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Abstract 

Comprehending the damage initiation and propagation mechanisms in sandwich materials is crucial for optimizing 

their design. We employ a passive approach based on three-point bending tests on prismatic sandwich beam 

specimens with polyurethane foam cores. During these tests, the acoustic emission (AE) signals generated by the 

materials under mechanical loading are recorded. AE is defined as the release of energy in the form of transient 

elastic waves accompanying a dissipative process in the material. These signals are then analyzed based on 

parameters such as amplitude, energy and number of events to study the influence of support span length and core 

thickness. Classification of the acoustic signatures allows identification of the different damage modes (core shear, 

delamination, indentation, etc.). This acoustic activity is correlated with the deformation phases (load-

displacement curve) and the damage modes observed in real-time. This correlation enables evaluation of the 

collected signals and improves understanding of the damage mechanisms in sandwich materials.  
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1. Introduction 

In recent years, growing interest has focused on 

developing and characterizing new sandwich panel 

configurations using innovative materials and 

manufacturing techniques. Limited research exists 

on the flexural behavior and damage mechanisms of 

these sandwich panels, especially using advanced 

monitoring techniques like acoustic emission.   

These materials are experiencing remarkable growth 

in various industrial sectors, notably aerospace, 

automotive and construction, composed of two thin 

skins bonded to a lightweight core due to their 

excellent strength-to-weight ratio, stiffness and 

insulation properties [1]. 

The skins provide high in-plane strength and 

stiffness, while the core material separates the skins 

and resists shear loads. Foam materials, such as 

polyurethane, polyethylene and phenolic foams, are 

commonly used as core materials in sandwich panels 

due to their low density, good mechanical properties 

and ease of manufacturing, Yan and al. [2]. 

However, the complex nature of sandwich 

structures, combining different materials and 

interfaces, makes their mechanical behavior and 

damage modes difficult to predict [3]. In particular, 

the flexural behavior of these structures is crucial for 

many applications but remains insufficiently 

understood, especially regarding damage initiation 

and propagation by Carlsson and al [4].  

Recent research has highlighted the importance of 

understanding the mechanical behavior of sandwich 

structures under various conditions. For example, 

Monteiro and al [5] studied the effect of dimensions 

and relative density on the mechanical behavior of 

lattice core cellular structures manufactured by 

additive manufacturing for sandwich panels. Their 

results showed that the core geometry and density 

significantly impact the overall mechanical 

properties of the sandwich. In the field of sports 

applications. Crameri and al. [6] conducted an 

experimental study on the mechanical performance 

of EPS foam core sandwich composites used in 
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surfboard design. This study emphasized the 

importance of material selection and structural 

design for optimizing the performance of sports 

equipment. Regarding metallic sandwich structures. 

Huang, et al. [7] examined the effect of core density 

on the three-point bending performance of 

aluminum foam core sandwich panels. Their work 

underlined the importance of core density in 

determining the failure modes and overall 

mechanical properties of sandwich panels. 

In this context, acoustic emission (AE) refers to the 

transient elastic waves generated by the rapid release 

of energy from localized sources in materials 

undergoing deformation or damage by Grosse and 

al. [8].  

Saeedifar and al. [9] Used acoustic emission (AE) as 

a non-destructive testing technique for real-time 

monitoring and damage assessment in composite 

materials and structures. Fotouhi and al. [10] 

detected and analyzed AE signals using 

piezoelectric sensors, obtaining valuable 

information about the type, location and severity of 

damage in the material. Assarar and al. [11] 

contributed to identifying the damage mechanisms 

created in sandwich composites (glass fiber-

polyvinyl chloride (PVC)) subjected to three-point 

bending tests. To optimize the investigation of 

damage mechanisms, the recorded AE signals are 

classified using multivariate data analysis, where the 

mechanisms are tracked until the failure of the tested 

samples. Pyrzowski and al. [12] integrated two 

diagnostic techniques (acoustic emission and digital 

image correlation) to improve damage assessment 

during the mechanical degradation process. The 

results showed that both techniques allowed 

observing the folding process as well as classifying 

the damage stages. Ben Ammar and al. [13] studied 

the mechanical behavior of sandwich structures 

under static and dynamic 4-point bending tests. The 

effects of foam and density on the static and fatigue 

mechanical behavior were investigated using 

acoustic emission to identify and characterize local 

damage. Leone and al. [14] evaluated the initiation, 

progression of damage and anticipation of fracture 

in a notched honeycomb. The results were correlated 

with photogrammetric strain fields and acoustic 

emission for detecting damage initiation at the notch 

and tracking the progression until final failure.   

