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A B S T R A C T   

The paper presents the experimental study of the failure behaviour of sandwich beams subjected to bending. The 
samples examined are sandwich beams made of polyethylene terephthalate foam core and glass fibre-reinforced 
polymer laminate face sheets. In a series of experiments, it has been proposed to integrate diagnostic techniques 
with acoustic emission and digital image correlation to accurately track the cracking process on the surface as 
well as in the entire volume of the beam. The research programme carried out allowed observing various modes 
of failure in composite specimens. The results obtained showed that the integration of acoustic and optical 
diagnostic techniques provided complementary results and can be used successfully for failure monitoring in 
sandwich beams.   

1. Introduction 

The concept of a light composite sandwich structure, which consists 
of rigid face sheets and a lightweight core, was introduced in the aircraft, 
ship, and automobile industries in the early 20th century. Sandwich 
panels made of metal or increasingly fibre-reinforced plastics (FRP) are 
now being used in many different structural applications. Its popularity 
is due to specific characteristics, which are: high bending stiffness, 
strength combined with low weight, as well as durability including fa-
tigue and corrosion resistance. This type of structures of have also 
gained popularity during recent decades in the usually conservative civil 
engineering industry. Currently, they are used mainly in bridge appli-
cations as decks [1–4] or as a complete structural system [5,6], but also 
in general building constructions such as floors [7], roofs [8] or cladding 
walls [9]. 

Lightweight sandwich structures offer designers new opportunities. 
Therefore, there is great interest in them among researchers. In the past 
three decades, a large number of experimental, analytical, and numer-
ical studies have been done on sandwich beams or panels. The common 
loading case/condition of a sandwich structure is bending, so the largest 
amount of research completed was performed under three- or four-point 
bending conditions. Their main purpose was to identify the flexural 
properties, strength, and failure mechanisms. The most common failure 

modes in these tests were buckling of an upper face sheet, debonding 
between a face sheet and a core, foam shear, or local damage to a face 
sheet under concentrated force. The following research can be given as 
examples. Fam and Sharaf [10] explored the feasibility of the fabrication 
and assessment of the flexural performance of panels made up of foam 
core and GFRP skins. They conducted a comprehensive material testing 
programme and large-scale panel bending tests with various configu-
rations of internal and exterior GFRP ribs. Islam and Aravinthan [11] 
developed an innovative sandwich panel made of glass fibre-reinforced 
polymer skins and modified phenolic core material. Their research 
programme included tests of sandwich panels with different fibre ori-
entations under point load and uniformly distributed load to determine 
their strength and failure mechanisms. Kulpa and Siwowski [12] pro-
posed a composite FRP bridge deck designed for application on road 
bridges. They subjected the prototype full-size bridge deck to a series of 
static load tests that simulate the relevant load. Bahabadi et al. [13] 
investigated experimentally and numerically the resistance to separa-
tion between composite skins and different complex geometries of the 
corrugated core filled with PVC foam. Mei et al. [14] proposed foam- 
filled composite sandwich panels with X-core. They studied the flex-
ural behaviours of empty and hybrid composite sandwich panels using 
three-point bending tests. Xie et al. [15] studied the flexural properties 
of polyethylene terephthalate (PET) composite sandwich panels filled 
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with foam subjected to four-point bending. They analysed the effects of 
different thicknesses of the face sheet and core on their flexural prop-
erties. The studies of other researchers can also be found here [16–21]. 

All of the above examples include the damage process of the tested 
structures in their scope. The studies are based mainly on observations, 
results from testing machines, and point measurements, such as e.g. 
strain gauges, and are often supported by numerical analysis. All this is 
done in order to better understand the processes that take place inside a 
structure. Recently, non-destructive testing (NDT) techniques have been 
greatly developed. They can often enrich and help to understand the 
work of a structure and can also help predict impending failure. One 
such technique is digital image correlation (DIC), which is based on 
optical principles. Until now, it has still been rarely used in the research 
of sandwich structures, although, the application of DIC to polymeric 
materials has been shown to be a powerful tool for non-contact strain 
measurement [22]. Nevertheless, a few examples of the application of 
this technique can be found. Fathi et al. [23] investigated the shear 
deformations of three common structural core materials: PET foam, PVC 
foam and Balsa wood with the aid of full-field optical analysis. Ram-
akrishnan et al. [24] studied parabolic impact with different trajectories 
on sandwich plates with Kevlar face sheets and Rohacell foam core. They 
measured components of the force–time history using a triaxial load cell 
and strain history obtained from the DIC of high-speed camera images. 
Sayahlatifi et al. [25] investigated the effect of the insertion of a 
corrugated composite into the typical balsa core sandwich structure 
under four-point bending. They used the DIC technique to obtain full- 
field strains and deflection distribution. 

