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INTRODUCTION

Thin-walled composite structures are a spe-
cial group of load-carrying structures, widely 
used in a broad range of industries. The wide 
range of applications of such structures deter-
mines advanced research in the context of their 
proper exploitation - especially in conditions 
where it is important to maintain a significant 
level of strength of the structure under external 
loads [1–3]. Composite structures are a group of 
structures characterized by the special property of 
keeping their own weight low while maintaining 
high strength. Most researchers have so far dealt 
with the phenomenon of stability and load-carry-
ing capacity analyses of composite structures un-
der (usually axial) compression in a very broad 
manner. Studies in the field of limit state testing 
under compressive loads have focused primarily 
on the phenomenon of loss of stability (buckling), 
damage initiation, etc. [4–6]. Structures of the 

aforementioned type are most often subjected to 
external loads causing axial and eccentric com-
pression [7–10], or bending [11–12]. The study 
of stability and load-carrying capacity in com-
pression of thin-walled composite profiles has 
been described quite extensively in recent years 
by the authors of many research papers [13–16]. 
In general, the studies focused on the examina-
tion of the structure’s behavior in a critical state 
(when there was a loss of stability), the damage 
phase due to further axial loading of the struc-
ture, and the analysis of the first signs of dam-
age, such as fiber/matrix damage or delamination. 
All of the above, regardless of the cross-sectional 
shape of the composite structures, was analyzed 
mainly in the context of tests where the structures 
were compressed. An important issue from the 
perspective of static testing is, in addition to the 
axial and eccentric compression widely described 
in the literature, also bending of this type of pro-
files - which is the subject of consideration in this 
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paper [17–20]. The phenomenon of bending of 
thin-walled composite structures with open and 
closed sections is still a current issue and requires 
thorough research. It is necessary to have an in-
terdisciplinary approach in conducting research 
activities – especially using advanced methods of 
experimental research, as well as numerical simu-
lations [16, 21–23]. The basic apparatus for con-
ducting static bending tests is, as in most cases, 
a universal testing machine. Additional support 
through such systems as digital image correla-
tion apparatus, a device for analyzing acoustic 
emission signals, and digital microscopy enable 
detailed evaluation of the phenomenon of loss of 
load-carrying capacity of structures made of com-
posite materials subjected to bending. Examples 
of the use of the aforementioned research devices 
are presented in papers [23–26]. It is important to 
take a future approach to research on composite 
materials - including the use of biocomposites, as 
widely described in the papers [27,28]. Regard-
less of the available research on the phenomenon 
of bending thin-walled composite structures, an 
in-depth research on this topic requires further 
investigation, especially in the context of deter-
mining the dominant causes of loss of structural 
load-carrying capacity as well as investigations 
involving the impact of boundary conditions (e.g. 
support spacing for load-carrying capacity) and 
the influence of the shape of the cross-section or 
the composite ply arrangement (lay-up) on the 
limit states in static bending tests. In this paper, 
the impact of changes in boundary conditions - 
support spacing – on the load-carrying capacity 
of thin-walled CFRP structures was investigated 
using independent research methods, including 
non-destructive testing.

Subject and methodology od research

The subjects of the study were thin-walled 
columns made of CFRP composite material. The 
test profiles were characterized by identical geo-
metric parameters and were manufactured using 

the autoclave technique. Material parameters 
were determined in accordance with standards 
for static determination of properties of compos-
ite materials: PN-EN ISO 527-5 [29] (ASTM D 
3039 [30]), PN-EN ISO 14129 [31] (ASTM D 
3518 [32]), PN-EN ISO 14126 [33] (ASTM D 
3410 [34]). The material parameters are presented 
in detail in the paper [35]. The material properties 
of the composite were presented in Table 1. The 
detailed method for determining material proper-
ties in the case of analyzed composite structures 
is presented in the papers [36, 37].

The composite structures consisted of 8 lay-
ers of equal thickness, where the total thickness 
of the structure was 1.24 mm. The lay-up of the 
laminates used for the tests was characterized by 
a symmetrical arrangement of individual layers 
[0°/45°/-45°/90°]s. The length of the columns was 
200 mm and the internal cross-section was 30 × 
50 mm (the thickness of the composite wall was 
1.24 mm). More information on the manufactured 
composite profiles is presented in the papers [23, 
24, 35]. The study used three test specimens, as 
shown in the Figure 1. 

The research was conducted using inter-
disciplinary testing methods. A Cometech QC-
505M2F universal testing machine with a load 
capacity of 50 kN, which is controlled by Amis 
Plus software, was used. The universal testing 
machine had special heads mounted for three-
point bending. It was possible to register the 
course of the three-point bending process with the 
mounted heads, depending on the change in sup-
port spacing (distance) – which was the subject of 
the study of this paper. The tests were conducted 
at a speed of 2 mm/min under room temperature 
conditions. The measurable effect of the tests was 
the generation of load-displacement character-
istics. Obviously, the load was registered in the 
head of the testing machine, while the registered 
displacement corresponded to the displacement 
of the crosshead of the testing machine.