The present study aims to examine the three-point 

bending behavior and damage mechanisms of 

sandwich panels with polyurethane foam cores and 

steel skins, manufactured by the company HODNA 

METAL, using acoustic emission monitoring. The 

objectives are to identify and classify the different 

damage modes occurring during three-point bending 

tests and correlate the AE parameters with the 

damage events. Eventually, the flexural behavior 

and AE are compared for different sample 

configurations and loading conditions. 

This research is part of an approach to optimize 

sandwich structures for local industrial applications 

by providing valuable information on their 

mechanical behavior and damage mechanisms. The 

results of this study can contribute to improving the 

design and use of these materials in various 

industrial sectors and beyond.  

2. Materials and experimental procedure 

2.1 Materials 

The company HODNA METAL provided the 

sandwich panels studied. They are intended for 

various cladding applications (cold rooms, industrial 

buildings, etc.). The structure of this type of 

sandwich consists of a rigid polyurethane foam core 

and S250 steel skins [15]. The mechanical properties 

of the core and skins are presented in Tables 1 and 2 

respectively. 

Table 1: Mechanical properties of the polyurethane 

foam core [15]. 

Property (polyurethane 

foam) 
    values 

Elastic modulus 2409        MPa 

Shear modulus   862.2       MPa 

Density 40            kg/m³ 

Tensile strength 40            MPa 

Thermal conductivity 
0.022       W/m. 

°C 

 

Table 2: Core Mechanical properties of S250 steel 

skins [15]. 

 

Property of steel  values 

Elastic modulus 2e+05         MPa 

Shear modulus 7.93e+ 05   MPa 

Density 7850          kg/m³ 

Tensile strength 400            MPa 

Yield strength 250            MPa 

 

2.2 Specimen preparation  

The specimens were cut into different geometric 

configurations by varying the support span (L) and 

core thickness (h), as detailed in Table 3. 
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Table 3: Dimensions of specimens used for three-point bending tests. 

L (mm) b (mm) h (mm) tc (mm) tf (mm) 

80 40 
30 28.6 

0.70 
100 98.6 

100 40 
30 28.6 

0.70 
100 98.6 

120 40 
30 28.6 

0.70 
100 98.6 

200 40 
30 28.6 

0.70 
100 98.6 

300 40 
30 28.6 

0.70 
100 98.6 

400 40 
30 28.6 

0.70 
100 98.6 

500 40 
30 28.6 

0.70 
100 98.6 

 

Where L is the distance between supports, b the 

width of the specimen, h the total thickness, tc the 

thickness of the core and tf the thickness of the skins. 

 
Figure 1:  Geometric characteristics of a sandwich 

panel. 

2.3 Experimental procedure 

2.3.1 Three- point bending tests: 

The three-point bending tests were carried out on a 

Zwick/Roell tension-compression machine 

equipped with a 100 kN load cell, in accordance with 

the ASTM C393-62 standard. The tests were 

performed at loading rates of 2 and 5 mm/min. A 

flexure fixture adapted to the machine was used to 

allow varying the support span. The specimens are 

placed on the bending device with variable support 

spans (100, 200, 300, 400mm) (Figure 2) adaptable 

to the tensile machine. 

 
Figure 2: The three-point bending device on the 

Zwick/Roell traction machine. 

 

2.3.2 Acoustic emission monitoring: 

Damage monitoring was performed using an 

acoustic emission chain consisting of two 

piezoelectric sensors (VS 45H) with preamplifiers 

and an AMSYS-6 acquisition system. The sensors, 

with a resonance frequency of 275 kHz, were 

positioned on the surface of the specimens using 

silicone grease and held in place with adhesive tape. 

The signals were amplified with a gain of 34 dB and 

an acquisition threshold of 34 dBEA. 

The settings and characteristics of the 

instrumentation are detailed below:   

✓ Acquisition system - Number of channels: 

AMSYS - 6 
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✓ Number of channels used for the 

examination: 2  

✓ Sensor type - Number: VS 45H - 2 

✓ Resonant frequency (kHz): 275 kHz 

✓ Preamplifiers (AEP4): with Gain (dB): 34   

✓ Acquisition threshold (dBEA: Ref. 1 

μVolt/Sensor): 34 

 

 
Figure 3: Principle and overview of the acoustic emission device. 