Another non-destructive testing technique that is already established 
but is still gaining popularity is acoustic emission (AE). It is a passive 
technique that makes use of the high-frequency acoustic energy emitted 
by an object. The use of this method can be observed quite often in the 
monitoring of FRP laminates. Many researchers use the acoustic emis-
sion technique to identify microscopic damage mechanisms, assess 
failure progress, identify damage modes, observe the evolution of 
degradation due to fatigue, or determine the position of a crack tip 
during propagation. Examples of such applications can be seen in 
[26–35]. This technique is much less often used in sandwich structures, 
but some examples can still be given. Pashmforoush et al. [36] used the 
AE technique to monitor the mode I delamination test of sandwich 
composites. Sikdar et al. [37] performed a coordinated semi-analytical, 
finite element, and experimental analysis of damage-induced AE wave 
propagation and source monitoring in a honeycomb sandwich com-
posite structure. Abdulaziz et al. [38] studied AE wave propagation in a 
glass fibre aluminium honeycomb sandwich panel. They analysed the 
propagation of AE through thickness from one face sheet to the other. 
Rishikesan et al. [39] investigated the effects of various acoustic emis-
sion signals together with force, torque, and tool wear on the delami-
nation caused by the honeycomb GFRP sandwich composite during the 
drilling process. Wu et al. [40] focused on the rapid determination of AE 
wave propagation velocity in composite laminate and sandwich struc-
tures using a closed-form formula to improve damage localization. 

Monitoring the propagation of damage and in sandwich structures 
remains a challenge. The weakest element of these structures, the core 
hidden under rigid face sheets, is the most common cause of their fail-
ure. This paper deals with the application of acoustic emission and 
digital image correlation techniques for failure characterisation in 
composite beams subjected to bending. A set of carefully planned ex-
periments was conducted on sandwich beams in a way that resulted in 
different modes of failure. The applied diagnostic techniques allowed 
one not only to observe what was happening with the tested sandwich 
beams on their surfaces, but also to enter their structure. The DIC 
technique allowed to observe mainly the work of the core, while the AE 
allowed to classify stages of damage. The main contribution of the work 
is the integration of two diagnostic techniques (i.e., acoustic emission 
and digital image correlation) to enhance quantitative damage assess-
ment during the process of mechanical degradation. A detailed 

characterisation of particular stages of the fracture process was con-
ducted by both techniques. The results showed that the two integrated 
diagnostic techniques allowed more accurate observations of the 
bending process as well as classification of damage stages. 

2. Materials and methods 

2.1. Specimens 

The tested samples were sandwich beams of cross-section dimensions 
40 × 74 mm2 and length 350 mm; see Fig. 1. Their structure was made of 
a polyethylene terephthalate (PET) foam core and glass fibre-reinforced 
polymer (GFRP) laminate face sheets. 

In this paper four samples were studied. Two of them (Beams #1-SD 
and #2-SI) were made with a PET core density of 80 kg/m3, while the 
other two (Beams #3-HD and #4-HI) a core density of 200 kg/m3. This 
made it possible to observe the failure process for two very different 
materials: ‘soft’ foam (80 kg/m3) and ‘hard’ foam (200 kg/m3). The 
material parameters of the ‘soft’ foam are: elastic modulus E = 40 MPa, 
shear modulus G = 15 MPa, compressive strength σm = 1.02 MPa, strain 
corresponding to compressive strength εm = 5.9%, strain in the con-
ventional elastic zone εe = 1.8%, and of the ‘hard’ foam are: elastic 
modulus E = 148 MPa, shear modulus G = 50 MPa, compressive strength 
σm = 3.99 MPa, strain corresponding to compressive strength εm = 5.3%, 
strain in the conventional elastic zone εe = 2.0% [41]. In both cases, the 
identification was carried out according to the ISO 844:2021 standard. 
All four samples had the same face sheets made of a GFRP laminate. 
Each laminate consisted of vinylester resin and quasi-balanced knitted 
glass fibre fabrics of 800 g/m2 in the following sequence [0/90/+45/ 
− 45]s. Its mechanical properties are: the equivalent elastic modulus E =
18.4 GPa and strength ft = 290 MPa. 

