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Abstract 

The study is focused on experimental and analytical evaluation of dynamic response of composite structure, 

subjected to broadband random vibration. The number of studies on this particular topic is relatively small, 

though the understanding of structure response to jet noise and generating of related S-N data are essential 

for composite aircraft sonic fatigue certification. 
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1. Intoduction 

The problem of studying the fatigue characteristics of aircraft structures under vibroacoustic loads 

originates in the late 1950s - early 1960s. Then, as a result of the active introduction of gas turbine 

engines in aviation, along with an increase in the power of power plants, there was also a 

significant increase in the loads associated with vibrations and acoustic noise, which led to the 

occurrence of fatigue fractures [1]. 

The phenomenon of vibroacoustic fatigue implies a relatively low level of stresses arising in the 

structure at very high loading frequencies. In this case, the loading spectra are most often random 

in a wide frequency range. Based on this, the problem of studying the fatigue characteristics of 

aircraft structures under vibroacoustic loads requires the use of special approaches to its solution. 

So, in the 1960-1970s, a large number of theoretical and experimental studies were carried out to 

study the properties of various materials and structures created on their basis, subjected to 

acoustic or vibration loading of various nature. The result of these studies was the development of 

industry reference books and manuals [2-3], which are now actively used in the aviation industry. 

Most of the research in those years was devoted to traditional metal materials and structures. 

However, the tendency of the late 20th - early 21st century to actively introduce and increase the 

variety of used composite materials in aircraft construction requires additional research. 

The main advantage of composite structures is the high ratio of their elastic-strength 

characteristics to mass characteristics. At the same time, the fatigue characteristics of composite 

structures largely depend on their internal structure, including at the microlevel. Impact damage is 

the critical factor in terms of effect on fatigue and damage tolerance of a composite structure [4-6]. 

That is why, when certifying civil aviation equipment, both in accordance with local and foreign 

requirements, it is necessary to carry out a large amount of work related to the study of the effect 

of impact damage on the strength and damage tolerance of the structure. 

The accumulated experience in researching the fatigue characteristics of aircraft structures under 

vibroacoustic loads has shown that a "skin-stringer" sample or "T-sample" can be selected as the 

lower-level samples in the "Building Block" methodology [7-10]. Such a sample makes it possible 

to simulate the bending vibration mode prevailing in the structure, which is realized in the classical 

cellular airframe assembly of the empennage, wing, and fuselage under vibroacoustic loading. 

The purpose of this work is to study the fatigue characteristics of a composite structure, including 

the effect of impact damage, for a typical structural stress concentrator ("T-sample"). 
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2. Finite element model 

The finite element modeling was carried out using Abaqus software. The model of the T-sample 

consisted of 8-nodal hexagonal solid elements. The choice of this type of finite elements is due to 

the need for a more accurate calculation of shear and bending deformations. The model consisted 

of 4352 elements (8258 nodes). 

The stacking was modeled by discretizing into one finite element across the thickness of composite 

layup for both skin and stringer (9 plies in one element total). For each ply, its individual 

parameters were defined separately (fiber orientation, thickness, number of integration points). It 

was assumed that the sample has a constant thickness, all bonds between the plies are absolutely 

rigid, and the interlaminar strength was not taken into account. The tension and compression 

elastic modulus of the plies was assumed to be the same. 

To determine the eigenmodes and eigenfrequencies of oscillations of the finite element model, 

modal analysis was performed at the first stage, for which the Lanczos direct block method [11-12] 

and the subspace iteration method [11-12] were used, which showed identical results. Modal 

analysis was done in the selected frequency range (50…1550 Hz), based on the restrictions on the 

operating modes of the shaker (electrodynamic shaker Derritron VP30), used for vibration testing. 

The damping coefficient used in FEM was calculated from the equation: 
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where δ is the logarithmic damping decrement, which was determined experimentally by 

measuring the amplitude of free damped oscillations from a half-sine pulse with a duration of ~2–5 

ms by the formula 
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where    is the oscillation amplitude at an arbitrary time t and    is the amplitude after n oscillation 

cycles at time (t + n * T), where T is the oscillation period. 

The resulting oscillation eigenmodes and eigenfrequencies were used to calculate the dynamic 

response of the T-sample by determining the field of root-mean square (RMS) values of relative 

strains. The vibration effect at each node of the finite element model was set by the spectral 

density function of accelerations. Moreover, it was assumed that the loading is steady, ergodic, 

and completely correlated over the sample surface. As a result of the calculation, the accelerations 

and displacements of the model nodes were determined, which, with a known stiffness matrix for 

each element, made it possible to calculate stresses and relative strains in each ply. 