3. Results and Analysis  

3.1 Mechanical behavior in three-point bending and discussion 

3.1.1 Effect of Support Span: 

The Load-deflection curves obtained for different support spans are presented in Figure 4. 

 

Figure 4: Load-deflection curves for different distances between supports (h = 30 mm, h = 60mm, h = 100mm). 
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3.1.2 Effect of Sandwich Core Thickness: 

Figure 5 illustrates the effect of different thicknesses on the flexural behavior of the sandwich panels.   

 

 

Figure 5:  Load-deflection curves for (L=100mm, L=200mm, L=300mm, L=400mm, L=500 mm)      

 for different core thicknesses. 
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It is observed that the flexural behavior of the 

sandwich panels can be divided into three distinct 

phases: 

 

a. An initial linear phase, corresponding to the 

skins working in tension/compression.   

b. A second nonlinear phase, associated with 

the shear strength supported by the core. 

c. A third phase: rupture phase characterized 

by the decrease in force. 

(Figure 4) The analysis of these curves reveals that 

the maximum load and flexural stiffness decrease 

with increasing support span. This phenomenon can 

be attributed to the increase in bending moment and 

the reduction in the influence of transverse shear for 

larger support spans.   

(Figure 5) It is found that the maximum load and 

flexural stiffness increase with core thickness. This 

trend is explained by the increase in the section's 

moment of inertia and the core's shear strength with 

thickness. 

3.2 Results and Analysis of Acoustic Emission 

Signals 

The analysis of the AE data focused on three main 

parameters:   

1. The number of events (hits). 

2. The maximum amplitude of the hits (in dB).   

3. The energy of the hits (in arbitrary units). 

These parameters were studied as a function of the 

variation in support span, core thickness and loading 

rate. Temporal and frequency analysis of the signals 

was performed to identify the acoustic signatures 

corresponding to the different damage modes. 

 

3.2.1 Acoustic emission result of the foam core: 

A bending test was performed on a foam specimen 

with a section of 30 cm × 10 cm. Two piezoelectric 

sensors were placed on the front and back faces of 

the panel. 

The purpose of this test is to determine the acoustic 

signature of the source mechanism corresponding to 

the evolution of damage within the core. Figures 

(6.1-6.2-6.3-6.4) represent the load-deflection 

curves with monitoring of the acoustic activity 

during the bending test. The acoustic activity is 

represented by the number of cumulative hits, 

maximum amplitude (dB) and cumulative energy as 

a function of time. 

 

 
Figure 6.1: Load-deflection curve and number of 

cumulative bursts as a function of time. 

 

 
Figure 6.2: Load-deflection curve and Max 

amplitude (dB) of bursts as a function of time. 

 
 

Figure 6.3: Load-deflection curve and cumulative 

energy as a function of time. 
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(a)                                                                (b)           

Figure 6.4: Amplitude distribution (a) and the evolution over time of the amplitude distribution in the foam core 

(b). 

 

 

 
                                                       (c)                                                (d)           

 

Figure 7: The timeline of the damage to the foam board. 

 

The acoustic monitoring of the damage to the foam 

panel shows the existence of three different phases 

(Figures 6.1-6.2) 

1) The first phase corresponds to the classic behavior 

of foams, a linear behavior up to a deformation of 

12%, this phase is characterized by low amplitude 

and energy signals; the number of hits increases 

regularly. 

2) The second phase: the foam is strongly indented 

at the contact with the loading support; the high 

penetration of the latter leads to the creation of 

cracks around the loading support (Figure 7.b and 

7.c). At this stage, the acoustic activity becomes 

relatively important.  

3) The third phase: the propagation of these cracks 

leads to a very high acoustic activity (the number of 

hits reaches 112, an amplitude of 70dB and an 

energy of about 17×107 eu) causing a transverse 

shear damage mode leading to the final failure of the 

panel (Figure 7.c). 

The drops observed in the load-displacement curve 

are due to the cracking of the panel at the loading 

point: the drop (b) corresponds to the first observed 

cracking (Figure 7.b), the appearance of a second 

crack on the other side of the loading point causes 

another drop observed at point (c) (Figure 7.c), while 

the last drop (point d) corresponds to shear or total 

cracking along the thickness of the panel (Figure 

7.d). 