The samples were manufactured using a vacuum infusion process. 
First, sandwich plates were made, and then they were appropriately cut 
into beams. Manufacturing with this technology ensures a high-quality 
product; however, the technological requirements force certain treat-
ments. To ensure the flow of resin between face sheets, a core has to be 
perforated. This is usually done by drilling a hole pattern, and this was 
also done for the analysed material. Therefore, additional pure resin 
columns with a 3 mm diameter and height the same as the core height, 
were formed during manufacturing. They can be seen in Fig. 1 as dark 
spots on the laminate surface. The hole pattern in the 80 kg/m3 core was 
70 mm, while the 200 kg/m3 core was 50 mm. It is also worth 
mentioning that PET foam is not exactly an isotropic material. Its 
manufacturing process involves the production of plates which are 
further welded to blocks and then sliced to dimensions given by a 
customer. The welding surfaces perpendicular to the length of the beam 
are marked with arrows in Fig. 1. The denser the foam, the closer the 
welded surfaces are to each other. 

2.2. Experimental setup and procedure 

The prepared beams were subjected to the three-point bending test. 
The experiments were carried out using the Zwick/Roell Z10 Universal 
Testing Machine (UTM) with the flexure test kit. The device consisted of 
two steel supports with a 5 mm radius rounding and an upper centrally 
placed punch also with a 5 mm radius rounding to apply a load. The 
support spacing was assumed to be 250 mm. The beams were first pre-
loaded with a force of 10 N and then further loaded until failure with a 
cross-head displacement rate of 2 mm/min. During the test, two load 
application methods were used: a concentrated line force induced 
directly by the punch hereinafter called ‘line load’ (Beams #1-SD, #3- 
HD) and a force induced by the use of an additional plate of 30 × 40 
mm2 surface dimensions and 4 mm thickness, hereinafter called ‘surface 
load’ (Beams #2-SI, #4-HI); see Fig. 2. Two methods were applied to 
analyse a very unfavourable scheme for sandwich structures, which is a 
concentrated force and a much more favourable scheme, which is a force 
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distributed over a surface. The goal was to get different failure modes. 
The beam failure was monitored by two independent systems based 

on the Acoustic Emission and Digital Image Correlation techniques; see 

Fig. 3a. Sensors used in AE were multilayer piezoelectric transducers 
NAC2024 (Noliac). In total, eight transducers (Sensors S1 ÷ S8) were 
used, located as shown in Fig. 3b. Data acquisition was carried out using 

Fig. 1. Beams prepared for testing: 80 kg/m3 core (front) and 200 kg/m3 core (rear).  

Fig. 2. Beam loaded by: (a) line load (Beams #1-SD, #3-HD) (b) surface load (Beams #2-SI, #4-HI).  

Fig. 3. Experimental setup: (a) equipment setting, (b) scheme of PZT sensors location.  
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the AMSY-6 system (Vallen Systeme GmbH) with a sampling rate of 10 
MHz. A threshold of 30.1 dB was used to separate hits from background 
noise. AE signals were acquired in a frequency range of 40–500 kHz. The 
beam photographs were taken every 2 s with a Canon EOS 5D III digital 
camera. The images were then processed using ARAMIS Professional 
software (GOM GmbH, Braunschweig, Germany). The AE system was 
triggered with a testing machine, so the data was fully synchronised. The 
photographs were started manually at the moment of starting the 
bending process. 

2.3. Digital image correlation 

Digital image correlation (DIC) is a technique that is based on optical 
principles. It is used for full-field displacement and strain measurements 
of a loaded structure. The method is based on the matching of digital 
images between a non-deform state and subsequent deformed states. 
Changes in the coordinates of spots on random speckle patterns that 
cover the surface of the test object are calculated using the correlation 
coefficient [42]: 

CCZMN =

∑M
i=1

∑N
j=1

[(
f (i, j) − uf

)
×
(
g(i, j) − ug

) ]

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑M

i=1

∑N

j=1

(
f (i, j) − uf

)2
×
∑M

i=1

∑N

j=1

(
g(i, j) − ug

)2

√ (1) 

where f and g denote reference and target subsets, respectively, while 
uf and ug are intensities of reference and target subsets, respectively. The 
coefficient (1) is determined using the criterion of normalized zero- 
mean cross-correlation. In this study, the inspected region that covers 
the front surface of the sandwich beam was divided into subsets (facets) 
of a size of 19 × 19 pixels with a distance of 16 pixels. Then, the 
displacement and strain fields are calculated over the entire inspected 
area. 