3. Test Specimen 

For testing the single-stringer panels (T-sample) were taken (Figure 1), the skin and stringer of 

which consist of eight plies of HexPly carbon fiber (M21/34%/UD194/IMA superscript ―c‖) and one 

ply fiberglass (M21/45%/120 superscript ―g‖) prepreg. Both the skin and stringer has the stacking 

sequence (0°g, ±45°c, 0°c, 90°c, 0°c, 0°c, ±45°c). The noodle in the root of the joint is made of carbon 

fiber M21/34%/UD194/IMA. The mechanical properties of the ply for these materials are given in 

Table 1. 
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Figure 1 – Sketch of T-sample (all the length units are in mm) 

 

Table 1 – Mechanical properties of the ply 

 E11, 
GPa 

E22 / E33, 
GPa 

    /     /     
G12, 
GPa 

G13 / G23, 
GPa 

Density, 
kg/m3 

M21/34%/UD194/IMA 162.0 9.3 0.33 5.4 3.5 1580 

M21/45%/120 28.6 8.7 0.33 3.1 3.1 1770 

4. Experimental 

To experimentally study the behavior of the composite T-sample under vibration loading 

conditions, a special stand was assembled with a computer control system that set the excitation of 

the required form and measured the response parameters. The sample was rigidly fixed on the 

shaker table with a clamp. Two accelerometers and four strain gauges were installed on the 

sample, and another accelerometer was located directly on the shaker table. 

The procedures for generating signals and processing data were implemented via the functions of 

the Advanced Analysis Library of the LabWindows/CVI commercial software package (National 

Instruments) [13]. The signal was formed by a digital-to-analog converter as a sequence of blocks 

with discrete values. The dataset for each block was obtained by software generation of a 

sampling of pseudorandom numbers with a normal distribution law and subsequent digital filtering. 

The result was a random signal with a uniform spectral density in the given frequency band. 

5. Results of modal and dynamic analysis 

The calculation showed that the first six modes were located in the considered frequency range 
50…1550 Hz (Figure 2). Taking into account the fixation and loading conditions of the specimen on 
the test bench, resonant oscillations can arise only in a mode symmetric about the stringer axis. 
Figure 3b shows the only form symmetric about the stringer axis in the selected frequency range – 
the bending form at the 2nd eigenfrequency of 300 Hz. 
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a) F1=186 Hz 

 
b) F2 = 300 Hz 

 
c) F3 = 690 Hz 

 
d) F4 = 1011 Hz 

 
e) F5 = 1033 Hz 

 
f) F6 = 1192 Hz 

Figure 2 – All the six eigenmodes of T-sample in considered frequency range obtained by analysis 

In order to validate the shape of the first symmetrical resonance mode obtained by calculation, 
using a portable stroboscope Testo 477, video was taken with the sample executing sinusoidal 
oscillations with a frequency 300 Hz and a driving force amplitude of 5 g (where g = 9.80665 m/s2 is 
gravitational acceleration). Analysis of the video showed that the shape of oscillation of the sample 
on the experimental stand corresponds to the mode of the 2nd eigenfrequency obtained by finite 
element calculations (Figure 3).  

 
Figure 3 – Oscillation shape of T-sample on the shaker 

Using finite element modeling, the stress-strain state of the T-sample was evaluated for the 
prevailing oscillation mode. It was found that plies No. 5 and No. 14, laid at 90° to the stringer axis, 
are the most loaded - they have maximum stresses during oscillations at the resonant frequency. 
Since the installation of strain gauges is possible only on the surface of the sample, the surface 
deformations were also evaluated in order to select the location of the strain gauges on the T-
sample. The largest strains in the sample occur on its lower surface — in the stringer–skin joint 
zone (Figure 4a); however, it is technically difficult to install strain gauges in this area, so a 
symmetrical zone of maximum strain on the upper surface was chosen (Figure 4b). The finite 
element calculation took into account the influence of the geometry and mass of the sensors on the 
stiffness and inertial characteristics of the sample. The strain gauges were simulated as a thin 
rectangular plate of a single finite element adhesively bonded to the T-sample and receiving the 
strains from the sample. The accelerometers were simulated as a volumetric cylindrical body with a 
given density (ρ = 6650 kg/m3) and stiffness (E = 1070 GPa, ν = 0.3) (Figure 5). 
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a) b) 

Figure 4 – Estimation of strains at first symmetrical resonance frequency: (a) strains on lower 
surface, (b) strains on upper surface 

 
Figure 5 – Installation zone of accelerometers (V2, V3) and strain gauges (T11-T14). 

