurs only around the welds. 

The steam boiler under consideration was in operation for less than four years. During the 

previous operation of the steam boiler there was not observed any significant improper 

functioning, which could predict a dangerous situation or failure. Despite these facts the 

failure of the steam boiler occurred within a few hours. Firstly, there occurred a failure in the 

control unit followed by the loss of information on the key parameters of the combustion 
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process as well as boiler control itself, namely, information on the water level in the drum, 

the steam flow, pressures and the temperature in the combustion chamber followed, and then 

failure of the cooling towers control and a water intake control valve. As the control unit was 

not functional, the amount of water in the piping system decreased because the supply valve 

was blocked. This fact was confirmed by the drop of water level in the boiler drum below the 

critical level within 90 seconds of the control unit failure. After the control unit failure, it was 

found that 16 input-output cards of the control unit were inactive. Based on the diagnostics 

of the control system it was found that the control unit failure was caused by the damaged 

converter. After diagnostics and necessary repairs, the system was ready to restart in less than 

two hours. After the system was started, the water intake valve suddenly fully opened due to 

the failure of the system's security features. It should be pointed out that if the water level in 

the boiler drum falls below a critical value (this state occurred immediately after the control 

unit failed), the water piping system must not be filled with water. Within two minutes the 

water valve was manually shut and the shutdown of the steam boiler started. The above-

mentioned procedure was in accordance with the operating manual. Despite fast intervention 

of the service personnel within approx. 10 minutes after the system start-up, a leak of steam 

on both sides of the boiler was observed. Works on the emergency shutdown of the steam 

boiler continued until the boiler pressure was reduced to atmospheric pressure. This process 

took about 7 hours. After the boiler had cooled down, the side walls of the boiler were 

uncovered. Fig. 2a shows a part of the membrane wall and water intake pipe. A lot of cracks 

were identified during the inspection of the piping system, especially on the welds of the 

water intake pipe (Fig. 2b). 

        

 (a) (b) 

Fig. 2 (a) Membrane wall and water intake pipe, (b) cracks of welds on the water intake pipe. 

On the right side of the boiler, the connecting part of the pipe leading from the water intake 

pipe to the pipe of the membrane wall was completely torn off (Fig. 3a). Fig. 3b gives a 

detailed view of the pipe torn off from the connection part. 

        

 (a) (b) 

Fig. 3 Weld failure of the water intake pipe: (a) general view, (b) detailed view. 
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The initial conclusions on what possibly caused the boiler piping system failure were drawn 

based on the above-mentioned facts. The most probable cause was failure of the control unit, 

which caused blockage of the water intake valve resulting in the lack of water in the piping 

system. The boiler subsequently operated in an uncontrolled mode (further waste burning). 

During that time individual parts of the piping system were exposed to uneven thermal stress 

leading to the initiation of cracks and subsequent failure of some welded joints. Due to the 

fact that the damaged parts of the piping system were repaired and the operation was restarted 

within several tens of hours, it was not possible to carry experiments on the damaged pipeline 

immediately. For this reason, the authors used numerical modelling method to confirm or 

refute the above hypothesis. The authors considered it essential to know actual mechanical 

properties of the used material (WNr. 1.0570), but also the residual stresses in the parts taken 

from the damaged piping system in order to assess their possible impact on the occurrence 

of the accident. 

3 Numerical analysis of failure part of piping system 

Numerical finite element modelling is used for stress and strain analysis in the design of 

welded steel structures. When analysing the steam boiler failure by numerical modelling, it 

is almost impossible to define boundary conditions so that they correspond to actual 

conditions, i.e. take into account possible assembly and manufacturing inaccuracies, the 

operating load history as well as thermal analysis. It should be pointed out that the analysed 

steam boiler is part of the incinerator, where unforeseen thermal shocks occur such as burning 

of explosive material. Numerical modelling is reasonable especially at the design stage of 

machines and equipment. Therefore, the authors performed numerical modelling on a model 

case where the boundary conditions were defined on the basis of the available information, 

i.e. drawing documentation, visual inspection and description of the accident. The impact of 

the temperature change was defined as the unit load, as the information on the temperature 

in individual parts of the steel structure is not registered by the operator. The change in the 

temperature was calculated in view of the change in the length of the vertical part of the water 

pipe, which caused the load of the analysed node III (Fig. 4). In numerical modelling, the 

material properties of the model were defined according to the drawing documentation. The 

numerical modelling was used to model only part of the water intake system where the weld 

failure occurred. Based on visual inspection it was found that the interconnecting pipe was 

welded at the locations as shown in Fig. 4. The numerical analysis was used for the 

verification of the effect of temperature on stress levels in the concentrator area. For this 

reason, only the linear static analysis was performed.  
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Fig. 4 Model of analysed part of water intake system. 

When defining the boundary conditions, it was taken into account that one part of the piping 

system was fixed (the blue tube welded to the membranes, Fig. 4), and the loading was caused 

by displacement of the pipe by 1 mm in the vertical direction (Fig. 4, red tube). Ansys 

software was used for the calculation. The finite element model was made from 987 968 

nodes and from 494 709 volume finite elements with quadratic approximation. Fig. 5 shows 

a field of reduced stresses of the analysed part of the piping system. Fig. 6 gives a detail of 

the field of the reduced stresses at the site of the failure. 

 

 

Fig. 5 Field of the von Mises stresses of the analysed part of the piping system (MPa). 

 

Fig. 6 Detail of the field of the reduced stresses at the failure point III (MPa). 
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As can be seen from the results of numerical modelling for a simplified model case, the most 

significant increase in stress levels occurred in the interconnecting pipeline at point III 

(Fig. 4). The maximum value of the reduced stress corresponded to the failure point in the 

part of the interconnecting pipe in that location (Fig. 4). Increased levels were also identified 

in other locations by the FEM, where cracks in the welded joints also occurred. It should be 

noted that despite the good agreement of the results of numerical modelling with the locations 

of weld failure, the achieved numerical values of stresses cannot be considered accurate, 

because it was a simplified model case. It is a qualitative rather than a quantitative analysis. 

4 Residual stress quantification 

When assessing the lifetime and reliability of structures, it is important to know the levels of 

the residual stresses often associated with their failure or damage. The state of residual stress 

in supporting structure elements is the key factor of its behaviour in service. Therefore, 

knowledge of residual stress may predict signs of component failures and thus prevent and 

avoid accident. The residual stresses quantification by the hole drilling method was 

performed on a sample taken from the damaged piping system (Fig. 7). The drilling was 

performed by SINT MTS 3000 drilling machine (Fig. 8). The drilling process was performed 

in twenty steps for a blind hole with the total depth 2 mm in accordance with ASTM E-837-

13a Standard [6]. The hole diameter was 1.6 mm. After each step, the magnitude of the 

released strains was recorded by the SPIDER measuring device with the strain gauge RY61-

1.5/120S. Fig. 9 shows the drilling process on the inside of the pipe. The residual stresses and 

the directions of principal normal stresses were determined using Eval 7 program according 

to ASTM E 837-13a Standard. The view on all locations of strain gauges is given in Fig. 9. 

 

Fig. 7 Location of the sampling from the damaged piping system. 

 

Fig. 8 Drilling process on the inner side of the pipe. 
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 (a) (b) 

Fig. 9 Locations of strain gauges: (a) outer side, (b) inner side. 

Table 1 gives values of the residual stresses and their directions for each measurement point 

determined according to ASTM E 837-13a Standard. The angle   represents the deviation 

of the direction of the maximum principal stresses from the axis parallel to the pipe axis. 

Table 1. Magnitudes of residual stresses and their directions according to ASTM E 837-13a Standard.  

Measured point Tube side  
max 

(MPa) 

min 

(MPa) 

  

(°) 

red 

(MPa) 

I external 44,19 -48,47 -82,77 80 

IV internal 347,26 169,74 42,84 300 

V internal 246,14 126,01 57,61 213 

High tensile stress levels were found by measuring residual stresses in the selected locations. 

Based on the above we can state that the values of the reduced stresses according to von Mises 

reached around 300 MPa, thus, achieving the yield strength of the used material. Despite the 

measured values of the residual stresses being relatively high, under normal operating 

conditions even such stress levels would not cause a steam boiler failure considering the fact 

that the steam boiler has been in operation for about 4 years. As a result of a sudden change 

in the temperature in the piping system due to the failure of the control unit, the resulting 

superposed stresses exceeded the permissible values, which led to the failure of the welded 

joint. All the above-mentioned shows that the high levels of the residual stresses in 

combination with the emergency condition had the highest impact on the failure. 

Conclusion 

In the event of damage in welded steel structures, a comparative analysis of the material taken 

from the failure location with the new material is often used to determine the causes. In this 

case, however, no new material was available to the plant operator. For this reason, the 

authors proposed a methodology for assessing the further safe operation of the steam boiler 

on the basis of available data, i.e. supplied drawing documentation, description of the 

accident, material taken from the place of failure. 

The numerical modelling on a model case was performed, where: 

 The boundary conditions were defined on the basis of available information and the 

material properties of the model were defined according to the drawing 

documentation. 
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 The effect of temperature change was defined as the unit load, as the information on 

the temperature in individual parts of the steel structure is not registered by the 

operator. 

 The good agreement of the results of numerical modelling with the locations of weld 

failure. However, the achieved numerical values of stresses cannot be considered 

accurate, because it was a simplified model case. It is a qualitative rather than a 

quantitative analysis. 

Although the determination of residual stresses is currently well known, the authors consider 

their determination to be a quick tool to assess the current state of the structure after an 

accident. The main advantage is that, in addition to production technology, assembly 

inaccuracies and the like, they also take into account stresses from previous operation. Based 

on analysis of the residual stresses can be concluded: 

 Despite the fact that the measured values of residual stresses are relatively high 

(300 MPa), under normal operating conditions even such a stress level would not 

cause a steam boiler accident, which is documented by the fact that the steam boiler 

has been in operation for about 4 years.  

 As a result of a sudden change in the temperature in the piping system due to the 

failure of the control unit, the resulting superimposed stresses exceeded the allowed 

values, which led to the failure of the welded joint. 

 However, high levels of residual stresses are determined, it can be stated that further 

operation of the device is not safe, or that the assessment will require further in-

depth analyses, the implementation of which is often more time-consuming and 

costly. 