2.4. Acoustic emission 

Acoustic emission (AE) measurements are based on the detection of 
elastic stress waves recorded by sensors. The micro- and macro-cracks 
emit elastic waves that propagate through the object. When such an 
elastic wave reaches a surface, it turns into a surface wave and causes its 
displacements. Sensors register the change and convert it into an elec-
trical signal. Using the appropriate software, it is possible to observe the 
changes in real-time. Each micro- and macro-crack can be observed as a 

short elastic wave signal. 
The typical AE waveform is presented in Fig. 4. It gives the 

commonly used characteristics of the AE signals, including the duration, 
counts, amplitude and energy. In this study the fracture monitoring was 
investigated using typical AE parameters like cumulative energy, hits 
and cumulative hits. 

3. Research results and discussion 

3.1. Bending test results 

The bending tests were performed with the constant cross-head 
displacement rate. Therefore, the displacement–time curves in all tests 
are the same and linear. The obtained load-time(displacement) curves of 
all performed tests are presented in Fig. 5. In each test result, four 
characteristic stages can be observed, they are: A - linear behaviour 
limit; B - first significant beam weakening; C - highest beam strength; D - 
failure or end of the test. All stages are marked in Fig. 5. 

At first, the values of the linear behaviour limit were identified. 
Linear regression was performed based on the first bending phase for 
each beam. Comparing the results of the linear regression and the 
experimental data allowed to estimate the linear behaviour limit in 
particular beams. Then, the values for the other characteristic stages 
were read directly from the data graph. The gained values of force, cross- 
head displacement and respective time are listed in (Table 1). 

The images of beams made of ‘soft’ foam (Beams #1-SD and #2-SI) 
during the test at characteristic moments are presented in Fig. 6. A 
clearly visible deflection of the beams under load and a significant 
deformation of the foam can be observed in the area where the force was 
applied. 

Beam #1-SD behaved linearly until the force reached a value of 1.10 
kN (stage A). The first significant beam weakening appeared after 
gaining 2.15 kN (stage B). Later, the force continued to increase, but 
much slower. After reaching the maximum force of 2.94 kN (stage C), 
there was a sharp drop in its value. Visual observation indicates that the 
reason for this was a sudden drop in the flexural stiffness of the upper 
laminate or a sudden increase in the core crush zone under the applied 
force. In Fig. 7 it can be noticed that the beam thickness decreased right 
below the punch and increased in its direct neighbourhood. The test was 
stopped after reaching the cross-head displacement of 30 mm (stage D). 
There was no abrupt failure that ended the beam bending. At the end of 
the test, very large crushing of the core and significant deformation of 

Fig. 4. Typical AE waveform.  
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the upper laminate were observed, there was an increase in displace-
ment without an increase in force. 

The Beam #2-SI bending process in the initial phase proceeded in a 
similar way as in Beam #1-SD. The identified linear behaviour limit of 
1.10 kN (stage A) is the same. However, the first significant beam 
weakening (stage B) appeared much later, when the force reached the 
value of 3.02 kN. On the other hand, the maximum force of 3.27 kN 
(stage C) was achieved at about the same time as in Beam #1-SD, at the 
moment when the cross-head reached the displacement of about 16 mm. 
Right after reaching the maximum force, both Beams #1-SD and #2-SI 
experienced a sharp drop in force, in the case of Beam #2-SI it was the 
destructive moment (stage D). The core has been sheared throughout the 
entire width of the sample; see Fig. 6h and Fig. 8. The shear crack started 
under the top laminate, on the right side of the loading flat bar. Then, at 
an angle of about 45 degrees, it descended to the lower laminate. And 
finally, it caused a complete debonding of the core and the lower 
laminate. The test ended with a sudden beam failure. 

The images of beams made of ‘hard’ foam (Beams #3-HD and #4-HI) 
during the test at characteristic moments are presented in Fig. 9. The 
flexural stiffness of the analysed beams was higher compared to the 
previous ones. Larger forces were recorded for analogous deflections. 

Additionally, the deformation of the foam in the area where the force 
was applied was less extensive and more local. 

The identified force of the linear behaviour limit (stage A) in Beam 
#3-HD is more than twice as high as in the previous beams and amounts 
to 2.70 kN. Furthermore, the behaviour of the beam was close to linear 
until the first weakening (stage B), which is 5.21 kN. Similarly to Beam 
#1-SD and #2-SI, after reaching the maximum force (stage C) of 6.43 
kN, there was a sharp drop in its value. Visual observation indicates that 
the reason for this was a sudden delamination in the upper laminate that 
resulted in a local drop in its flexure stiffness on the right side of the 
punch; see Fig. 10a-b. Further, in the bending process, a second sharp 
drop in force was observed in about 600 s of the test duration. Fig. 10c- 
d shows how the damage propagated on the right side and how the new 
delamination occurred on the left side. There was no abruptly termi-
nating the test failure during beam bending. The test was stopped after 
reaching the cross-head displacement of 30 mm (stage D). At the end of 
the test, very large crushing of the core and significant deformation of 
the upper laminate was observed, and the increase in force was very 
slow. 