The empirical value of the first symmetrical resonance frequency was determined for oscillations 
excited by a sinusoidal signal of constant level with gradually increasing frequency in the given 
range. The excitation and response signals from the accelerometers mounted on the shaker and the 
sample were continuously monitored. The value of the resonance frequency was taken as the 
frequency of maximum acceleration in the spectrum of the signal from the sensor installed at the 
reference point, calculated by Fourier transform. Table 2 compares the values of the first 
symmetrical resonance frequency obtained by calculation and experiment. 

Table 2 – Values of first resonance frequency 

Parameter Experiment Calculation 

Second eigenfrequency / first 
resonance frequency fR, Hz 

296 300 

The dynamic response of the sample was studied under conditions of random broadband loading in 
the frequency range of 50–1550 Hz at RMS acceleration levels of 4, 6, 8, and 12 g (where 
g = 9.80665 m/s2). During the tests, data were continuously collected from measuring sensors with 
16-bit digitization, a sampling frequency of 10000 points per second and a frequency resolution of 
1.2207 Hz. The interval of the processed data, including the Fourier transform, was at least 20-30 
seconds. Based on the data obtained, the values of the resonance frequency and PSD of the 
received signals were recorded. Figure 6a shows the power spectral density (PSD) of the given 
acceleration. Figure 6b shows the PSD of the acceleration obtained on accelerometer V2. 

  
Figure 6 – Spectral density of broadband vibration loading: (a) reference signal at level of 12 g, (b) 

signal measured on accelerometer V2. 
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Comparison of the calculated RMS values of accelerations and strains on the surface of the T-
sample with the experimentally measured values showed their good convergence: the error for 
strains does not exceed 5% and for accelerations – 15%. 

6. Fatigue testing of T-samples 

6.1 Failure criterion 

An experimental study of the fatigue characteristics of T-samples was carried out on the shaker. 

The sample was loaded by the random narrow-band vibration with a bandwidth of 30 Hz and the 

average frequency at the first symmetric resonant frequency. Each sample was tested at a given 

level of RMS strains, which were monitored in real time by means of the strain gauges. 

The failure criterion was a decrease in the resonance frequency by 2-3%, which is consistent with 

both foreign approaches [8] and local practice [14]. The accumulated experience has shown that 

such a frequency reduction in composite sample makes it possible to determine changes in the 

stiffness of the elastic system due to the initiation of internal microcracks. For such a decrease in 

the resonance frequency, the relative damage of the cross-section of the sample is 10–20%. With a 

further decrease in frequency by 10–15% the sample fracture is usually occurred [14].  

When the resonance frequency dropped by 2%, the samples were subjected to a standard 

ultrasonic test (UT) procedure: uniaxial acoustic scanning (A-scan). After this, tests continued with 

periodic nondestructive testing until the appearance of visible defects. 

6.2 Fatigue test results and S-N curve 

Table 3 summarizes the fatigue test results of 10 samples; from the data therein, it follows that for 

the skin-stringer joint there is a clear relationship between the number of cycles to failure (fatigue 

failure) and the basic vibration load level. Based on the data in Table 3, using various probabilistic 

criteria, S-N curves for T-samples were plotted (Figure 7), and a comparison with data from ESDU 

84027 [3] for samples of a similar configuration (integral stringer) was made. 

Table 3 – Summary of fatigue test results 

Sample number RMS strain, μm/m Cycles to failure 

1 6000 (static) 1 

2 1900 3,26E+03 

3 1500 1,90E+05 

4 1200 1,60E+06 

5 1000 6,00E+06 

6 950 7,20E+06 

7 900 1,66E+07 

8 850 2,38E+06 

9 800 7,90E+06 

10 600 1,04E+08 
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Figure 7 – The fatigue tests results vs. the ESDU data 

6.3 Effect of the impact damage on fatigue of T-sample 

To study the effect of the impact damage on fatigue characteristics of T-sample a batch of 10 

samples was manufactured. Impact damage with energies of 5, 10, 20, and 30 J was applied using 

Instron CEAST 9350 with a 25 mm diameter identor. There were 2 points of impact: 1st - the 

geometric center of the upper surface of the skin and 2nd - zone of maximum strain in Figure 4b. 

The fatigue testing of impacted samples was carried out on the same experimental stand with same 

loading conditions. Table 4 summarizes the fatigue test results for 10 impacted samples.  