The paper showed the steam boiler failure based on the measurement of the residual stresses 

in locations of the damaged structure, in this case of the piping system. Detection of possible 

causes by analytical or numerical modelling in such cases is almost impossible as it depends 

on many unknown factors entering the calculation. From the above conclusions as well as 

taking into account the previous trouble-free operation of the steam boiler, it can be stated 

that after the repairs of the identified cracks, the steam boiler can be operated safely. 
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Abstract: Prestressed bolted connections are commonly used for anchoring machinery 

and equipment, where prestress is induced by mechanically tightening the nut to the 

required torque. To ensure safe and reliable operation, the prescribed tightening procedure 

must be followed, especially in the case of anchor bolts embedded in a concrete 

foundation. The paper deals with the problem of anchoring a new casting stand using the 

original anchor bolts subjected to cyclic loading during rotation of the casting stand base. 

The aim was to propose a methodology to verify the reliable and safe operation of the 

original anchoring system, taking into account the current condition of the bolts. In order 

to assess the actual condition of the anchorage, as well as to determine the necessary 

prestressing, the authors proposed the use of a modified nut with a lightened first thread, 

whose shape and dimensions were determined on the basis of the results of numerical 

modelling using the finite element method. The suitability of the proposed methodology 

was experimentally verified by carrying out measurements under different loading modes, 

which took into account the actual operating conditions. The interpretation of the obtained 

results, including a comprehensive view on the safety of the anchorage, provides relevant 

evidence of the functionality and effectiveness of the proposed anchorage solution for the 

new casting rack.  

Keywords: Prestressed bolts; Operational measurement; Stress analysis 

1 Introduction 

Numerous standards deal with the design and connection of bolts (anchor bolts) with concrete 

[1,2]. In recent years, anchor bolt failures have been studied extensively in many ways, 

including experimental testing, numerical simulations, and verifications. Delhomme et al. [3] 

studied the experimental behaviour of anchor bolts under static tensile loading and also 

analysed the relaxation of these bolts. Li and Liu [4] studied the shear behaviour of the fully 

grounded bolts through experimental testing, during which the direct shear tests were carried 

out on three groups of specimens with different bolting angles or grout strengths, measuring 

shear loads, shear displacements, and strains in bolts. They observed that the bolts failed near 

the concrete foundation. Gong et al. [5] studied the failure analysis of anchor bolts used to 

fix a seawater booster pump in a nuclear power plant. They concluded that the failure was 

due to screw corrosion. The failure modes of anchor bolts under cyclic loading were 

investigated by Feng et al. [6]. They analysed the mechanical responses of bolts with different 

diameters and applied different cyclic loads. The behaviour of the bolted joints is also 

affected by the preload in the bolt. The preloaded anchor bolts were investigated and 

described in paper [7]. To investigate the bolts’ inner force quantities and displacement, 
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Huang et al. [8] analysed the influence of the anchorage length using the load transfer 

method. The obtained results confirmed that the increasing anchorage length caused 

significant unevenness of the interfacial shear stress distribution, and a greater bearing 

capacity of the anchoring bolt. Yang [9] investigated the mechanism of force evolution in 

bolts and found that bolts with different anchorage lengths should be used to support 

roadways with different deformation characteristics. His research concluded that the bolts 

should be kept in the deformation phase of the anchoring force as much as possible when the 

surrounding rock deforms. Liu et al. [10] proposed a stress reduction calculation method to 

calculate the actual stress of the bolt from the measured value registered by the pulse pre-

pumped Brillouin optical time domain analysis technology of different types of bolts 

embedded in concrete with resin as an anchoring agent. However, dynamic loading also 

affects the lifespan of the bolt joint [11,12]. Trebuňa et al. [13] considered the possibilities 

of reducing the vibration amplitudes of the converter base through design changes and 

changes in the pre-stress of the screw connections. However, the high stress in anchoring 

bolts, among other things, causes serious deformation and damage of equipment, as well as 

steel constructions [14-16]. Lin and Wu [17] investigated the maximum axial force in bolts, 

employing conservative failure probability assumptions made by the finite element software. 

Using numerical simulations performed in Matlab, Zheng et al. [18] analysed the influence 

of different anchoring methods, changes in surrounding rock properties, bolt properties, and 

pre-tightened forces on the pre-stress distributions in the bolt body and surrounding rock. 

Miao [19] reviewed methodologies concerning bolt tightening force measurements and 

monitoring for loose bolts. 

The paper deals with anchor bolts embedded in concrete, which are part of the existing 

technological chain. For this reason, it is not possible to perform laboratory measurements. 

This problem was solved by using a modified slotted nut to relieve the first thread, which is 

the most stressed and is the main cause of failure of the bolted joint. The modification of the 

slotted nut is primarily associated with an increase in the dimensions of the nut, i.e. its height 

and external dimensions have been increased. 

2 Introduction to the anchoring of the casting pedestal 

The continuous casting of slabs is currently the most widely used method, in which the 

solidification of steel leads to the production of long steel products. Its fundamental principle 

is that the liquid steel is first infused from a ladle into a tundish and then distributed through 

many sprues in a vertical direction into water-cooled copper moulds. The ladles, transported 

by an overhead bridge crane and a casting pedestal, are used to bring the liquid steel from the 

converter to the tundish. The casting pedestal is used for constraining the casting ladles and 

their rotation from the reserve position to the casting position, and vice versa. It also serves 

to drain the molten steel into the emergency containers in case of a failure of the slide cap, 

and for lowering and lifting the casting ladles during various technological operations. It is 

a two-position pedestal realised as a lifting and rotating pedestal with a load cell. The 

supporting structure of the casting pedestal is formed mainly by steel weldments. Their 

dimensions and shapes are designed in such a way that after the casting ladle filled with liquid 

steel is placed in the reserve position, the casting pedestal ensures its transfer around the axis 

of the casting pedestal to the casting position. After casting the steel from this ladle into the 

tundish to about 25% of the liquid steel content, the second full pan can be placed on the 

other/opposite traverse side (in the reserve position). If there is only molten slag left in the 
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casting ladle (approximately 7000 kg), the pedestal is rotated so that the full ladle is moved 

from the reserve position to the casting position. Selected technical characteristics of the 

assessed casting pedestal (Fig. 1) are: 

• Maximum weight of the casting ladle with metal (steel)    260 000 kg; 

• Weight of empty ladle       70 000 kg; 

• Ladle lift height       800 mm; 

• Pedestal angular velocity      1 rpm; 

• Maximum angle of rotation      230°; 

• Roller track mean diameter      6 400 mm. 

 

Fig. 1 Basic parts of the casting pedestal: 1—hinging supporting baskets; 2—traverse beams; 3—connecting rods; 

4—bearing support pedestals; 5—roller bed; 6—supporting structure; 7—concrete foundation; 8—casting ladles. 

As part of the overhaul of the casting pedestal, some supporting members were replaced, but 

replacement of the anchor bolts embedded in the concrete foundation was not possible. When 

the original structure was disassembled, damage to the first threads on the concrete 

foundation side of some of the anchor bolts was found. As already mentioned, their 

replacement was not possible, or very difficult. Therefore, it was necessary to design another 

solution to achieve safe operation at the required bolted joint preload. By numerical 

modelling, a design modification of the nut was proposed to lighten the first threads. 

Subsequently, experimental measurements were carried out, taking into account real 

operational conditions. Based on the results obtained, conclusions were drawn on the further 

operation of the casting pedestal. The value of the considered preload of 180 kN in the bolted 

joints was taken from the original static calculation. Fig. 2 shows the layout of three types of 

anchor bolts (34 anchor bolts in total) with basic dimensions, which are used to fix the casting 

pedestal to the concrete foundation.  
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Fig. 2 Basic dimensions of anchor bolts and their layout. 

It was necessary to design the methodology of re-anchoring the casting pedestal so as not to 

damage the bolted connections (releasing the bolts in the concrete foundation), the repair of 

which would be not only technically and financially very difficult, but also time-consuming. 

In addition to the machining method, the lifespan of the anchor bolts under investigation is 

influenced, in particular, by the impact of notched effects, which is most significant and 

unfavourable during the fatigue loading of machine parts and structures. In the case of the 

bolt and nut, according to Fig. 3, the decisive design notches are in the following places: 

• Location 1—passage of the cylindrical part of the bolt to the head—this location is absent 

from the anchor bolts; 

• Location 2—thread runout; 

• Location 3—thread; 

• Location 4—bolt thread at the first nut’s support thread (the most common cause  

of failure). 

 

Fig. 3 Notch locations on the bolt. 

The fatigue notch factor is most significant in the bolt thread at Location 4. This fact is related 

to the stress distribution in the bolt thread, which changes significantly in the part of the 

thread bolted into the nut. The change in stress distribution is caused by the uneven force 

distribution in the bolt on the individual threads (Fig. 4) due to the different deformations of 

the bolt and nut.  
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Fig. 4 The uneven force F distribution in the threads. 

The first thread of the nut and the corresponding cross-section of the bolt are the most loaded. 

As a result, the first load-bearing thread exhibits the most significant notch effect, which is 

caused by the load from the force flow in the shank and the local bending of this most loaded 

thread. The fatigue notch factor for the threaded part of the bolt depends on the mechanical 

properties of the bolt, the technologies of its production, the shape of the thread profile, its 

surface, and the type and height of the nut. From the tests of bolted joints in which the fracture 

occurs at Location 4 (Fig. 3), it is possible to derive a four- to eight-fold notch effect. 

In this paper, a methodology for achieving the required bolted joint preload is proposed and 

experimentally verified, taking into account the damage to the threads on the bolt. The 

proposed design modification of the nut achieved the relieving of the first threads on the bolt, 

thus ensuring the safe and reliable operation of the casting pedestal anchoring. 

3 Materials and methods 

The aim was to design and experimentally verify a methodology for applying the required 

preload in the anchor bolts of a casting pedestal that had been in operation for less than 30 

years. The authors assumed real operational conditions where it was impossible to perform 

the test tightening of nuts exceeding the allowable values of axial forces in the bolts, as they 

could not be released from the concrete foundation. In such a case, the new casting pedestal, 

and thus the entire production, would be undesirably shut down. When proposing the 

methodology, the authors utilised proven knowledge obtained from the failure of bolted 

joints, where in similar cases, the damage most often occurred at the place of the first load-

bearing thread (see Fig. 3). Nuts with notches were designed and subsequently fabricated 

using numerical modelling based on the finite element method to achieve the required 

preload. The notch was used to provide a relieving of the first threads (Fig. 5b). 