In addition, three other testing techniques were 
used, such as acoustic emission, Aramis 2D optical 

Table 1. Determined properties of composite material – average values (with standard deviation)
Mechanical properties Strength properties

Young’s modulus E1 (GPa) 103.01 (±2.15) Tensile strength FTU (0°) (GPa) 1.28 (±0.06)

Young’s modulus E2 (GPa) 7.36 (±0.31) Compressive strength FCU (0°) (GPa) 0.57 (±0.05)

Poisson’s ratio v12 [-] 0.37 (±0.17) Tensile strength FTU (90°) (GPa) 0.03 (±0.01)

Kirchhoff modulus G12 (GPa) 4.04 (±0.17) Compressive strength FCU (90°) (GPa) 0.10 (±0.01)

- - Shear strength FSU (45°) (GPa) 0.13 (±0.01)
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deformation measurement system and digital mi-
croscopy. For acoustic emission testing, a single-
channel SpotWave 201 system (from Vallen) was 
used, allowing acoustic emission signals to be 
registered using a dedicated VS150-L piezoelec-
tric sensor. Acoustic emission test parameters were 
registered using dedicated SpotWave Acquisition 
software, while analysis of the results was per-
formed in Vallen AE software (as part of the over-
all Vallen Control Panel package). In the case of 
the Aramis 2D optical deformation measurement 
system, deformations of the structure were reg-
istered in the measurement surface, where it was 
possible to visualize defects in the structure using 
a special median filter. In the case of digital mi-
croscopy, the VHX-970F digital microscope (from 

Keyence) was used, through which the damage of 
the structure in the area of permanent failure was 
analyzed. Using the above-mentioned test equip-
ment and software, the level of damage to the 
composite material was evaluated. In addition to 
the equilibrium paths determined by testing on 
the testing machine, the characteristics of selected 
acoustic emission signals were determined. The 
above made it possible to assess the phenomenon 
of damage to composite structures, which was also 
verified using an optical deformation measurement 
system and images registered using a digital mi-
croscope. The main test stand and additional mea-
suring devices are shown in Figures 2 and 3. Tests 
were conducted for three different cases of support 
spacing. The first variant was a case where the 

Figure 1. Test specimens

Figure 2. Main test stand
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support spacing was 100 mm (Sa-1), the second 
case with a support spacing of 125 mm (Sa-2) and 
the third was 150 mm (Sa-3). For such three cases, 
tests were carried out and the effect of changing the 
boundary conditions – representing a change in the 
described support spacing – on the course of load-
ing the structure was analyzed. Figure 4 shows the 
described test conditions.

TEST RESULTS

Based on the research, the load capacity of 
composite structures was evaluated using the 

previously mentioned interdisciplinary research 
methods. The presented research results are pre-
liminary results of research carried out on com-
posite columns with a closed cross-section, using 
profiles with the same composite material layup 
as an example, taking into account variable sup-
port spacing. Based on the conducted research, 
equilibrium paths were initially determined, 
which made it possible to assess the load-carrying 
capacity of the structure – the load-displacement 
(displacement of the crosshead) characteristics 
are presented in the Figure 5.

The load-carrying capacity of the structure 
was estimated based on the results of static tests, 

Figure 3. Additional measuring devices: single-channel acoustic emission system and digital microscope

Figure 4. Variable test conditions: a) support spacing of 100 mm (Sa-1), b) support spacing of 125 mm (Sa-2), 
c) support spacing of 150 mm (Sa-3)
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in particular three-point bending tests, which 
were carried out in a range corresponding to the 
damage of the composite material. The estimated 
maximum loads made it possible to determine the 
effect of changing the support spacing on the reg-
istered limit force. Based on the tests carried out, 
it was estimated that the maximum load value 
was 6144 N (specimen Sa-1), where the support 
spacing was 100 mm. The limit load value for the 
second case, where the support spacing was 125 
mm, was 5775 N (specimen Sa-2). The lowest ul-
timate load value was registered in the case of a 
support distance of 150 mm, where the ultimate 
load was 5423 N (specimen Sa-3). Obviously, 
from a research point of view, the above-men-
tioned trend demonstrates the logic of the regis-
tered limit loads, where the load value decreases 
with the increase of the distance between the sup-
ports. Based on the above obtained results of limit 
loads, the impact of these loads can be estimated 
depending on the change in the support spacing. 
The ratio of the maximum load registered for 

specimen Sa-1 (support spacing 100 mm) com-
pared with specimen Sa-3 (support spacing 150 
mm) is 1.13. An important scientific finding was 
that in the analyzed cases, an almost linear trend 
was observed in the case of a decrease in the limit 
load value in relation to an increase in the support 
spacing - which was demonstrated in Fig. 6. The 
trendline equation represents a formula that finds 
the line which best fits the data points. In order to 
generate a trend line, the function for generating 
a trend line based on data points in Excel (from 
Microsoft Office software) was used. The equa-
tion of the function describing the trend line and 
the correlation coefficient of the trend line with 
the data points were generated automatically.

