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AbstrAct
Purpose: In the work is described the method that enables identification of controller of simulation procedures 
which ensures compliance of experimental research results of changes in material physical characteristics  with  
the characteristics of the numerical model.
Design/methodology/approach: The work presents the method of diagnostic assessment of residual strength of 
composite pipes produced with the use of the method of winding glass fibre impregnated by chemically setting 
polyester resin, subjected to fatigue load in condition of pulsating fluid pressure.
Findings: The basis of assessment is the correlation of residual strength with the acoustic characteristics of 
composite coating of the researched pipes.
Research limitations/implications: The parameters of simulation procedures which are of key importance for 
correctness of diagnosis were determined on the basis of results of non-destructive and destructive testing of 
pipe material samples, subjected to the load in conditions corresponding the working ones.
Practical implications: The diagnostic tool is the simulation program of degradation process of composite material with 
set structure,  which enables investigating the changes  in  material characteristics for any operating load program.
Originality/value: The paper presents a new approach to diagnostic processes of destruction aging-fatigue for 
the purpose of assessing the residual strength of composite pipes using computer simulation methods.
Keywords: Engineering polymers; Mechanical properties; Non-destructive testing methods; Simulation 
diagnostics

Reference to this paper should be given in the following way: 
M. Szymiczek, G. Wróbel, M. Rojek, T. Czapla, Simulation diagnostics of the polyester-glass pipes degradation process; 
experimental basis, Journal of Achievements in Materials and Manufacturing Engineering 59/1 (2013) 37-47. 

1. Introduction 
 
The technical progress in the field of materials engineering 

with reference to its application in the area of machine building, 
pipeline, car and aircraft industry, to mention a few, outlines 
a firm direction of development which is based on replacing 
traditional metal materials with polymer composites. These 

materials provide a valuable possibility of individual design of 
properties for not only structurally homogeneous products, such 
as, rods, profiles, plates or coatings, but also individual shaping of 
properties of chosen construction elements with their whole 
complexity of geometrical shapes and utility functions. 
Additionally, it is possible to take into account the strength 
requirements as well as thermal, electrical and esthetical 
characteristics. The cost of production and the drawn cost of 
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exploitation is competitive in case of mass production, which 
motivates to more intensive search for new solutions, particularly 
in the period of economic crisis and intense competition. The 
barrier is the bigger characteristics spread which, first of all, 
results from technological possibilities of ensuring repeatability of 
geometric and structural features of the material. Another cause 
might be the influence of environmental conditions of 
exploitation, and eventually long-lasting fatigue and ageing 
processes, which constitute the factors that should be taken into 
consideration at the stage of construction design and forecasting 
the conditions of its safe exploitation.  

Solutions to the issue of repeatability of material geometric 
and structural features is looked for by means of technological 
improvement: replacing the method of open moulding with the 
ones supported by vacuum technology (infusion), RTM, press 
moulding. Utilizing pressure in the forming stage also enables 
increasing the content of reinforcing fibres as well as the 
elimination of voids and discontinuities which reduce the quality 
of the product. Obtaining repeatable output characteristics of the 
product constitutes the important premise of quality. In 
arrangements, in which particularly important are strength 
properties of elements that determine their reliability and the 
safety of use, the current monitoring of the state of degradation - 
exhaustion of load-bearing capacities, plays a crucial role [33,34]. 
In the changeable exploitation conditions or the lack of thorough 
knowledge concerning their case story, only the present condition 
of the material might serve as a source of information and make 
the basis of assessment of effectiveness and safety of further 
work. In order to produce such assessment, diagnostic methods 
are applied. 

The program of research concerning tubular elements 
described in the further points, makes a good example of the 
utility of diagnostic methods and usefulness of their application in 
conditions of periodic inspection of flow networks.  

Drawn up methodology of diagnostic procedure is based on 
the results of basic research within the scope of application of 
non-destructive techniques: ultrasonic and thermovision, for the 
assessment of changes in strength properties of polymer 
composites. [3-8, 10-19, 21,22,24,28]. The assessment of the 
condition of a composite element, results from diagnostic relation 
of acoustic and thermal characteristics of the material as well as 
its residual strength that can be determined in a non-destructive 
way. Thus, its utility tool may be an ultrasound head or 
a thermovision camera, which enable the intermediate 
investigation of the material condition. 