A methodology for measuring the axial forces in the anchor bolts under the operational load 

was proposed and experimentally verified using dynamometers to verify the functionality of 

the bolted joint (set preload) and assess the safe operation of the casting pedestal. Before 

tightening the nuts, a strength calculation of the preloaded anchor bolts was performed to 

assess their safe operation, taking into account the loading history to date. 

4 Proposal of nuts modification using finite element method (FEM) 

To reduce the significant notch effect of the normalised thread as much as possible, it was 

necessary to ensure the best possible quality of its surface at the root of the profile, and to 

reduce the relative load on the first and second threads. This can be done through structural 

modifications based on the idea of changing the deformation stiffness of the nut around the 

first threads. By reducing the cross-sectional area of the nut (contact of the nut with the 

washer), the conditions for the bending expansion of the nut were created. In addition, when 
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the normalised nut is tightened to higher torque, plastic deformations and the compression of 

the first co-locking threads on the nut and bolt occur. Depending on the magnitude of these 

undesirable phenomena, damage to the bolts occur, which in the case of anchor bolts are 

extremely technically demanding to replace. Therefore, the authors’ attention was on 

achieving an optimum stress distribution of the co-collecting threads of the nut and bolt. 

Fig. 5a shows the model of the normalised nut M56, and Fig. 5b shows the nut with the notch 

formed. As the first threads were relieved, to create a notch with the required dimensions, it 

was necessary to change the outer dimensions and the total number of threads in the nut, as 

shown in Fig. 5b. The proposal of the outer dimensions was based on the dimensions of the 

torque wrench head (Enerpac HXD 120-CC1290). 

 

 

 

 

(a) (b) 

Fig. 5 Sections through the analysed matrices: (a) normalised nut; (b) modified nut with the designed notch. 

Fig. 6a,b show the bolted joint model with the finite element mesh formed and the boundary 

conditions defined. By using symmetry, only 1/12 of the overall model was modelled. The 

nut was simply supported and the bolt was loaded by the force equal to 15 000 N. The mesh 

of normalised nut M56 consisted of approximately 155 000 volume finite elements with 

quadratic approximations, and approximately 230 000 nodes. The mesh of the nut with the 

notch consisted of approximately 456 000 volume finite elements with quadratic 

approximations, and approximately 668 000 nodes. 

The FEM was a qualitative comparison of stress levels for different nut shapes, so for this 

reason only a static analysis with linear elastic material behaviour was performed. The 

material properties of the bolt and nut were the same, i.e., the yield strength was 355 MPa 

and Young’s modulus was 
52 10 MPaE   . Fig. 7a,b show details of the equivalent stress 

fields around the first relieved threads. From comparing the values of the maximum 

equivalent stresses around the thread root (from 379 MPa to 226 MPa), it is clear that the 

above modification resulted in a reduction of equivalent stress by approximately 40%. When 

designing the dimensions and shape of the notch, the technological procedure of its 

production was taken into account. 



 Experimental Stress Analysis 2023 
 6 – 8 June, 2023, Košice, Slovakia 

195 

 

 

a) b) 

Fig. 6 1/12 of the overall model: (a) normalised nut; (b) designed nut. 

  

(a) (b) 

Fig. 7 Fields of equivalent stress around the root of the first thread on the anchor bolt when using: (a) normalised 

nut; (b) designed nut. 

Fig. 8 shows a top and bottom view of the modified nut proposed by the authors. 

  

Fig. 8 Top and bottom view of the modified nut. 
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5 Measurement at operational loading 

As already mentioned in the introduction, the first step was to set the required value of the 

axial force in the prestressed bolted joints. For the adjustment, prototype dynamometers 

designed by the authors were used, see Fig. 9, Fig. 10a. The dynamometer was designed in 

such a way that the responding magnitude of the axial force in the bolt induced by tightening 

the nut could be determined based on its deformation measured by strain gauge sensors. The 

same dynamometers were used in the second stage for the operational measurement of axial 

forces during the manipulation of the casting stand. The most stressed bolts No. 8, No. 11, 

No. 19 and No. 24 (see Fig. 2) were chosen for the operational measurements. The authors 

had prepared four dynamometers, but at the beginning of the operational measurements one 

of them was damaged by the operator. Therefore, the operational measurements continued 

on three anchor bolts. 

 

 

(a) (b) 

Fig. 9 Setting the required preload value (200 kN) in the anchor bolt No. 10. 

After a detailed analysis of the condition of the anchor bolts, as well as of the measures taken 

to relieve the first and the other three bolt threads at the nut location, and also taking into 

account the previous history of the loading of the anchor bolts, the authors determined the 

preload forces in the individual anchor bolts as follows: 

• Anchor Bolts No. 1 to No. 24 should be preloaded to an axial force corresponding 

to 200 kN, which corresponds to a given state of bolts, nuts, and washers when defining 

a pressure value of 120 bar; 

• Anchor Bolts No. 25 to No. 34 should have a preload with regard to the passage of the 

thread into the shank as well as the flexibility of the supporting structure, and a lower range 

of operational axial forces of 180 kN, i.e., approximately 110 bar. 

Dynamometers 1 to 4 were used to measure the time changes of the axial forces in the anchor 

bolts on the casting pedestal. When selecting the anchor bolts under consideration, effort was 

made to remove the most, or nearly the most loaded bolts. Based on the above requirements, 

anchor Bolts No. 8, No. 11, No. 19 and No. 24 were selected, which are located on the outer 

contour of the supporting structure, therefore the preload value was selected at 200 kN. After 

putting the casting pedestal into testing operation and balancing the strain gauge apparatus 

connected to the completed measuring chain, the strain gauge measurement of changes in the 

axial forces in the anchor bolts began. Unfortunately, the first measurements showed that the 

cabling on Dynamometer 4 was damaged by the operating personnel. Due to the time 
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duration of the planned outage of the casting pedestal, it was not possible to perform its repair. 

Therefore, the operational measurement was continued by using only three dynamometers. 

The first operational measurements, which were performed only when rotating the casting 

pedestal without the ladle in the first and second basket, showed that the changes in the axial 

forces in the bolts did not exceed 6 kN in these measurements. Fig. 10 shows the time courses 

of changes in the axial forces in Bolts No. 8 (dyn 3), No. 19 (dyn 1), and No. 24 (dyn 2) when 

rotating the casting pedestal without a ladle in Basket 1 and Basket 2, while the beginning of 

rotation at approximately 2000 s is from the position of Basket 1 from the reserve to the 

casting position. After a short interruption of the rotation, the rotation continues and the 

traverse is lifted. It can be seen from the course that the axial force increments do not return 

completely to zero after the return of Basket 1 to the reserve position (time 5000 s), which 

may be caused partly by inaccuracies in the return of the traverse to the same position, and 

also by the changed geometry due to the position of the rollers on the roller track. 

 

 

(a) (b) 

Fig. 10 Recording of time changes of axial forces when rotating the casting pedestal with empty baskets. 

Although these are forces that cause stress in bolts below 3 MPa, i.e., absolutely negligible 

components in terms of the resulting stress, they testify not only to the condition of the roller 

track but also to the stiffness of the supporting structure of the casting pedestal. 

The following section shows the selected time changes of the axial forces in Bolts No. 8, 

No. 19, and No. 24. The operator used ladles weighing 70 300 kg (empty) and 241 600 kg 

(full). Fig. 11 shows the time changes of the axial forces when loading the empty ladle into 

Basket 1 in the reserve position at about 50 s after the start of the measurement. It can be seen 

that a positive increase in axial forces occurred in Bolts No. 19 and No. 24, which is caused 

by the fact that, after loading the empty ladle, the preload in Bolts No. 19 and No. 24 is 

reduced, and this is reflected by an increase in the deformation part of the dynamometer, 

resulting in a positive reading on the strain gauge apparatus. Simply put, if the preload in the 

bolts were not set, it would not be possible to register a decrease in the axial force. At a time 

of about 100 s, the rotation of the casting pedestal with an empty ladle in Basket 1 started 

from the reserve position to the casting position, which caused changes in the polarity of the 

force increments in the bolts when Basket 1 was moved to the casting position. It is evident 

from the courses that in this operation the axial force range in Anchor Bolt No. 8 is 25 kN, 

in Anchor Bolt No. 19 it is 13 kN, and in Anchor Bolt No. 24 it is 19 kN. At the end of the 

time period (Fig. 11), Basket 1 with an empty ladle was in the casting position. 
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Fig. 11 The time courses of axial forces in Bolts No. 8, No. 19, and No. 24 when loading the empty ladle into 
Basket 1 and rotating the pedestal to the casting position. 

In order to assess the safe operation of the casting pedestal, the following operational modes 

were examined: 

I. Rotation of the pedestal without a ladle in Baskets 1 and 2; 

II. Loading the empty ladle with subsequent rotation, and lifting of the ladle in the 

casting position in Basket 1 and subsequently in Basket 2; 

III. Loading a full ladle weighing 241 600 kg into Basket 1 and subsequently into Basket 

2, rotating the pedestal, and lifting and launching the basket with the ladle; 

IV. Loading the empty and full ladle and handling the pedestal, including the replaced 

ladles in baskets. 

After analysing the time records of changes in the axial forces in the bolts in the above-

mentioned operational modes of the pedestal, it was found that the maximum range of 

changes in the axial forces iN  in the measured bolts is the following: 

8 19 2461 kN, 60 kN, 61 kN.N N N       

Conclusion 

At the outset it should be noted, that as mentioned above, the operational measurements of 

the time changes of the axial forces were carried out with an empty ladle weight of 70 300 kg 

and a full ladle weight of 241 600 kg. In the technical characteristics of the casting pedestal 

defined by the operator, the values of an empty ladle at 70 000 kg and a full ladle at 260 000 

kg were defined, which represents a difference of 0.43% in the case of an empty ladle, but in 

the case of a full ladle its maximum possible weight is 7.1% higher, thus the stress and strain 

fields in the elastic behaviour of the structure will be higher according to the stated difference, 

including axial forces. Therefore, in the subsequent analysis, it was necessary to consider 

their increase by 7.1% at the measured maximum values of an axial force range of 61 kN, 

i.e., with increased range max 65 kN.N   

From the analysis of the critical points on the anchor bolts, it can be seen that the replacement 

of the original nuts with new nuts played a very important role, as the first thread of the bolt 

in the nut is more than twice as sensitive to the occurrence of a failure as the thread 
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termination point. The anchor bolt’s failure limit is determined by a location which, despite 

the frequent occurrence of the failure, is a much safer cross-section. 