The high level of linearity of the trend within 
the registered tendency of a decrease in the limit 
load in relation to an increase in the value of the 
support spacing is evidenced by the high corre-
lation coefficient R2 between the trend line and 
the experimentally obtained values. The above 
proves the possible prediction of the behavior of 

Figure 5. Load-displacement characteristics

Figure 6. Effect of limit load on the change of support spacing
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composite structures in the scope of a variable 
boundary condition – which in the conducted re-
search was a change in the support spacing. The 
figure below demonstrates an example of the 
form of structural failure that occurs with a sup-
port spacing of 100 mm (Fig. 7).

Obviously, present research concerns only 
the composite profiles with the [0°/45°/-45°/90°]
s lay-up - however, the above-observed issue will 
be verified in further research activities on the ex-
ample of other lay-ups of the composite material. 
In the case of experimental studies, several inde-
pendent additional test methods were used, based 
on which exemplary results and possibilities for 
assessing the damage of the composite material 

are presented. Based on the acoustic emission, 
additional damage analysis is possible based on 
the comparison of selected acoustic emission sig-
nals with the operating path (load-displacement) 
of the structure. This paper only presents an ex-
ample result based on the energy signal within the 
acoustic emission (Fig. 8).

The results of acoustic emission allow for a 
more comprehensive assessment of damage to the 
composite material structure, where local increas-
es in a given acoustic emission signal indicate 
progressive damage to the structure. An increase 
in the intensity of the acoustic emission signal 
(e.g. the energy signal presented) indicates a po-
tentially sudden change in the load-displacement 

Figure 7. Form of structural damage – specimen Sa-1

Figure 8. Load-displacement characteristics with acoustic emission energy signal: a) specimen Sa-1, 
b) specimen Sa-2, c) specimen Sa-3
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characteristic. Both the locally occurring “peaks” 
of acoustic emission signals and their intensity 
indicate progressive damage, which is well rep-
resented by the results shown in Figure 8. It was 
observed that for specimen Sa-1, the first signifi-
cant increase in the energy signal occurred at a 
displacement of 2.03 mm and was approximately 
307 pJ. In the case of specimen Sa-2, a similar 
situation occurred at a displacement of 1.07 mm, 
where the energy signal was approximately 149 
pJ, while for specimen Sa-3, it occurred at a dis-
placement of 1.69 mm, where the energy signal 
was approximately 190 pJ. Based on the con-
ducted research, it was observed that the dam-
age to thin-walled composite structures is a very 
complex phenomenon, as evidenced by both the 
irregularity of the load-displacement curves and 
the fact that the acoustic emission signal repeat-
edly increases and decreases. Furthermore, the 
acoustic emission graphs obtained show that 
there is a significant change in the density (inten-
sity) of the acoustic emission signal depending on 
the support spacing – where the signal density is 
highest at 100 mm support spacing and decreases 
as the distance between supports increases. This 
paper does not concentrate on a detailed analy-
sis of the other acoustic emission signals, since 
this will be the subject of more in-depth research 
in further scientific investigations on composite 

profiles with other composite lay-ups. Another 
important aspect of the research was the use of 
a method for evaluating the deformation of the 
composite material structure using digital image 
correlation technology. By using the 2D optical 
deformation measurement system, it was possible 
to estimate the behavior of the structure within 
the tested area of the composite material. Among 
other things, the area with the highest strain level 
was determined (vertical strains were analyzed in 
relation to the three-point bending). This allowed 
for a qualitative evaluation of the areas with the 
highest strain (Fig. 9).

The registered strains (in the vertical direc-
tion) allowed for the visualization of critical areas 
susceptible to damage - where it was observed 
that the dominant form of damage occurred in 
each case directly under the element generating 
the loading of the composite structure. The size of 
the damage area results from the applied support 
spacing - where the highest “stiffness” was shown 
by the first case (Sa-1), and the lowest by the third 
case (Sa-3), which is confirmed both by the previ-
ously presented load-displacement characteristics 
and local density and “peaks” in the energy signal 
from acoustic emission, as well as the qualitative 
results of the structural deformation (strain). 