Irrespective of the possibility of conducting the research of 
the exploited systems, the issue of operational durability of 
composites is of great importance since the designing stage, when 
even estimated assessment make a valuable premise while 
selecting geometric and material construction properties of 
elements. At this stage the tool supporting designer’s work might 
be the virtual diagnostic simulation [9,20,25,26] meant as numerical 
analysis of the element degradation process. The outlined 
simulation procedure requires the identification of the drivers 
determining the evolution of the computational model proceeding in 
accordance with experimental observations, conducted on the 
material (composite) with similar structure in the conditions of 
exposure to similar degradation factors (ageing, fatigue). 

In point 2 we discuss the methodology of experimental 
research, the pipe elements and the samples of selected composite 

material were subjected to. Within point 3 we describe the 
numerical model of composite, the manner of its physical 
parameters identification and the procedure of simulation research 
of fatigue and ageing processes which enables the assessment of 
the degree of loss of pipes load-bearing properties–residual 
strength of elements. 

 
 

2. Experimental research on composite 
pipe elements 
 
The research is conducted in a multiple-way manner. Their 

program embraces: 
ageing-fatigue load of pipe samples of composite material,  
non-destructive determining of material acoustic 
characteristics in conditions corresponding to the selected 
numbers of load cycles,  
non-destructive determining of thermal material 
characteristics in conditions corresponding to the selected 
numbers of load cycles with thermovision method, 
determining the strength characteristics of material samples in 
conditions corresponding to the selected numbers of load 
cycles, 
determining the thermal characteristics of material samples in 
the conditions corresponding to selected numbers of load 
cycles with the application of the contact method  
In Table 1 we juxtaposed the numbers of cycles determining 

the subsequent phases of research, throughout which the control 
examination are conducted. 
 
Table 1. 
Number of research cycles ageing-fatigue  

No of 
research 1 2 3 4 5 6 7 8 9 

No of 
cycles*103 2.5 5 10 15 20 30 60 100 150 

 
 
2.1. Ageing-fatigue research on samples of 

composite pipe materials  
 

The research is conducted on a workstation shown in Fig. 1. 
The pipe samples (PR) in the shape shown in Fig. 2a and 
dimension shown in Fig 2b, mounted in holders in a manner 
shown in Fig. 3, are subjected to the load which is periodically 
forced by variable internal pressure, which parameters change are 
subjected to programming with the use of panel controlling 
hydraulic circuit forcing system working conditions. 

Loading of samples is conducted in conditions of 
thermostated water bath. The temperature of the bath is inflicted - 
within the range from the ambient temperature to that close to the 
boiling point. The study was conducted at 30oC. There can be 5 
samples in the bath at the same time. The counter registers the 
number of loading cycles and enables programmed intervals 
which in turn allows conducting the non-destructive research in 
subsequent phases of ageing-fatigue process. These are listed non-
destructive research of acoustic characteristics of material with 
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exploitation is competitive in case of mass production, which 
motivates to more intensive search for new solutions, particularly 
in the period of economic crisis and intense competition. The 
barrier is the bigger characteristics spread which, first of all, 
results from technological possibilities of ensuring repeatability of 
geometric and structural features of the material. Another cause 
might be the influence of environmental conditions of 
exploitation, and eventually long-lasting fatigue and ageing 
processes, which constitute the factors that should be taken into 
consideration at the stage of construction design and forecasting 
the conditions of its safe exploitation.  

Solutions to the issue of repeatability of material geometric 
and structural features is looked for by means of technological 
improvement: replacing the method of open moulding with the 
ones supported by vacuum technology (infusion), RTM, press 
moulding. Utilizing pressure in the forming stage also enables 
increasing the content of reinforcing fibres as well as the 
elimination of voids and discontinuities which reduce the quality 
of the product. Obtaining repeatable output characteristics of the 
product constitutes the important premise of quality. In 
arrangements, in which particularly important are strength 
properties of elements that determine their reliability and the 
safety of use, the current monitoring of the state of degradation - 
exhaustion of load-bearing capacities, plays a crucial role [33,34]. 
In the changeable exploitation conditions or the lack of thorough 
knowledge concerning their case story, only the present condition 
of the material might serve as a source of information and make 
the basis of assessment of effectiveness and safety of further 
work. In order to produce such assessment, diagnostic methods 
are applied. 

The program of research concerning tubular elements 
described in the further points, makes a good example of the 
utility of diagnostic methods and usefulness of their application in 
conditions of periodic inspection of flow networks.  