The experimental determination of axial force ranges has shown that the calculation of the 

forces in the anchor bolts ensures a high value of anchor safety. On the other hand, the force 

measurement methodology and the interpretation of the results achieved, including 

a comprehensive view of anchoring safety, provides relevant evidence of the functionality 

and effectiveness of the proposed solution. 

In order to ensure safe operation of the anchoring during the lifespan of new parts for the 

casting pedestal, and taking into account the accumulation of damage to the anchoring bolts 

to date, it is necessary to apply the current recommendation of the authors that, when placing 

a full ladle in the casting pedestal and when rotating it, there should always be an empty ladle 

or a ladle with molten slag in the other basket. In accordance with the fatigue curve for the 

material values of the bolt and in the implementation of 35 melts per day, the lifespan of the 

bolts of the casting pedestal will be approximately 10 years. Otherwise, if a full ladle is 

always loaded into the casting pedestal and there is not at least an empty ladle on the other 

side, the lifespan of the anchoring will be reduced to about one third. 
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Abstract: The article focusses on the effects of waste Si-based material on the mechanical 

properties of the resulting cement pastes. In this study we use Portland cement CEM I 

42.5R and Si-based waste materials from the packaging industry from Recifa, a.s. The 

difference between individual samples was in the concentration of Si-based materials. We 

investigate the influence of five different amounts of SiO2-based materials, namely, 10 wt. 

%, 20 wt. %, 30 wt. %, 40 wt. % and 50 wt. %. The determined mechanical properties 

were compressive and flexural strengths. Mechanical properties were investigated in 7 and 

28 day samples with dimensions equal to 40 × 40 × 160 mm. The results showed a negative 

effect of Si-based materials on mechanical properties. 

Keywords: Waste Si-based materials; Cement pastes; Mechanical properties 

1 Introduction 

Sustainability of concrete depends on its composition and origin of its components, being in 

general a binder, and fillers. Depletion of these natural resources hinders the sustainability of 

concrete structures. One of the possible strategies to mitigate the environmental impacts of 

concrete production is replacing quarried fillers with construction and demolition waste 

(CDW). The efficient utilization of CDW has become a major topic of research in civil 

engineering during the last decade [1]. The incorporation of larger CDW pieces (mostly 

aggregates, masonry, asphalt pavement, glass) has become a common practice in the 

construction industry, but the utilization of subsieve fractions (<0.250 mm) of silicon (Si) 

based materials has not been established despite the common use of microfillers, such as 

microsilica [2]. Si-based waste is one of the major environmental problems worldwide, 

because glass can be taken as non-biodegradable, when landfilled can trigger severe 

environmental pollution, and large deposits are not economically feasible. From the point of 

view of origin, it is further divided into packaging waste industry, construction industry, 

automotive industry, energy industry, etc. Each source brings with it different sources of 

micro-level additives and impurities that are likely to react in cement composites. 

The use of waste Si-based materials as alternative fillers to concrete have attract interest of 

different researchers. However, when added in relevant amounts, the addition of these 

secondary materials is associated with deterioration of mechanical strength due to the 

formation of ITZ [3]. It turned out that more than 20 wt.% replacements of raw materials 

with the Si-based secondary fillers are not suitable for cementitious composites [4]. Smaller 

amounts are sufficient to fill pores [5] while disrupting the microstructure due to the 

formation of ITZs at an acceptable level. Waste Si-based materials are not optimal – their 

specific surface is relatively large, multiplying the negative effects. But the effects are always 

hard to estimate or predict, since micro-level additives exhibit complex interactions with the 

grains of binder, that are often larger and become coated by the filler particles. The ITZs 

usually formed due to transport of chemical elements [6, 7]. 
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The present paper describes the basic effects of Si-based waste materials on a pure cement 

paste formed from Portland clinker cement. 

2 Materials and samples 

The test samples were composed of Portland cement CEM I 42.5R (Heidelberg Cement 

Czechia - Radotín) and different amounts of waste silica (SiO2), which comes from waste 

materials from the packaging industry from Recifa, a.s. CEM I 42.5R had grain sizes up to 

180 microns and contained large amounts of allite (C3S) 74.6% and smaller amounts of other 

clinker minerals (C2S 7.2%, C3A 8.1%, C4AF 8.5%). In contrast, the waste silica had a grain 

size of up to 80 microns, and therefore, the effect on the workability of the fresh mixture was 

investigated. Five concentrations of SiO2 were tested: 10 wt. %, 20 wt. %, 30 wt. %, 40 wt. 

% and 50 wt. %. The samples were compared with reference samples composed of Portland 

cement only.  

The amount of water was the same in all mixtures. The experiment investigated the 

possibility of substituting cement. Therefore, the water to binder ratio (w/b) was the same in 

all fresh mixes at 0.35.  Compared to that, the water to cement (w/c) ratio varies from 0.37 

to 0.7. The workability of the fresh mixtures was determined by flow table test during the 

sample production. The composition of individual mixes and the workability of fresh 

mixtures can be seen in Tab 1. Each set consisted of 6 samples with dimensions equal to 40 

× 40 × 160 mm. The next day after production, the test samples were demoulded and stored 

in a water bath at temperature of 22±5 °C. 

Table 1. Composition of the testing samples.  

Set 
CEM I 42.5R 

[kg] 

SiO2 

[kg] 

Water 

[kg] 

Water/cement 

ratio [-] 

Flow test 

[mm] 

REF 3.0 0.0 1.05 0.35 205±5 

S10 2.7 0.3 1.05 0.39 210±5 

S20 2.4 0.6 1.05 0.44 205±10 

S30 2.1 0.9 1.05 0.50 215±1 

S40 1.8 1.2 1.05 0.58 205±1 

S50 1.5 1.5 1.05 0.7 195±5 

3 Experimental methods 

Flexural and the compressive strengths were determined using the Web Tiv Ravestein 

devices on 7- and 28-days old samples. The resulting value was determined as the average of 

values excluding the lowest and highest values, and the standard deviation was determined. 

The flexural strength was determined by a three-point bending test. The test is performed on 

a beam with dimensions of 40 × 40 × 160 mm supported on two supports 100 mm apart, 

which is loaded by force in the centre of the beam. Flexural strength was determined from 

the relationship between the maximum force achieved and the dimensions of the beam at the 

fracture point. Three samples of each mixture were tested. The testing was displacement 

controlled at a constant rate of 1 mm/min. 

The compressive strength was determined by uniaxial compressive test on the half samples 

with dimensions of 40 × 40 × about 80 mm (broken parts of samples after bending test). The 
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loading area was 40 × 40 mm. Six samples of each mix were tested. The testing was 

displacement controlled at a constant rate of 5 mm/min. 

4 Results and discussion 

The results show the effect of waste Si-based materials on the flexural strength (Fig. 1) and 

the compressive strength (Fig. 2) of cement pastes. The results show the negative effect of 

SiO2 waste on the seven-day flexural strength and compressive strength of cement pastes. In 

the case of 7-day strengths 50 wt. % SiO2, there was a decrease of 33 % in flexural strength 

and 58 % in compressive strength compared to the reference sample.  

 

Fig. 1 Comparison of flexural strength (with standard deviations). 

 

Fig. 2 Comparison of compressive strength (with standard deviations). 

In the case of 28-day strengths, the difference in values is the same as in the case of 7-day 

strengths (flexural strength decreased by 34 %, compressive strength decreased by 54 %), 

which shows that the waste Si-based materials fulfills the function of a filler and does not 

participate in hydration [8]. 

Conclusions 

This work was focused on the effects of waste Si-based materials on mechanical properties 

of resulting cement pastes. The tested samples were composed of Portland cement CEM I 
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42.5R and waste SiO2 materials from the packaging industry from Recifa, a.s. The difference 

between individual samples was in the concentration of SiO2. Based on the results, it can be 

concluded that the introduction of inert SiO2 results in a less compact structure of cement 

pastes, leading to deterioration of the flexural strength and the compressive strength.  A linear 

dependence of the decrease in strength with increasing amount of SiO2 can be seen. 

In the future, the research will focus on confirming effects of waste Si-based materials from 

the packaging industry on mechanical properties of cement pastes by using scanning electron 

microscope with X-ray microanalysis by confirms the inert effect of waste SiO2 from the 

packaging industry on the phase composition of the composite. 
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Abstract: The paper is focused on the evaluation of the influence of surface treatment and 

machining parameters on the static and fatigue properties of additively manufactured parts. 

The internal defects and characterization of the specimens were further analyzed using 

scanning electron microscopy considering surface roughness, possible anomalies in 

surface chemistry and possible cracks. The influence of selected machining methods (heat 

treatment, CNC milling, electrolytic polishing, chemical polishing) and operating 

parameters is discussed in the paper. 

Keywords: Experimental; Stress; Analysis 

1 Introduction 

To reduce fuel consumption and CO₂  emissions in the aerospace sector, innovative solutions 

are being sought to reduce aircraft weight, including additive manufacturing (AM). 

Therefore, a high ratio of mechanical properties to weight is required. Due to this parameter, 

Ti6Al4V alloys are widely used in aircraft structures [1-4]. Nowadays, conventional 

processes such as casting and CNC machining are commonly used, but they lead to large 

volume losses, which causes higher costs. Additive manufacturing (AM) offers advantages 

in terms of weight, lead time, design, and functionality and allows the realization of 

alternative geometric shapes. Material strength characteristics can be better exploited. 

However, there are currently technological shortcomings [5] that have led to AM not being 

approved for applications on parts with high safety requirements, i.e., for use in primary 

aircraft structures. Therefore, it is necessary to focus on improving the "damage tolerance" 

parameters of such parts and quality control of printed parts. From this point of view, pores 

and other defects are particularly important and their occurrence cannot be completely 

prevented at present. However, the aim is to reduce the occurrence of defects to a minimum. 