The process of bending Beam #4-HI in the initial phase proceeded in 
a similar way as in Beam #3-HD due to similar flexural stiffness. How-
ever, the force identified in the linear behaviour limit (stage A) has a 
much higher value of 3.70 kN. The same as in Beam #3-HD, the rela-
tionship between force and displacement was close to linear until the 
first weakening (stage B) of 7.74 kN. After this, the beam behaved 
nonlinearly up to the maximum force value (stage C) of 9.61 kN. Beam 
#4-HI had the highest load capacity of all the tests. After the maximum 
force was obtained, there was a sharp drop in its value. Visual obser-
vation indicates that the reason for this was the delamination of the 
laminate; see Fig. 11a-b. Despite the severe damage to the upper lami-
nate, the beam still retained its partial load-bearing capacity until the 
core was sheared off, causing the final sudden failure (stage D); see 
Fig. 11c-d. 

3.2. Digital image correlation results 

The selected results of the DIC analysis on the side surface of 

Fig. 5. Load-time(displacement) curve for Beams #1÷#4.  

Table 1 
Characteristic values of force, cross-head displacement and respective time 
during bending – Beams #1÷#4.   

force displ. time force displ. time 
Char. stage [kN] [mm] [s] [kN] [mm] [s]  

Beam #1-SD Beam #2-SI 
A 1.10 1.94 60 1.10 1.82 56 
B 2.15 4.89 148 3.02 9.35 282 
C 2.94 16.13 486 3.27 16.42 494 
D 1.85 30.38 914 3.27 16.42 494  

Beam #3-HD Beam #4-HI 
A 2.70 1.66 52 3.70 2.12 64 
B 5.21 3.31 100 7.74 4.96 150 
C 6.43 5.05 152 9.61 12.82 386 
D 5.37 30.22 908 7.59 23.18 696  
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sandwich beams made ‘soft’ foam (Beams #1-SD and #2-SI) during the 
bending process are presented in Fig. 12. In this study, to observe the 
fracture process of the sandwich beams, equivalent Mises strain 

distribution was examined. 
The first results Fig. 12a and Fig. 12e, for Beams #1-SD and #2-SI, 

respectively, show the field strain distribution in an early stage of 

Fig. 6. Deformations of beams in selected stages during bending: (a)÷(d) Beam #1-SD, (e)÷(h) Beam #2-SI.  

Fig. 7. Beam #1-SD during bending: (a) at the characteristic stage C of the highest beam strength (486 s), (b) right after stage C (488 s).  

Fig. 8. Zooming in on the force point in Beam #2-SI during bending: (a) just before failure – stage D (494 sec.), (b) after failure (496 sec.).  
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bending. It is the characteristic stage A, when the limit of the linear 
force–displacement relation has been reached. The first observation is 
that the core strains in both beams were still within the conventional 

elastic zone limit, i.e. less than 1.8%. The characteristic is that the 
distinct zones with low strain values in areas outside the support points 
are clearly visible (marked with red borders). This is due to the low shear 

Fig. 9. Deformations of beams in selected stages during bending: (a)÷(d) Beam #3-HD, (e)÷(h) Beam #4-HI.  

Fig. 10. Zooming in on the force point in Beam #3-HD during bending: (a) highest beam strength – stage C (152 s), (b) damage after the first sharp drop in force 
(160 s), (c) damage before the second sharp drop in force (590 s), (d) damage after the second sharp drop in force (620 s). 

Fig. 11. Zooming in on the force point in Beam #4-HI during bending: (a) highest beam strength – stage C (386 s), (b) damage after a sharp drop in force (388 s), (c) 
damage before final failure – stage D (696 s), (d) final failure (698 s). 
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modulus of the core. Fig. 13 shows an example of Beam #1-SD during 
bending, where clear cut-off lines of the core shear deformation over the 
support points are visible. The next noticeable effect is the locations of 
the welded surfaces in the core (marked with green borders). They form 
a kind of rib in the foam structure. The described effects are magnified as 
the beam deflection increased, which can be observed in further figures. 