Drawn up methodology of diagnostic procedure is based on 
the results of basic research within the scope of application of 
non-destructive techniques: ultrasonic and thermovision, for the 
assessment of changes in strength properties of polymer 
composites. [3-8, 10-19, 21,22,24,28]. The assessment of the 
condition of a composite element, results from diagnostic relation 
of acoustic and thermal characteristics of the material as well as 
its residual strength that can be determined in a non-destructive 
way. Thus, its utility tool may be an ultrasound head or 
a thermovision camera, which enable the intermediate 
investigation of the material condition. 

Irrespective of the possibility of conducting the research of 
the exploited systems, the issue of operational durability of 
composites is of great importance since the designing stage, when 
even estimated assessment make a valuable premise while 
selecting geometric and material construction properties of 
elements. At this stage the tool supporting designer’s work might 
be the virtual diagnostic simulation [9,20,25,26] meant as numerical 
analysis of the element degradation process. The outlined 
simulation procedure requires the identification of the drivers 
determining the evolution of the computational model proceeding in 
accordance with experimental observations, conducted on the 
material (composite) with similar structure in the conditions of 
exposure to similar degradation factors (ageing, fatigue). 

In point 2 we discuss the methodology of experimental 
research, the pipe elements and the samples of selected composite 

material were subjected to. Within point 3 we describe the 
numerical model of composite, the manner of its physical 
parameters identification and the procedure of simulation research 
of fatigue and ageing processes which enables the assessment of 
the degree of loss of pipes load-bearing properties–residual 
strength of elements. 

 
 

2. Experimental research on composite 
pipe elements 
 
The research is conducted in a multiple-way manner. Their 

program embraces: 
ageing-fatigue load of pipe samples of composite material,  
non-destructive determining of material acoustic 
characteristics in conditions corresponding to the selected 
numbers of load cycles,  
non-destructive determining of thermal material 
characteristics in conditions corresponding to the selected 
numbers of load cycles with thermovision method, 
determining the strength characteristics of material samples in 
conditions corresponding to the selected numbers of load 
cycles, 
determining the thermal characteristics of material samples in 
the conditions corresponding to selected numbers of load 
cycles with the application of the contact method  
In Table 1 we juxtaposed the numbers of cycles determining 

the subsequent phases of research, throughout which the control 
examination are conducted. 
 
Table 1. 
Number of research cycles ageing-fatigue  

No of 
research 1 2 3 4 5 6 7 8 9 

No of 
cycles*103 2.5 5 10 15 20 30 60 100 150 
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The pipe samples (PR) in the shape shown in Fig. 2a and 
dimension shown in Fig 2b, mounted in holders in a manner 
shown in Fig. 3, are subjected to the load which is periodically 
forced by variable internal pressure, which parameters change are 
subjected to programming with the use of panel controlling 
hydraulic circuit forcing system working conditions. 

Loading of samples is conducted in conditions of 
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PR on the basis of results of non-destructive tests on individual 
stages of load process, similar to those conducted on PR, 
described in chapter 2.3, research with the application of thermal 
imaging method, PC are subjected to. The system and the 
principle of measurement are identical to presented in Fig. 16 
with reference to PR. 
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Fig. 13. Demonstration regression functions as a result of 
Young’s modulus measurements E(N) for a selected set PG 
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Fig. 14. Demonstration regression functions as a result of bending 
strength Rg(N) for a selected set PG 

 
 

Fig. 15. The view of demonstration sample PC 
 

 
 
Fig. 16. Measurement system of thermal conductivity coefficient 
system;1 - downforce, 2 - insulation, 3 - heater with a layer of 
silicone, 4 - sample, 5 - radiator, 6 - thermocouples,  
7 - thermometers, 8 - power pack 
 

Established thermal characteristics will be used for the 
verification of simulation model of material fatigue-ageing 
process. 
 
 
3. Simulation model for the analysis 
of fatigue-ageing destruction process 
and the assessment of residual strength 
of composite pipes 
 

The developed simulation model of fatigue-ageing processes 
[21,22, 29-32), for the purpose for the assessment of residual 
strength of composite pipes takes as basis the model of composite 
material of the pipe in its initial state [1,23]. This model is then 
subjected to the sequential procedure of structural and parametric 
modification, which complies with experimentally recognized 
symptoms of degradation process, the measure of which we 
assumed the changes described in chapter 2 diagnostic 
characteristics: transition time tp of acoustic wave, Young’s modulus 
E(N), and flexural stiffness [2,20,22]. Thermal characteristics, such 
as conductivity factor  and specific heat  , are used for verification 
of the model and recognition of destruction mechanism of the 
material. Simulation generated boundary state, as a result of load by 
the boundary number of cycles Ng, corresponding to fatigue 
strength for tested load parameters (A, T): 
 
Rm(Ng)=0,  (1) 
 
Ng= Z,  (2) 
 
is the additional correctness criterion of simulation model. 