The mechanical properties of the parts produced by AM technology can be further improved 

in various ways. The test program was designed in accordance with regulation requirements 

[6,7]. The presented paper is focused on the evaluation of the influence of surface treatment 

and machining parameters on the static and fatigue properties of additively manufactured 

parts. The work is a part of the Clean Sky 2 Joint Undertaking (JU) under grant agreement 

No 101007830 [8]. 

2 Manufacturing 

The AM parts were built from Grade 5 (Ti 6Al 4V) powder in the conditions “new powder” 

and “recycled powder”, the latter for assessment of the recyclability of used powder, i.e., 

powder which has been used in former AM processes but has not been fused. The chemical 

composition of the material is listed in Table 1. 
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Table 1. Chemical composition of the material (in wt.%). 

Al V Ti O N H Fe C 

6.20 3.98 balance 0.09 0.01 0.002 0.03 0.01 

Specimens have been built in an upright standing position on a building platform. 6 

specimens of each type (round and flat) can be built in one run (totally 20 pieces per 

processing batch, i.e., 120 test specimens have been produced). AM part on the build plate is 

shown in Fig.1. The paper deals with round specimens only. Several series of specimens had 

been manufactured with various post-processing methods – as built, stress relief (SR) 

treatment at 600 °C for 90 minutes, CNC machining, electropolishing (EP), plasma-

electropolishing (PEP), hot isostatic pressing (HIP) at 920 °C and 1000 bar for 2 hours, and 

heat treatment (HIT) at 800 °C for 90 minutes. Examples of various post-processed round 

specimens are shown in Fig. 2. 

 

Fig. 1 AM-parts on the build plate. 

 

Fig. 2 Round test specimen post-processing types appearance (from 
left to right side: as-built, electropolished, HIP and electropolished, 

CNC milled, HIP and plasma-electropolished, and HIT and plasma-

electropolished. 

3 Test methods and arrangement 

The static tensile tests were carried out according to the EN ISO 6892-1 standard [9] using 

Sinus (100 kN load cell) and Schenck (250 kN load cell) testing machines using hydraulic 

mechanical threaded holder fixtures. The static tests were done under displacement control 

at a test rate of 0.5 mm/min. The strain was measured using one axial extensometer (Instron 

2620-604, gauge length of 12.5 mm) attached to the test specimen. The extensometer was 

always removed during the test after reaching of axial strain value of 1%. All the static 

properties were calculated using the analysis module of Bluehill 3 software. The tensile test 

set-up detailed picture is shown in Fig. 3. 

The fatigue tests were carried out according to the EN 6072 standard [10] using Sinus 

(100 kN load cell) testing machine using mechanical threaded holder fixtures. The fatigue 

tests were done under load control using a harmonic loading (sinusoidal shape of the loading 

cycle) with a constant load amplitude. Cyclic loading of the specimens was performed at one 

level of stress ratio R = -1 and a nominal test frequency of 10-15 Hz. The fatigue curve was 

generated by performing a series of experiments at appropriate maximum stress or load 

levels, such that the desired range from 104 to 4.106 cycles was achieved. The run-out test 

specimen was tested at a higher load level in agreement with the EN 6072 standard. 
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The microfractographic analyses of the fracture surfaces were carried out using the TESCAN 

3SBU Scanning Electron Microscope (SEM). 

 

Fig. 3 Round static specimen test set-up – detail with an attached extensometer. 

4  Results 

Typical stress-strain curves of AM specimens are shown in Fig. 4. Mechanical testing of 

additively manufactured specimens with and without a post-treatment is summarized in Fig. 

5 and Fig. 6. Quasi-static tensile tests performed at room temperature showed a negative 

effect of higher temperature treatment procedures on the strength properties. The lowest 

properties exhibited hot isostatic pressured batches (down to 80% of the as-built batch); the 

highest ones were found in the case of the mechanically milled (CNC) samples. 

 

Fig. 4 Typical stress-strain tensile curves of as-built, stress-relieved, and CNC milled (SLM-SR-CNC) batch. 

Fatigue test results are summarized and compared in semi-logarithmic coordinates in Fig. 7, 

Fig. 8, and Fig. 9. The arrows in the Fig.s indicate either samples that have failed outside the 

critical area in the thread (shorter lives) or completed tests without failure (run out). Tabular 

comparison of post-treatment effect on the fatigue life at stress level of 400 MPa is presented 

in Tab. 2. A slightly worse fatigue behaviour could be observed in the case of the 

electropolished and heat-treated samples. Contrarily, the CNC machined batch shows a 

significantly improved fatigue behaviour. In the case of the heat-treated batch, no substantial 

effect on fatigue behaviour in the linear part of the fatigue curve is present, only a lower 

fatigue limit caused by the heat-treatment process could be observed (a large scatter of the 

HIP batch results is probably affected by an electro-polishing process). A noticeable 
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influence of plasma-electropolishing could be observed in the case of the HIP batches when 

compared to standardly electropolished samples, especially in the fatigue limit region (see 

Fig. 9).  

 

Fig. 5 Comparison of the Yield stress Rp0.2 and Ultimate tensile strength Rm for the as built condition (SLM SR) 
and post-treated configurations. 

 

Fig. 6 Comparison of the elongation for the as-built condition (SLM SR) and post-treated configurations. 

 

Fig. 7 Fatigue tests – Comparison of the fatigue data of electro/mechanical machining procedures with the as-built 

condition (SLM SR). 
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Fig. 8 Fatigue tests – Comparison of the fatigue data of a higher temperature treatment methods with the as-built 

condition (SLM SR). 

 

Fig. 9 Fatigue curve comparison (nonlinear 4-parametric regression) for round specimens’ batches (R=-1). 

Table 2. Effect of post-treatment on the fatigue life at stress level of 400 MPa (comparison with SLM SR). 

Batch Maximum stress (MPa) Mean fatigue life % ratio 

SLM-SR (original) 400 51 532 – 

SLM-SR-EP 400 35 289 68% 

SLM-SR-CNC 400 109 147 212% 

SLM-SR-HIP-EP 400 45 684 89% 

SLM-SR-HIP-PEP 400 64 977 126% 

SLM-SR-HIT-PEP 400 33 024 64% 

Despite the improved roughness, the electro/mechanical machining procedures caused an 

exposition of internal subsurface defects on the surface of the samples (open pores by 

removing up to 0.5 mm surface layer by milling) that acted as a stress concentrator facilitating 

the initiation of fatigue cracks and deterioration of the fatigue behaviour. Only in the case of 
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the HIP samples, a limited number of open defects in the test specimen’s surface have been 

observed that led to an improved fatigue behaviour connected with a surface initiation type. 

This resulted even in an order increase in fatigue life. Examples of two fatigue crack initiation 

modes for as-built and electropolished samples (tested at the same loading level of 400 MPa) 

in the form of fracture surface micrographs are shown in Fig. 10 and Fig. 11, respectively. In 

the case of the as-built sample, a typical sub-surface one-site initiation could be observed 

(Fig. 10), while the electropolished sample exhibited multiple initiations of a fatigue crack 

from the open pores (Fig. 11) resulting in a half fatigue life (Fig. 8). 

 

Fig. 10 Fracture surface of as built batch sample tested at the maximum loading level of 400 MPa with the 

resulting fatigue life of 67 483 cycles (SEM, up to 8000x magnification). 
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Fig. 11 Fracture surface of electropolished batch sample tested at the maximum loading level of 400 MPa with the 

resulting fatigue life of 37 372 cycles (SEM, up to 7000x magnification). 

Conclusion/Summary 

The following conclusion are stated: a negative effect of higher temperature treatment 

procedures on the strength properties; the lowest properties exhibited hot isostatic pressured 

batches (down to 80% of the as-built batch); the highest ones were found in the case of the 

mechanically milled (CNC) samples; a slightly worse fatigue behaviour in case of the 

electropolished samples (as compared with the as-built batch); improved fatigue behaviour 

in case of the CNC machined and HIP batches. Fractographic analyses supported the 

discussion of the results. 
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Abstract: This paper deals with the design and modelling of a joint made by a 3D printing 

method. The aim of the work is to test and prepare a suitable connection between two 

printed materials. To determine the best-performing type of joint, Load capacity is used as 

main criterion. For evaluation, two materials (PA12 and TPU) are used for performing 

experiments using a universal testing machine. After obtaining data, a mathematical model 

was developed to correspond with the experiment. A parametric study was performed to 

evaluate suitable modifications of the design. A computational model was done in the 

software ANSYS Workbench 2020 R2. The conclusion is the evaluation of the obtained 

knowledge and comparison of the experimental testing with the FEM analysis. The 

obtained results can be used for designing biomedicine aids. 

Keywords: Joint connection; Load-bearing capacity; Additive manufacturing; Finite 

Element Method 

1 Introduction 

Additive manufacturing is becoming more popular for making personalized biomechanical 

applications such as orthosis or prostheses which have typically complex geometries [1, 2]. 

The typical material for printing such applications is currently PA12 (Polyamide 12). 

However, some materials used directly with skin are rough and cause calluses, therefore there 

is a need for softer materials. These days, manufacturers are experimenting with TPU 

(Thermoplastic Polyurethane), which could replace foams. Current SLS (Select Laser 

Sintering) printers cannot print made of two materials.  

This paper deals with the design and testing of a joint that can connect two parts made of two 

materials with different mechanical properties, see Table 1 (the material data were obtained 

from articles [3, 4]). The main aim of the new joint is to have a strong enough connection of 

two parts for application and an additional but not mandatory requirement is to be able to 

dismantle the joint. The first part of the aim is to have a large load-bearing capacity for forced 

detaching. The second part is due to the ability to wash softer parts of the assembly to 

minimize health issues.  

This work is based on previous results of flexible structures which are used in biomechanical 

applications [5]. However, the applications were made of one material. due to the higher 

demand for using multiple materials, this work is aimed for investigating connecting these 

materials in various places of the part.  
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Table 1. Material properties of PA12 and TPU. 