The results for characteristic stage B, the first significant beam 
weakening, are presented in Fig. 12b and Fig. 12f. In the area where the 
force was applied (marked with a red border), the core strains signifi-
cantly exceeded the value of the conventional elastic zone in both beams 
(1.8%). Furthermore, in Beam #1-SD those strains were close to the 
strain value corresponding to compressive strength (5.9%), while in 
Beam #2-SI they were well above this value. The application of the 
distributed force caused Beam #2-SI to weaken much later than Beam 
#1-SD. From stage B, the core under applied force was continuously 
crushed (red border), resulting in a much slower growth rate of the 
force. What is characteristic at this stage of the bending process in Beam 
#2-SI (Fig. 12f), is a high intensity of shear strains, which can be 
observed to the right of the applied force (marked with a blue border) 
and a concentration of strains close to the upper laminate, above the left 
support (marked with green border). A closer analysis of the photos 
showed that at the point above the left support, debonding of the core 
and the laminate occurred. It expanded with the bending process; see 
Fig. 14. 

The results for characteristic stage C, the highest beam strength 
moment, are presented in Fig. 12c and Fig. 12g. It can be seen that the 

core was already significantly crushed under force (red border), and 
some of the points observed by the DIC system become invisible. There 
was also a significant shear effect on the core on both sides of the applied 
force (blue borders). In Beam #2-SI previously mentioned strain con-
centration on the right side of the force increased significantly (blue 
border). 

At the end of the test (stage D) all of the above effects have been 
intensified (Fig. 12d and Fig. 12h). In Beam #1-SD there was no sudden 
failure, while in Beam #2-SI the core was sheared exactly in the area 
which already had been marked with a blue border in Fig. 12f-g. 

The selected results of the DIC analysis on the side surface of the 
beams made of ‘hard’ foam (Beams #3-HD and #4-HI) are presented in 
Fig. 15. 

The sequence of results presented is the same as for the ‘soft’ foam 
beams. Initially, the field strain distributions in an early stage of bending 
(stage A) are presented in Fig. 15a and Fig. 15f, for Beams #3-HD and 
#4-HI, respectively. Similarly to previous results, strains in the core 
areas outside the support points almost do not increase (marked with red 
borders). The difference from the previous results is that the strains were 
much more clearly concentrated around the support points and the 
applied force from the early beginning of the bending process. The 
location of the welded surfaces in the core structure can be noticed, but 
in the ‘hard’ foam it is much less visible (marked with green borders). 
The moment of the first significant beam weakening (stage B) occurred 
when the strains in the core under force reached their value of the 
conventional elastic zone (2.0%) in Beam #3-HD (Fig. 15b) and was 

Fig. 12. DIC analysis results: (a)-(d) Beam #1-SD, (e)-(h) Beam #2-SI.  

Fig. 13. Deformation of Beam #1-SD after exceeding the limit of linear behaviour (90 s).  
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close to the value of the strain corresponding to the compressive strength 
(5.3%) in Beam #4-HI (Fig. 15g). The application of the distributed 
force caused Beam #4-HI to weaken later, but this interval is not as long 
as in beams made of ‘soft’ foam. What is characteristic at this stage of the 
bending process in Beam #4-HI is a very asymmetric concentration of 
strains over the supports. The strain values above the left support were 
much higher (green border in Fig. 15g). They were growing with the 

bending process and at the same time becoming more and more 
concentrated; see Fig. 15h-i. Finally, the core fractured at this point 
during the final failure; see Fig. 15j. This effect was not visible before its 
final destruction; see Fig. 16. 

When the maximum force was reached (stage C), the concentration 
of strains around the applied force became even more apparent (red 
border in Fig. 15c and Fig. 15h). Their values exceeded the strain 

Fig. 14. Zooming in on the debonding area in Beam #2-SI during bending: (a) stage B - first significant beam weakening (282 s), (b) stage C - highest beam strength 
(494 s). 

Fig. 15. DIC analysis results: (a)-(e) Beam #3-HD, (f)-(j) Beam #4-HI.  

Fig. 16. Zooming in on the left support area in Beam #4-HI during bending: (a) before final failure – stage D (696 s), (b) after final failure (698 s).  
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corresponding to the compressive strength in both beams. The very local 
plasticization of the foam around the applied force made the bedding for 
the upper laminate very unstable and, as a consequence, it was broken in 
both beams, see Fig. 10b and Fig. 11b. 