2.5.  Establishing thermal 
characteristics of material 
samples in condition 
corresponding to selected number 
of strength cycles with the 
application of contact method
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Fig. 13. Demonstration regression functions as a result of 
Young’s modulus measurements E(N) for a selected set PG 
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Fig. 14. Demonstration regression functions as a result of bending 
strength Rg(N) for a selected set PG 

 
 

Fig. 15. The view of demonstration sample PC 
 

 
 
Fig. 16. Measurement system of thermal conductivity coefficient 
system;1 - downforce, 2 - insulation, 3 - heater with a layer of 
silicone, 4 - sample, 5 - radiator, 6 - thermocouples,  
7 - thermometers, 8 - power pack 
 

Established thermal characteristics will be used for the 
verification of simulation model of material fatigue-ageing 
process. 
 
 
3. Simulation model for the analysis 
of fatigue-ageing destruction process 
and the assessment of residual strength 
of composite pipes 
 

The developed simulation model of fatigue-ageing processes 
[21,22, 29-32), for the purpose for the assessment of residual 
strength of composite pipes takes as basis the model of composite 
material of the pipe in its initial state [1,23]. This model is then 
subjected to the sequential procedure of structural and parametric 
modification, which complies with experimentally recognized 
symptoms of degradation process, the measure of which we 
assumed the changes described in chapter 2 diagnostic 
characteristics: transition time tp of acoustic wave, Young’s modulus 
E(N), and flexural stiffness [2,20,22]. Thermal characteristics, such 
as conductivity factor  and specific heat  , are used for verification 
of the model and recognition of destruction mechanism of the 
material. Simulation generated boundary state, as a result of load by 
the boundary number of cycles Ng, corresponding to fatigue 
strength for tested load parameters (A, T): 
 
Rm(Ng)=0,  (1) 
 
Ng= Z,  (2) 
 
is the additional correctness criterion of simulation model. 

3.  simulation model for the 
analysis of fatigue-ageing 
destruction process and 
the assessment of residual 
strength of composite pipes
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4. Summary 

Within the work we presented the basis for experimental 
research conducted in order to identify the parameters and drivers of 
diagnostics simulation procedure of polyester/glass pipes in fatigue-
ageing conditions. The purpose is developing the tool of virtual 
diagnostics simulation which enables the assessment of the degree 
of exhaustion of carrying capacity of composite pipes in condition 
of numerical models research. The key of achieving the durability 
assessment or residual strength of composite elements is the pointed 
possibility of their calculation on the basis of correctly built model. 
The basis of assessment in numerical model provides the strength 
analysis of the model generated with the use of developed 
simulation procedure taking into account the history or prognosis of 
the exploitation program of composite element. The reliability of 
the model is increased by compliance of coupled strength, acoustic 
and thermal properties. The acoustic and thermal characteristics, as 
independent tools of correctness verification of the model, enable 
the simulation, for example, processes of acoustic wave propagation 
of thermal process reflecting the virtual diagnostic processes. The 
characteristics of these processes provide the independent basis for 
assessment of material condition with the use of appropriate 
diagnostics relation of residual strength Rm(N) as well as the speed 
of acoustic wave propagation of proper thermal properties (thermal 
conductivity, diffusivity).  
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4. Summary 

Within the work we presented the basis for experimental 
research conducted in order to identify the parameters and drivers of 
diagnostics simulation procedure of polyester/glass pipes in fatigue-
ageing conditions. The purpose is developing the tool of virtual 
diagnostics simulation which enables the assessment of the degree 
of exhaustion of carrying capacity of composite pipes in condition 
of numerical models research. The key of achieving the durability 
assessment or residual strength of composite elements is the pointed 
possibility of their calculation on the basis of correctly built model. 
The basis of assessment in numerical model provides the strength 
analysis of the model generated with the use of developed 
simulation procedure taking into account the history or prognosis of 
the exploitation program of composite element. The reliability of 
the model is increased by compliance of coupled strength, acoustic 
and thermal properties. The acoustic and thermal characteristics, as 
independent tools of correctness verification of the model, enable 
the simulation, for example, processes of acoustic wave propagation 
of thermal process reflecting the virtual diagnostic processes. The 
characteristics of these processes provide the independent basis for 
assessment of material condition with the use of appropriate 
diagnostics relation of residual strength Rm(N) as well as the speed 
of acoustic wave propagation of proper thermal properties (thermal 
conductivity, diffusivity).  
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