Material E [MPa] ν [-] σY [MPa] ET [MPa] A [%] 

PA12 1 224 0.39 21 334 18 

TPU 

(1301) 
60 0.4 5 

0.06 
250 

2 Method 

The first step was to design two types of joints for this application base on different concepts 

[4]. The first joint is a customization of the dovetail joint (see Fig. 1) but applied for polymer 

materials. This type of joint is typical in wood applications (it is a standardized joint). 

However, it was necessary to slightly alter it due to the manufacturing process (3D printing), 

which meant removing sharp edges. The second joint was the annular joint (see Fig. 2), which 

has no standard. For each joint, three variants were created which different dimensions (see 

Table 2 and Table Table 3). It should be noted that the left part of the joint from Fig. 1 and 

Fig. 2 was made of PA12, and the right part was made of TPU (1301). Both parts were printed 

from virgin powder. Depending on the design of the joint, there is a possibility of limited 

movement (rotation) of connected parts. In our application, it was necessary to restrict this 

movement. 

 

Fig. 1 Scheme of dovetail joint. 

 

Table 2. Dimension of dovetail joint (left part PA12, right part TPU). 

Dimensions 
a 

[mm] 

α 

[°] 

b 

[mm] 

c 

[mm] 

d 

[mm] 

e 

[mm] 

L 

[mm] 

R1 

[mm] 

R2 

[mm] 

R3 

[mm] 

t 

[mm] 

Variant 1 1.00 25 0.88 1.95 1.00 1.07 10.0 0.30 0.10 0.20 1.00 

Variant 2 1.50 25 0.90 3.02 1.50 2.14 10.0 0.30 0.10 0.20 1.00 

Variant 3 1.50 40 0.88 1.95 1.50 1.19 10.0 0.30 0.10 0.20 1.00 

 

 

Fig. 2 Scheme of the annular joint (left part PA12, right part TPU). 
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Table 3. Dimensions of annular joint. 

Dimensions 
a 

[mm] 

α  

[°] 

b 

[mm] 

L 

[mm] 

R1 

[mm] 

R2 

[mm] 

t 

[mm] 

Variant 1 1.07 25 1.00 10.0 0.20 0.10 1.00 

Variant 2 2.14 25 1.50 10.0 0.20 0.10 1.00 

Variant 3 1.19 40 1.50 10.0 0.20 0.10 1.00 

In the second step after manufacturing these variants, experiments were performed using the 

universal testing machine (TESTOMETRIC M500-50CT) with the force sensor (S2M). The 

force sensor is in the range of 0 – 100 N. Specimens were thoroughly cleaned and put in jaws 

of the machine (see the example presented in Fig. 3). The velocity of the jaws was set 

to v = 5 mm/min. The machine was running until disjointing. From the experiment, we 

obtained a relation between acting force and displacement. In the beginning, joints had linear 

characteristics. However, it was not linear in full range. The experiment was performed for 

each variant using five specimens. The presented results in Fig. 4 represent Variant 2 of the 

annular joint (specimen O) and Variant 3 of the dovetail joint (specimen L). 

 

Fig. 3 Clamping of the annular joint in the universal testing machine.  

 

Fig.4 Force displacement diagram of specimens O and specimens L. 

As it is apparent from Fig. 4, specimen L had a smaller load-bearing capacity for disjointing 

than specimen O. For the following study, we focused on the annular join. In the third step, 
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we performed numerical modelling using the finite element method. The numerical model 

contained multiple nonlinearities, such as material model, contacts, and large deformation, 

similarly as previous research of load-bearing capacity of wires ropes [6]. Because of these 

nonlinearities, we chose plane stress analysis, which is a simplified simulation than volume 

one, but it provided us with enough accurate results for our case. The numerical model used 

symmetry and had 5 948 nodes and 1 864 elements. Material models were elastic-plastic 

materials using bilinear isotropic hardening. The used mechanical properties are listed in 

Table 1. This model aimed to get the same load-bearing capacities as the experiment. For 

evaluation of difference between numerical modelling and experiment, following expression 

is used 

𝑒𝑟𝑟 =
𝐹𝐿𝐴𝐵𝑎𝑣𝑒−𝐹𝐹𝐸𝐴

𝐹𝐹𝐸𝐴
⋅ 100 (%),  (1) 

where 𝐹𝐿𝐴𝐵𝑎𝑣𝑒
 is average load capacity obtained from experiment and 𝐹𝐹𝐸𝐴 is load capacity 

obtained from numerical modelling. Evaluated difference was 7.7 %. Additionally, we 

obtained a field of stresses (Fig. 5) and mainly plastic strains after disjointing using the finite 

element method. Comparison of experimental data and of numerical model is presented in 

Fig. 6. 

 

Fig. 5 Field of equivalent von Mises stress during maximal load corresponds to the load-bearing capacity. 

 

Fig 6 Comparison of experimental data with finite element analysis. 

The fourth step was a parametric study of the key parameter. The parametric study dealt with 

investigating the change in the load-bearing capacity due to resizing the filler’s radius R1, 

see Fig. 7. Radius R1 was assumed as an important geometrical parameter influencing load-

bearing capacity. The rest of the dimensions was not the task of the parametric study even 

though they might affect stiffness or the load capacity. Totally 6 values of the radius were 
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studied. The dimension is limited due to the limitation of manufacturing (a small radius is 

difficult to manufacture) and larger values are affected by dimension d. The study resulted in 

lowering the radius enlarged the load-bearing capacity which is apparent from linear 

regression in Fig. 7. For the larger load-bearing capacities during disjointing, it is crucial to 

have it caught by the slot of the tougher part. 

 

Fig. 7 Parametric study of radius R1. 

Conclusions 

With the advent of new types of biomechanical application, it is necessary to research 

possibilities of connecting various 3D printed material. We designed joint connections made 

of two materials (PA12 and TPU) with main aim to maximized possible load-bearing 

capacity. In this paper, we presented two types of joints (dovetail and annular). We performed 

experimental measurement of two possible variants and prepared numerical model which 

was later used for parametric study. 

Comparing the experiment load-bearing capacity with one obtained from the numerical 

model, the error is 7.7 %. However, numerical modelling had different characteristics than 

experimental ones, see Fig. 6. Our explanation of this phenomenon was manufacturing 

inaccuracies, which can be minimized by precious printing. Numerical modelling used 

simplified analysis which might have affected results. The material models used rather a 

simple plasticity model. The contact was also simplified since the surface of the part is 

affected by heat treatment. In this study, we focused only on maximal force before 

disjointing, therefor model was enough suitable for parametric study. After the parametric 

study, it was apparent that radius R1 affects load capacity greatly because it might allow 

a smoother transition of parts (which led to lower values of load capacity). 

The presented numerical model is suitable for fast parametric studies but has a lot of 

shortcomings. For better evaluation of the whole characteristic, one should the material 

model and prepare a volume analysis of the joint. After treating these shortcomings, 

a numerical model can be used for preparing a better design of joints. 
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Abstract: To properly assess the stress distributions at the peri-implant area of a human 

maxilla, two variants of implant-supported overdentures (IODs) were evaluated using the 

Quantitative Computed Tomography-Based Finite Element Analysis (QCT/FEA). The 

used CT data were acquired from a 76-year-old edentulous male who was predetermined 

for an anterior maxillary replacement. Between the splinted and unsplinted variant, the 

bar-supported splinted variant showed favorable stress distributions both in bone and in 

the bodies of implants. 

Keywords: Splinted; QCT/FEA; Implant; Dental; Stress 

1 Introduction 

Implant-supported overdentures (IODs) are a treatment option that is often used when the 

patient’s bone quality is not sufficient, the lip line is not adequate for good phonetics and 

aesthetics or there is a buccolingual inclination of the alveolar ridge [1]. The system of 

connection between the overdenture and the implants includes the unsplinted attachments, 

such as various balls, locators and double crowns, or splinted attachments with many variants 

of bar and clip designs [2,3]. In literature, however, there is no clear consensus on which 

variant is better [4]. 

2 Materials and Methods 

2.1 Data acquisition 

We analyzed the maxilla of a 76-year-old male with sufficient dexterity. First, we checked 

the extraoral and intraoral requirements for an IOD were met [1]. Straumann SLA RN SP 

Roxolid implants were implanted in the most suitable sites of the patient’s maxilla and a 3D 

X-ray was performed (Fig. 1). Then, a QCT/FEA (Fig. 2, Quantitative Computed 

Tomography-Based Finite Element Analysis) was performed in Mechanical Finder. 

 

Fig. 1 The 3D X-ray scan of the patient that was obtained with the Planmeca ProMax ®3D Classic. 
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Fig. 2 Left—The QCT/FEA reconstruction with prosthetics, right—the laboratory X-ray model. 

2.2 Analyzed implant variants 

After the reconstruction of the maxillary model, we modelled two variants of the implant 

assemblies—a splinted and an unsplinted variant, shown on Fig. 3. The model also contained 

the overdenture made from PEEK (polyetheretherketone) (Fig 4). 

  

Fig. 3 Left—The splinted design chosen for analysis, right—the unsplinted locator design. 

2.3 Boundary Conditions 

Simulations were performed in three load cases. The load was always represented by a force 

slanted in the buccolingual direction. The first load case was loading of both maxillary central 

incisors by 150 N in the frontal region with the force being slanted by 35°, the second by 

600 N in the distal region on both molars and slanted only by 5° and the third by 600 N in 

the distal region on the first premolar with force components only in the direction of the 

implant axis. The model was constrained by fixing a section of the cut-off, as shown on 

Fig. 4. 

3 Results 

The results shown on Fig. 5 are comparisons of equivalent stress between the splinted and 

unsplinted variant in bodies of implants. Aside from the first load case (150 N, 35° slanted 

on incisors), the splints show great contribution towards the overall stiffness of the structure 

and redistribute stress into the whole assembly—unlike the unsplined variant, where stresses 

concentrate into individual implants and create large concentrations of stress.  
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Fig. 4 The complete model with the force from the first load case. Yellow color represents constrained nodes. 
Green color represents loaded nodes. The model now also contains the prosthetic from PEEK. 

 

Fig. 5 Isolines of Equivalent (Von-Mises) stress in bodies of implants of both analyzed variants. Column A—1st 
load case, column B—2nd load case, column C—3rd load case. Top row is the splinted variant, bottom row the 

unsplinted variant. 