Beam #3-HD before the end of the bending process experienced a 
second sudden drop in strength in 590 s of the test (Fig. 10c). The result 
for that moment is presented in Fig. 15d. 

At the end of the test (stage D), a large crushing of the core occurred 
directly under the force (Fig. 15e and Fig. 15j). In Beam #4-HI, the strain 
distribution just before the final failure makes it possible to recognize 
the location of a further fracture (blue border in Fig. 15i). It actually 
occurred at the indicated place, leading to the final failure (blue border 
in Fig. 15j). 

3.3. Acoustic emission results 

The first results presented are the cumulative energy charts for 
particular groups of sensors (results from doubled sensors are added): 
S1 + S3 (top left), S2 + S4 (top right), S5 + S7 (bottom left), S6 + S8 
(bottom right), these are shown in Fig. 17. Additionally, the load-time 
curve have been added to the presented results for a clearer view of 
the bending process stages. The characteristic stages identified earlier 
are marked on the graph by letters and background colours. 

The analysis of the results obtained shows similarities. During the 
initial 0-A phase, there is no evident change in energy in any of the 
beams. The first energy growths appear in the A-B interval when the 
linear phase is already exceeded. It is noticeable that the growth in 
energy is more intense in the results recorded by the sensors located in 
the lower laminates. A possible reason is that these sensors are in the 

immediate vicinity of the supports, closer to the point action of the re-
action forces. In the B-C phase, after the first significant beam weak-
ening, single energy spikes were recorded. They are mainly observed in 
the upper laminate sensors, indicating that the applied force evoked an 
early stage of damage to the laminate or a foam crushing near the punch. 
Single energy spikes occurred at moments that corresponded to changes 
in the rate of the force–time curve. At stage C which is assigned to the 
highest beam strength in all beams except Beam #2-SI, a sharp jump in 
the energy of the upper laminate sensors may be observed on both sides 
of the specimens, or on only one side if the damage is very unsymmet-
rical, such as in Beam #4-HI (see Fig. 11b). This is due to the delami-
nation/breakage of the laminate structure and, therefore, the clear 
penetration of the punch into the beam structures. Beam #2-SI lacks 
such an effect because stage C is also associated with the final failure. Its 
destructive moment, caused by the shear of the core, was recorded most 
intensively by the S6 + S8 sensors located on the right side of the bottom 
surface of the composite beam, which corresponds to the location of the 
core crack. The subsequent C-D phase shows smaller energy peaks 
associated with continuously increasing damage to the upper laminate 
surface. The final failure of Beam #4-HI was recorded the most inten-
sively by sensors S5 + S7, where the highest energy spike may be 
observed. These sensors also correspond to the location of the core 
crack. 

The appearing hits recorded per second are the next data collected 
during the tests that have been considered. The compilation of the 
following graphs: appearing hits in all sensors (scatter plot), cumulative 
hits for groups of sensors, and load-time curves are presented in Fig. 18. 
The characteristic stages are also marked on this graph in the same way 
as in previous cumulative energy plots. 

Fig. 17. AE analysis results – cumulative energy for particular groups of sensors: a) Beam #1-SD, b) Beam #2-SI, c) Beam #3-HD, d) Beam #4-HI.  
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When comparing the graphs for all tested beams, some consistencies 
can be noticed. In the initial phase of loading 0-A, there is a rapid in-
crease in registered hits per second. What is characteristic, this phe-
nomenon is not accompanied by a rapid growth of cumulative hits nor 
cumulative energy (see Fig. 17). It can be concluded that during the 
linear behaviour of the beam, the total number of hits is not large, but 
they occur in abrupt short in time series characterized by very low en-
ergy. The rapid increase in hits ends just after stage A is passed. During 
the A-B interval, there is a stabilization in the number of hits per second, 
and then a decrease. At the same time, there is a rapid growth of cu-
mulative hits. This means that the total number of hits increases much 
faster, but it happens less rapidly, that is, more evenly distributed over 
time. At this stage, it is noticeable that the lower laminate sensors reg-
ister more hits than the upper ones. After the first significant beam 
weakening (stage B) in all beams, the number of hits registered per 
second stabilizes. The cumulative hits parameter still increases but is 
noticeably slower than in the previous phase. In all beams, except Beam 
#2-SI there is no significant difference in the rate of its growth on the left 
and right sides of the beam. In Beam #2-SI, the upper right sensors S2 +
S4 register much more hits than the upper left ones S1 + S3. The most 
likely cause of such a phenomenon is damage propagation in the vicinity 
of those (upper right) sensors; see the DIC results in Fig. 12f-g. Finally, 
the core was sheared on the side where more hits were recorded. 