The final technique enabling qualitative es-
timation of damage to composite material was 

Figure 9. Deformations registered using digital image correlation: a) specimen Sa-1, b) specimen Sa-2, 
c) specimen Sa-3
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digital microscopy. The use of a digital microscope 
allowed for the observation of the damaged areas 
– with precise highlighting of the forms of damage 
to the composite material. For this purpose, the ad-
ditional depth of field function was used - which 
enabled a more thorough observation of the defects 
occurring in the damaged area. In addition, an ob-
servation was made at an additional tilt angle of the 
microscope head of 5° to the edge of the structure 
where the dominant damage occurred – in order 
to visualize the damage that had occurred on two 
surfaces of the composite. A 20x zoom was used 
during the recording of the damage areas – this was 
sufficient to capture the main defects in the area un-
der investigation. Figure 10 shows the result of the 
registered damage areas using digital microscopy.

The research carried out using digital micros-
copy confirmed that the most extensive and com-
plex damage area was observed in the Sa-1 speci-
men, where the support spacing was the smallest 
– 100 mm. The area with the smallest damage was 

the damage area of the Sa-3 specimen, where the 
support spacing was the highest – 150 mm. The 
complex nature of the damage was characterized 
by both fiber fracture and delamination, which 
will be analyzed in more detail in further research 
on composite profiles with different composite 
material layups. The complex character of dam-
age resulting from the three-point bending phe-
nomenon is shown in Figure 11. 

Graphical presentation of the damage area 
for the Sa-1 specimen is shown for a case 1 (0° 
of tilt angle of the microscope head relative to 
the specimen) and for a case 2 (90° of tilt angle 
of the microscope head relative to the specimen) 
(Fig. 11). Case 2 shows the surface that was di-
rectly subjected to load (top surface) – where 
fracture of layers and fibers was observed at the 
edge of the structure (naturally, the damage oc-
curred symmetrically on the second edge within 
the observed surface). Case 1 shows the sur-
face observed during experimental tests (front 

Figure 10. Damage areas presented using digital microscopy: a) specimen Sa-1, b) specimen Sa-2, c) specimen Sa-3
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surface) – where its behavior was analyzed using 
an optical deformation measurement system. In 
addition, a graphical visualization of the depth of 
the damage within the 3D view is shown on the 
example of specimen Sa-1 in the damage area 
(Fig. 12). This paper constitutes an introduction 

to the interdisciplinary research activities in the 
field of possibilities of analyzing and assessing 
the damage to composite structures. In subse-
quent publications, more in-depth research re-
sults will be presented, especially in the context 
of the experimental research techniques used, 

Figure 11. Area of damage at different tilt angles of the microscope head (0° and 90°) – Sa-1 specimen: 
1 – indicates the direction of observation (tilt angle of the head 0°), 2 – indicates the direction of observation 

(tilt angle of the head 90°)

Figure 12. 3D visualization of the damage area of the Sa-1 specimen
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as well as an assessment of the impact of other 
laminate layups on the load-carrying capacity 
of the structure. In addition, it is planned to de-
velop advanced FEM-based numerical models 
enabling the simulation of the three-point bend-
ing phenomenon with the assessment of loss of 
load-carrying capacity in the Abaqus program.

CONCLUSIONS

The research provided preliminary informa-
tion on the behavior of thin-walled three-point-
bending composite columns, using several in-
terdisciplinary research techniques. The damage 
to the composite material resulting from the re-
search activities was assessed, and the following 
conclusions were formulated:
	• Changing the support spacing had a significant 

impact on the load-carrying capacity of the struc-
ture (the limit load was 1.13 times higher for the 
minimum support spacing of 100 mm than for 
the maximum support spacing of 150 mm).

	• For the composite lay-up used, an almost linear 
relationship was observed between the decrease 
in limit load and the increase in support spacing.

	• The use of acoustic emission made it possible 
to determine the intensity of the progressive 
damage to the bending structures, while the 
use of a digital 2D image correlation system 
enabled a graphical assessment of material 
strain, as well as digital microscopy, which al-
lowed for a graphical assessment of the level 
of material structure damage.

This study represents the initial stage of research 
activities in the context of evaluating composite 
material damage. The paper presents research pos-
sibilities leading to the evaluation of composite ma-
terial damage, using the research devices presented 
in the paper. The preliminary studies of the bending 
phenomenon of thin-walled composite structures 
with closed cross-sections provide information on 
the possibilities resulting from the use of several re-
search methods to test the load-carrying capacity of 
composite structures under conditions of variable 
support spacing within three-point bending tests. In 
particular, the use of the acoustic emission method 
and the more detailed investigation of the behavior 
of the flexural behavior of composite structures in 
the case of several types of acoustic signals will en-
able a broader view of the assessment of the com-
plex failure phenomenon.
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