The splinting effect also prevents excessive displacements of the implants, which in turn has 

a positive effect on concentrations of stress in bone (Fig. 6). The splinted variant shows only 

small areas with concentrations of minimum principal stress. The unsplinted variant, where 

the stiff implants were displaced into bone, shows large concentrations of stress at the 

implants’ apices. The isolines on Fig. 6 also show the positive effect of splinting on reducing 

the stresses from flexion (bending). 
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Fig. 6 Isolines of Minimum Principal Stress in bone for both analyzed variants. Column A—1st load case, column 
B—2nd load case, column C—3rd load case. Top row is the splinted variant, bottom row the unsplinted variant. 

Conclusion/Summary 

According to the results from the QCT/FEA analyses, the splinted variant shows smaller 

concentrations of stress in implants and more favorable stress distributions among all load 

cases. The splinting effect seems to have a positive effect in fixed implant-supported 

solutions for edentulous patients. This simulation was performed on an X-ray scan, which is 

arguably harder to work with (weaker imaging capabilities) than a CT scan but can still result 

in acceptable results if reconstructed properly. Models like these should always include the 

prosthesis as it provides additional stiffness and load redistribution which helps the 

unsplinted variant. 
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Abstract: This paper presents a review of rotordynamics with a specific emphasis on the 

Laval rotor. The authors describe the development of a virtual model of the Laval (Jeffcott) 

rotor using the MSC.ADAMS software. The study focuses on analyzing parameters related 

to the stability of the rotor's operation, such as the critical angular velocity and the 

trajectory of the rotor's center of gravity (CoG orbit). These parameters were monitored 

and evaluated throughout the analysis. 

Keywords: Laval’s rotor, Jeffcott rotor, rotordynamics, Adams, rotary machines, MATLAB 

1 Introduction 

Currently, the primary objective of advancements in rotor dynamics is to attain increasingly 

higher operating speeds. This is because higher rotational speeds in energy machines lead to 

greater energy generation or transformation, particularly in production settings, resulting in 

enhanced productivity gains [1]. Although there has been progress in this field in recent years, 

rotor dynamics remains an extensively researched area, with studies aimed at effectively 

utilizing existing concepts in new domains and gaining a better understanding of the 

behaviour of rotating systems. Non-linear and non-stationary rotor dynamics are specific 

areas that require extensive and in-depth research [2]. 

2 Rotordynamics 

Field of applied mechanics that focuses on studying the behaviour, operation and diagnostics 

of rotating machinery and equipment [1]. The most basic form of rotating machinery consists 

of a rotating component (such as a shaft or disk) that is supported by a structure and bearings 

(called a Laval’s rotor). As the rotational speed of the machine increases, the unbalance of 

the system causes an increase in the magnitude of the oscillations. At critical speeds, the 

amplitude of these oscillations reaches a maximum value. Examples of rotating machines are 

steam and gas turbines, crankshafts of internal combustion engines, gearboxes etc. 

3 Laval’s rotor 

When examining the shaft bending and center of gravity (CoG) trajectories of rotating masses, 

a simple model of an immaterial shaft and point mass representing rotating masses that are 

attached to it, can be used [3]. If we want to add more complexity to the numerical  

(or analytical) model, we can include shaft mass in the total mass of the system. The system 

can be classified as being damped or not. Additional parameters that can be used to describe 

the system include the method of shaft mounting and deformability of the bodies that form the 

system [4]. 

Laval’s (Jeffcott) rotor can be assembled in three ways: 

 Flexible (compliant) shaft system 
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 System with rigid shaft and compliant bearings 

 System with flexible (compliant) shaft and compliant bearings 

4 Computational model of undamped Laval’s rotor 

System characterized by its placement in rigid rotating supports [3]. A rigid disk is mounted 

symmetrically on a flexible shaft without any eccentricity. The initial deflection of the center 

of gravity (CoG) from the central axis (which is the centerline of the rigid rotational support) 

occurs in the vertical direction of the y-axis and is proportional to the gravity of the system. 

  

Fig. 1 Disk symmetrically mounted on flexible shaft and rigid supports. 

All material constants are based on the material Steel S235 chosen from the material library 

of MSC.Adams.  

Table 1. Other parameters used in the computational model. 

Parameters Denotation Nominal value Units 

Shaft length Lh 585 [mm] 

Shaft diameter dh 10 [mm] 

Disk width bk 25 [mm] 

Disk diameter dk 75 [mm] 

Shaft mounting distance from disk lb 250 [mm] 

5 Simulation results 

Table 2. Simulation parameters. 

End Time 25 [s] 

Step size 0.0001 [-] / 10 [kHz] 

Solver WSTIFF/I3 

Rotor’s angular velocity starts at 130 [rad/s] and its linear ramp is given by the function 

130+15∙time [rad/s]. Rotor rotates clockwise (CW) and starts at equilibrium. 

 

Fig. 2 Deflection in Y axis. 

 

Fig. 3 Deflection in Z axis. 
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Fig. 4 Deflection magnitude. 

Analysis shown the presence of the first critical and the second critical angular velocity in 

the projected time interval of 25 [s]. Deflection of CoG (Fig. 4) of the first angular velocity 

ω1crit = 223,7 [rad/s] (located at t1 = 6,23 [s]) has much higher amplitude than the second 

critical angular velocity ω2crit = 447,6 [rad/s] (located at t2 = 21,18 [s]). This difference 

between the amplitudes is caused by the different shapes of the first and the second modal 

frequencies (Fig. 5, 6) [5]. 

 

Fig. 5 First mode. 

 

Fig. 6 Second mode. 

For a better visualisation of the CoG defflection, it can be projected to the 3D plot (Fig. 7), 

where the bottom plane axes represent deflection in particular axis of the rotor and the vertical 

axis represents time or angular velocity (these are interchangable).  

 

Fig. 7 3D representation of CoG deflection. 

For a better display and wider option of diagram modification, were the output data exported 

from MSC.Adams to MATLAB. 
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Fig. 8 Square diagrams of system CoG orbit at different speeds and size comparison. 

To inspect the CoG orbits we have to cut diagrams in the points of interest. Usually, these points 

are located at and around the desired operating speeds of the machine or at critical velocities. 

Therefore, the orbits of analysed rotor model are evaluated at the time of first two critical 

velocities (Fig. 8). 

Summary 

The deflection amplitude for both the Y and Z axes steadily increases (as shown in Fig. 4), 

with the maximum amplitude being reached at 1st critical velocity (as might be seen on Fig. 

2,3,4). The rotational supports exhibit equal stiffness in both the Y and Z axes, which causes 

the first and second critical angular velocity of the rotor to remain the same for both axes. 

The weight of the disk acting on the flexible shaft causes deflection (as seen in Fig. 2 - 

Deflection in Y axis) from the initial position of the center of gravity of the bent rotor. Second 

critical velocity is equal approximately double the first critical velocity. In compare with the 

circular orbit of 1st critical velocity its orbit has elliptical shape (Fig. 8). 
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Abstract: During additive manufacturing using the selective laser melting technology, a 

complex residual stress distribution is created that can significantly affect the printing itself 

and also the mechanical properties of the final product. Thus, this research has been carried 

out to optimize 3D printing parameters to minimize residual in maraging steel. It was 

found that the preheating temperature of the build platform significantly affects both the 

residual stresses and microstructure parameters as well as the mechanical properties. 

Keywords: Additive Manufacturing; Selective Laser Melting; Maraging steel; Residual 

stresses; Mechanical properties 

1 Introduction 

Additive Manufacturing (AM), specifically Selective Laser Melting (SLM) technology, is a 

promising method of metal powder consolidation and offers tremendous opportunities for 

parts production. This involves selectively melting parts from a thin flat powder bed in layers 

using a scanning energy source to produce 3D parts. During the SLM process, the sections 

are heated according to the scanning strategy, allowing independent heating and cooling of 

the sections, leading to a more complex residual stress (RS) distribution [1]. The magnitude 

of these RS may even approach the yield strength of the material. The complexity of the SLM 

process results in the size and orientation of the RS being highly dependent on laser power, 

scanning speed, scanning strategy, and other printing parameters.  

Fatigue crack initiation and propagation play an important role in fatigue properties, where 

they are shown to be strongly associated with surface roughness, microstructure parameters 

(dislocation density, crystallite size, microcracks) and RS [2]. In a study [3], the correlation 

between the initiation and propagation of surface fatigue cracks with RS was investigated in 

laser-welded materials using X-ray diffraction, where it was found that not only RS, but also 

the distribution of microstructure parameters, plays a crucial role in fatigue. In general, the 

distribution of RS in AM specimens is highly dependent on the printing strategy. The 

distribution of internal RS is crucial for the deformation of the sample and the formation of 

fatigue cracks. Therefore, this research was conducted to minimize the RS of 3D printed 

maraging steel. 

2 Experiment 

An EOS M290 machine with the printing parameters shown in Table 1 was used to produce 

5 mm diameter test specimens of C300 maraging steel (trademark MS1), see Table 2 for 

chemical composition. Research has been carried out on what changes in the process 

parameters lead to a reduction in RS after solution annealing heat treatment at 820°C without 
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following machining. The most significant effect was to change the setting of preheat of the 

building platform from the default 40°C to 120°C. Therefore, two samples were analysed, 

where the sample marked SP had a preheating temperature of 40°C and the sample P120 a 

temperature of 120°C. 

Table 1. Infill printing parameters.  

Parameter  

Laser power 285 W 

Laser speed 960 mm/s 

Hatch distance 110 μm 

Layer thickness 40 μm 

Printing strategy pattern Stripes 
 

Table 2. Chemical composition of C300 maraging 

steel (trademark MS1) [4]. 

Element Composition [wt.%] 

Ni 17–19 

Co 8.5–9.5 

Mo 4.5–5.2 

Ti 0.6–0.8 

Al 0.05–0.15 

Cr, Cu each ≤ 0.5 

C ≤ 0.03 

Si, Mn each ≤ 0.1 

P, S each ≤ 0.01 

Fe Bal. 
 

Macroscopic RS were determined from the centre of the cylindrical test samples using X-ray 

diffraction. The RS values were calculated from lattice deformations determined on the basis 

of experimental dependencies of 2θ(sin²ψ) assuming a biaxial state of residual stress (θ is the 

diffraction angle, ψ the angle between the sample surface and the diffracting lattice planes). 