After the highest beam strength (stage C), the situation changes 
depending on the beam. Beam #2-SI is already broken. In Beam #1-SD 
the number of hits registered by the left and right upper sensors 
increased significantly. This means that the main damage process 
occurred in the upper laminate, which is confirmed by the observations 
(Fig. 7) and the DIC results (Fig. 12c-d). In Beam #3-HD after the first 

sharp drop in force, there was an increase in the registered number of 
hits mainly in the upper right sensors S2 + S4, in turn after the second 
sharp drop in force the situation reversed and the main increase moved 
to the upper left sensors S1 + S3. This phenomenon fits perfectly with 
the observation of how the damage propagated in the upper laminate 
shown in Fig. 10. In Beam #4-HI after stage C the main increase in 
registered hits may be observed only in the upper right sensors S2 + S4. 
It fits perfectly with the observation shown in Fig. 11. 

The above analysis showed that in the considered task a better pic-
ture of the beams behaviour was obtained by examining the cumulative 
hits rather than the cumulative energy. These results allowed for better 
identification and localization of damage that occurred during the 
bending process. It turns out that even such a rough result as shown in 
Fig. 19, which is the total number of hits for particular groups of sensors, 
gives the possibility to draw conclusions. In Beam #1-SD there is almost 
an equal number of hits registered by the upper sensors S1 + S3 and S2 
+ S4 and their number is much higher than in the lower sensors. This 
means that the damage process was close to symmetric and took place 
mainly in the upper laminate. In Beam #3-HD the situation is similar to 
Beam #1-SD but it is clearly seen that the damage process was more 
dominant on the right side where the main delamination in the upper 
laminate occurred. In Beam #2-SI most events are recorded by lower 
sensors, while dominant are right sensors S6 + S8 where the final core- 
laminate debonding occurred. In Beam #4-HI the sensors that recorded 
the highest number of hits are in the upper right S2 + S4. This is the side 
where the main delamination and breakage of the laminate occurred. All 
these conclusions are consistent with the previous observations. 

Fig. 18. AE analysis results – cumulative hits for particular groups of sensors: a) Beam #1-SD, b) Beam #2-SI, c) Beam #3-HD, d) Beam #4-HI.  
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4. Conclusions 

This paper dealt with the failure process characterisation of sand-
wich beams, carried out by the application of two integrated non- 
destructive methods. Acoustic and optical testing was used for this 
purpose. From the results obtained, the following conclusions could be 
formulated.  

• The research program performed allowed observing various modes 
of failure in composite beams.  

• Two integrated non-destructive testing techniques: acoustic emission 
and digital image correlation allowed more detailed observations of 
the bending process under concentrated force and distributed load. 
DIC made possible observation of the full-field surface distribution of 
the strains in a sandwich beam core. It allowed for accurate tracking 
of the fracture process, moreover, it highlighted welded surfaces in 
the core. Observation of the development of the strain concentration 
progressing with increasing load allows highlighting the weakening 
points, and consequently earlier localisation of the failure areas, i.e. 
plasticised zones or cracks in the foam. AE allowed registering sig-
nals concerning damage evolution from the entire volume of the 
beam. The obtained results, i.e. energy and hits charts, allowed for 
detailing the various stages of beam work and failure. AE also made it 
possible to locate damage that occurred by the number of events 
recorded by the sensors. The closer the sensor was to the damage, the 
more events with higher energy it registered.  

• The classification of damage stages was proposed by indicating 
characteristic stages of the behaviour of the sandwich beams. These 
stages were clearly recognisable in the AE results when analysing the 
cumulative hits for particular groups of sensors, as well as when 
observing the strain fields from the DIC, in particular the plastici-
zation zones of the foam.  

• The application of two integrated methods enhanced the failure 
characterisation process, especially in the context of quantitative 
damage assessment. The DIC technique provided quantitative mea-
surement until a structure is consistent. When a crack occurred, only 
qualitative measurement remained in a damaged area as using the 
DIC method it was not possible to obtain precise values of strains 
within the cracks because there was no material left. After cracking a 
structure, AE continued both quantitative and qualitative measure-
ments providing the values of the number of hits and the energy of 
AE events. 

In summary, the presented research showcases the benefits of inte-
grated DIC and AE techniques and why they should be considered as 
reliable techniques for composite sandwich structure failure analysis. 
Further work will focus on determining the location of the failure more 
precisely by proposing an original method of the collected acoustic 
signals analysis. 
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