Table 4 – Summary of fatigue test results for impacted samples 

Sample number Energy of impact 

damage, J 

RMS strain, μm/m Cycles to failure 

11 30 (center) 800 1,15E+04 

12 20 (center) 600 7,49E+05 

13 10 (center) 600 2,56E+06 

14 10 (center) 800 2,93E+05 

15 5 (center) 600 4,19E+07 

16 5 (max strain zone) 600 1,36E+06 

17 5 (max strain zone) 800 1,33E+05 

18 5 (max strain zone) 500 1,39E+06 

19 5 (max strain zone) 400 4,24E+07 

20 5 (max strain zone) 700 2,03E+05 

The comparison of the results for impacted and virgin samples is shown in Figure 8. From the data 

therein, it follows that the impact damage of 5 J significantly reduces the durability of composite 

―skin-stringer‖ joint under random vibration loading. 
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Figure 8 – The fatigue tests results of impacted T-samples  

S-N curves for virgin and impacted (5 J) T-samples, respectively, can be interpolated using the 

following formulas: 

RMS ε = 4996,2 N-0,109 , (3) 

RMS ε = 2900,1 N-0,115 , (4) 

where RMS ε is root mean square value of surface strain and N is the number of cycles to failure. 

6.4 Damage growth and failure mode 

The damage growth process was studied by the real-time monitoring of the eigenfrequency 

reduction during the fatigue testing, as it shown in Figure 9. There are 3 main points to consider: 1st 

is when failure criterion (2% eigenfrequency reduction) is triggered, 2nd is when delamination 

becomes visible on one side of T-sample and 3rd is when fatigue delamination became visible on 

both sides. 

 

Figure 9 – Eigenfrequency reduction during the fatigue testing 

Several different non-destructive testing methods were used to study the mechanisms of internal 

damage growth during fatigue testing of T-samples. One of these methods is vibrothermography 
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[15], which is based on measuring of the thermal field of a sample caused by vibration. The 

SC7700M thermal imager was used to record the thermal field of a T-shaped specimen during 

fatigue tests. 

As the experiment showed, the applied method makes it possible to detect internal delamination in 

the sample due to the different heating rates of the damaged and undamaged parts of the sample, 

as shown in Figure 10. Such a defect is not detected visually or using the ultrasonic method, but it 

reduces the natural frequency of the sample by 2% (Figure 10b), so that, according to the chosen 

failure criterion, the sample is already considered ―failed‖. This is due to the fact that the failure of 

the sample begins in the radius zone of the joint, where the capabilities of the A-scan, designed to 

study the regular zones of the structure, are insufficient. 

 

a)  b)  c) 

Figure 10 – Damage growth registered by vibrothermography: (a) initial conditions (before fatigue 

testing), (b) internal delamination growth at N = 1,39E+06 cycles, when eigenfrequency is reduced 

by 2%, (c) delamination became visible at N = 1,68E+06 cycles 

Visual inspections of all samples subjected to vibration loading revealed delamination of the skin 

surface from the noodles at the root of the rib (Figure 11). This corresponds with the results 

obtained by vibrothermography and allows us to consider vibrothermography as a promising method 

of non-destructive testing for use in fatigue testing of composite structures. 

 

Figure 11 – Visually detectable delamination in the T-sample  

7. Conclusions 

The main result of the study of composite skin-stringer fatigue behavior is the data obtained by 

fatigue tests carried out on total 20 T-samples.  

Based on the results of fatigue tests of T-samples under random narrow-band vibration loading, the 

S-N curve for a composite skin-stringer joint was plotted. A total of 10 virgin samples were tested at 

various levels of RMS strains. The S-N curve obtained is compared with the data from ESDU [3] for 

specimens of similar configuration (integral stringer).  

Fatigue tests for a batch of 10 impacted T-samples were carried out under the same loading 

conditions, as for virgin samples. The comparison of the results for impacted and virgin samples has 
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shown that the impact damage of 5 J significantly reduces the durability of composite ―skin-stringer‖ 

joint under random vibration loading. 

The damage growth process in the T-sample was registered by non-destructive testing and data on 

the eigenfrequency reduction obtained from strain gauges. Using the results of vibrothermography 

and visual detection, the interllaminar crack in the joint between the skin and the stringer turned out 

to be the fundamental failure mode of the T-sample. The three different failure criteria were 

proposed, including 2% eigenfrequency reduction, 1-side visible delamination and 2-side visible 

delamination. 

As part of development of a FEM for calculating the dynamic response of a T-sample, the modal 

and dynamic analysis for T-sample was carried out. The comparison of the FEM calculation results 

and experimentally measured data showed their good convergence. This makes it possible to use 

FEM analysis to study the dynamic response of similar structures under vibroacoustic loads.  
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