The diffraction angle was determined as the centre of gravity of the CrKα1α2 doublet 

diffracted by the lattice planes {211} of the α-Fe phase. The X-ray elastic constants ½s2 = 

5.76 TPa–1, s1 = –1.25 TPa–1 were used for the stress calculation. The experimental error is 

the standard deviation according to the “sin²ψ” residual stress calculation algorithm. The 

FWHM value (Full Width at Half Maximum) was determined from the analysed diffraction 

line {211} at a tilt of ψ = 0°, the error of determination does not exceed 0.05° 2θ. The depth 

profile of RS, which was determined in the direction of the axis of the cylindrical test 

specimen, was obtained by gradual electrolytic removal of the surface layers. 

Tensile tests were carried out on the FU250_AH250 tensile testing machine, which is 

equipped with an extensometer. From the data obtained, the ultimate strength, the yield 

strength corresponding to 0.2% of plastic strain and the elongation at break were evaluated. 

All results of mechanical properties shown, see Table 3, are the average of at least two values. 

3 Results 

From the results of macroscopic RS, obtained from the centre of the cylindrical test samples, 

it is clear that the depth profile varies significantly from sample to sample, see Fig. 1. Tensile 

RS still dominate in the near vicinity of the surface for both samples, however, for sample 

P120 (120°C platform preheating) a rapid decrease of RS can be observed with only 

compressive residual stresses being described with a maximum at a depth of about 120 μm. 

On the contrary, the RS for sample SP (default platform preheating, i.e. 40 °C) show a tensile 

character up to a depth of 170 μm with a maximum of more than 300 MPa. This state of RS 

is unfavourable as high tensile values reduce the yield stress and promote crack initiation and 

their growth. However, at greater depths for the SP sample, compressive RS have also been 
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described. The high tensile RS in the surface layers did not affect the strength, as the ultimate 

tensile strength for the SP specimen is approximately 50 MPa higher than for P120, see Table 

3. There could be a greater effect on fatigue life, but the surface tensile RS of specimen P120 

probably explains one of the reasons why there was no increase in fatigue life between 

specimen P120 and SP (results will be the subject of another article). Therefore, further print 

optimisation will be required to minimize surface RS. 

 

Fig. 1 Depth profile of macroscopic residual stresses. 

Fig. 2 shows the depth profile of the FWHM parameter, which is the width at half of the 

observed diffraction maximum. From the increasing value of FWHM, it could be said that in 

the analysed volume the crystallites (coherent diffracting domains) are smaller and/or the 

microstrain (deformation of individual crystallites) is higher. From the comparison, it can be 

clearly stated that in the surface layers of the P120 sample, the crystallite size is smaller 

and/or the microstrain value is higher. Thus, if we compare these conclusions with the results 

of mechanical properties (see Table 3), it is not surprising that the sample P120 shows lower 

extensibility and higher yield strength, since the value increases with increasing microstrain 

(which is due to a higher dislocation density) and with decreasing grain size d (according to 

the Hall-Petch effect following a 𝑑−½ relationship), since the crystallite size often correlates 

with the grain size. The values of yield strength and tensile strength are within error identical 

to those given in the material data sheet of the powder manufacturer (see Table 3), solution 

heat treatment had no significant effect on the mechanical properties.  

Table 3. Comparison of the obtained mechanical properties (solution heat treatment at 820°C) with tabulated 

values for as-build state [4]. 

 MS1_SP MS1_P120 Tabulated values 

Yield strength, MPa 879 ± 14 916 ±7 930 ± 150 

Ultimate tensile strength, MPa 1120 ± 1 1069 ± 2 1100 ± 150 

Elongation at break, % 15 12 12 ± 4 
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Fig. 2 Depth profile of the FWHM parameter. 

Conclusions 

It was found that increasing the temperature of the printing platform to 120 °C significantly 

affected the residual stresses after heat treatment of the printed samples by SLM. The samples 

with different preheating temperatures also differed in mechanical properties. Further 

optimization of the printing parameters is needed to minimize the residual stresses also on 

the surface. This should have a pronounced effect on improving the material properties, 

especially the fatigue life. 
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Abstract: Additive manufacturing and new polymeric progressive biocompatible 

materials enable the production of individual cranial implants. The advantage of this 

approach is a reduction in the number of complications during surgery due to inaccuracies 

in the design and manufacture of the implant. Critical areas of implants are their 

attachment to the skull and their mechanical properties. The paper deals with the finite 

element method analysis of force action on a cranial implant made of PEEK. The 

simulation was made for two methods of fixing the implant to the skull, where in case A, 

they were used to fix the screw, and in case B, it was only about placing the implant on 

the defect without fixing it to the bone. 

Keywords: Cranial implant; PEEK; Finite Element Analysis 

1 Introduction 

In the field of medical surgery, skull defects are mostly often caused by congenital deformity, 

tumors, and traumatic injuries [1, 2]. Cranioplastic reconstruction is one of the more 

demanding surgeries due to that it involves the brain, nerves, and tissues of the human body 

[1]. Nowadays, the development of modern additive manufacturing technologies and 

biocompatible materials makes it possible to design and manufacture different personalized 

cranial implants. The implementation of implants produced by additive technologies such as 

material extrusion or selective laser sintering leads to higher production efficiency (lower 

material consumption), higher precision of implant production, and lower input material costs 

[3]. Due to suitable mechanical properties and minimal radiodiagnostic disadvantages, it is 

passing to polymer materials, e.g., polyetheretherketone (PEEK). PEEK is a high-

temperature thermoplastic that has similar mechanical properties to cortical bone, so it is 

suitable for skull bone replacement. Its advantages include high chemical resistance, 

bioinertness, and translucency [4]. Due to the variety of defects (dimensions, shape, position), 

it is necessary to carry out a numerical simulation to verify the mechanical characteristics 

and guarantee the appropriate functionality of cranial implants made of this material [5-7]. 

2 Material and methods 

To perform the simulation, a model of the implant and part of the skull was designed from 

DICOM data in the software package Mimics Innovation Suite (Materialise, Belgium). The 

overall methodology of the experiment is shown in Fig. 1. 
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Fig. 1 Experiment plan. 

The pressure tip model was designed in the software SolidWorks (Dassault Systèmes, 

Canada). Nonlinear static analysis of the implant was done in Abaqus (Dassault Systèmes, 

Canada) with the skull and tip set as perfectly rigid bodies and the implant model as a 

homogeneously deformable body. Tables 1 and 2 show the mechanical properties and 

material parameters of the implant used for the finite element method simulation. The 

analysis was performed for two types of implant fixation – fixed with screws and loose 

without fixation with screws. The test was completed when a displacement of 5 mm was 

reached. 

Table 1. PEEK mechanical properties. 

Elastic modulus PEEK [MPa] 3600 

Poisson’s ratio μ [-] 0.4 

Yield strength [MPa] 132 

Yield strength deformation Approx. 0.06 

Ultimate tensile strength deformation Approx. 0.4 

Table 2. Johnson and Cook model parameters. 

Parameters A [MPa] B [MPa] n C m 

Values 132 10 1.2 0.034 0.7 

2.1 Boundary conditions of the simulation 

The skull was fixed firmly in both cases. The motion of the tip was controlled by a single 

reference point (RP), and displacement was allowed in the direction of the tip axis. A surface 

frictional contact between the tip and implant and the skull and implant was defined. The 

friction coefficient was 0.1. In the first case, the implant was attached to the skull using 

simplified screw connections that were represented by kinematic couplings and MPC beams 

(Fig. 2a). In the second case, the implant was positioned loosely on the skull (Fig. 2b), and 

thus deformation and displacement were limited by the contact regions.  
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(a)    (b)  

Fig. 2 FE model of the implant with screw holes (a) and without screw holes (b). 

The implant mesh was formed by C3D10 quadratic solid elements with an average size of 4 

mm. The tip and skull were meshed using Rigid Body elements. Due to the structural 

response of the implant, nonlinear static analysis was used for the simulation (Table 3). 

Table 3. Settings and constrains for simulation elements. 

CAD model 

Implant (PEEK) homogeneous deformable body 

Skull rigid body 

Tip rigid body 

Boundary conditions 

Implant With/without fixation screws 

Skull motionless 

Tip 1° degree of freedom 

Loading 

Tip Forced displacement of 5 mm 

Surface contact 

Tip/implant Surface contact, finite sliding, friction f = 0.1 

Skull/implant Surface contact, finite sliding, friction f = 0.1 

Finite Element Mesh 

Implant C3D10 quadratic solid elements with an average 

size of 4 mm 

Tip/Skull Discrete Rigid Element 

Analysis 

Static General 

3 Results 

Fig. 3 shows the course of the reaction force depending on the displacement of the tip for 

both models. The graph shows that the difference in the course of the force, as well as the 

maximum force achieved between the implant fixed with screws and without fixation, is 

negligible. 
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Fig. 3 Reaction force of the tip during loading. 

Fig. 4 shows the total strain depending on the tip displacement. The courses of both models 

are the same at the beginning. For model A, the total strain then has a steeper course and is 

greater by approximately 0.07, which is probably caused by the screws attaching it to the 

skull. 

 

Fig. 4 Dependence of maximum strain on tip displacement. 

Fig. 5 shows the maximum equivalent plastic strain at the point of contact depending on the 

tip displacement. The course of model A has a significantly steeper course, which may be 

caused by the attached screws and the non-ideal fitting of the contact surface of the implant 

on the skull. 
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Fig. 5 Dependence of the maximum equivalent plastic strain on tip displacement. 

Fig. 6 and Fig. 7 show the von Mises stress distribution and the proportional limit for both 

models. From the stress distribution, it follows that for model B (Fig. 7), the stress area above 

the yield strength is larger than for model A (Fig. 6). 

 

Fig. 6 von Mises stress and proportional limit distribution for Model A. 
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Fig. 7 von Mises stress and proportional limit distribution for Model B. 

Conclusions 

The results of the simulations show that the course of the force depending on the 

displacement of the tip differs only to a minimal extent for fixation of the implant with and 

without screws. The total proportional deformation at the point of action of the tip, depending 

on the displacement of the tip, is greater by 0.07 for the implant fixed with screws, and its 

plastic deformation of the implant has a steeper course. During the simulation, the influence 

of production technology (layering of material) and porosity impact during production were 

not considered. 
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