The analysis of the amplitude distribution of the 

acoustic emission hits allowed classifying the 

amplitude range of 35-65dB corresponding to the 

damage mode by shearing of the foam. 

 

3.2.2 Acoustic emission result of the steel skin: 

A tensile test was performed on a steel specimen 

with a section of 200×25×0.7 cm3. Two sensors were 

placed on the specimen (Figure 8). 
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       Figure 8: Tensile test of the steel skin. 

The purpose of this test is to determine the acoustic 

signature of the source mechanism corresponding to 

the evolution of damage in the skins.  

Figures (9.1-2-3-4) show the load-elongation curves 

with monitoring of the acoustic activity during the 

skin tensile test. The acoustic activity is represented 

by the number of cumulative hits, cumulative energy 

and maximum amplitude (dB) as a function of time. 

 

 

 

 

 
Figure 9.1: Load-elongation curve and number of 

cumulative bursts as a function of time. 

 

 
Figure 9.2: Load-elongation curve and cumulative 

energy as a function of time. 

 

 
Figure 9.3: Load-elongation curve and Max 

amplitude (dB) of bursts as a function of time.

 

 

 
 

Figure 9.4: Amplitude distribution (a) and the evolution of the amplitude distribution as a function of time in 

the skin of the sandwich (b). 
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The analysis of the obtained acoustic emission 

results shows three domains of activity such as: 

1. In the elastic domain of the load-elongation curve, 

the acoustic emission is important which can be due 

to emissive mechanisms such as the tensioning of 

the specimen. 

The acoustic emission is important at the elastic 

limit and then progressively decreases as the 

deformation increases. 

2. For larger elongations (very large plastic domain), 

a more discontinuous activity is noted due to the 

plastic deformation of the skin. 

3. A zone generating very dense acoustic emission 

due to the failure that occurs by necking. 

The evolution of the number of cumulative hits and 

cumulative energy for steel is regular (linear). 

The analysis of the amplitude distribution of the 

acoustic emission hits allowed classifying the 

amplitude range of 35-55dB corresponding to the 

damage mode by plastic deformation of the skin. 

   

3.2.3 The effect of support span and core 

thickness: 

The curves of cumulative hits and energy for 

different support lengths (80, 100, 120mm) and 

thicknesses (30, 100mm) are illustrated by figures 

(10.1-2-3-4-5-6). 

 
Figure 10.1: The charge-deflection curve and the 

evolution of bursts and cumulative energy                   

 for L=80mm and h=30mm. 

 

 
Figure 10.2: The charge-deflection curve and the 

evolution of bursts and cumulative energy                

    for L=100mm and h=30mm. 

 
Figure 10.3: the charge-deflection curve and the 

evolution of bursts and cumulative energy                 

    for L=120mm and h=30mm. 

 

 
Figure 10.4: the charge-deflection curve and the 

evolution of bursts and cumulative energy                 

   for L=80mm and h=100mm. 

 

 
Figure 10.5: the charge-deflection curve and the 

evolution of bursts and cumulative energy               

      for L=100mm and h=100mm. 

 

 
Figure 10.6: The charge-deflection curve and the 

evolution of bursts and cumulative energy                   

for L=120mm and h=100mm. 
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From the various results obtained, it can be seen that 

the load-displacement test curves and those of the 

acoustic emission can be divided into three phases: 

(1) Phase 1: which characterizes the elastic behavior 

of the sandwich structure. This phase is described by 

low acoustic activity. 

(2) Phase 2: characterizes the plastic behavior of the 

sandwich structure, this phase is described by high 

acoustic activity following the initiation of several 

micro cracks. 

(3) Phase 3: characterizes the failure by indentation, 

core shear and skin-core delamination, a very high 

acoustic emission is observed in this phase. 

The characteristics of the acoustic emission signals 

of each damage mode observed on the specimens for 

different support spans and core thicknesses are 

presented in the table 4 below: 

 

Table 4: Characteristics of the acoustic emission signals for different distances between supports and 

thicknesses of the core. 

Thickness 

(mm) 

Distance 

between 

supports 

(mm) 

Mode of damage Amplitude 

(dB) 

Energy (EU) Number of 

bursts 

h=30 L=80 Core/skin delamination 35-60  4.07*105 220 

L=100 Localized indentation 35-55 4.75*106 197 

L=120 The core shear 35-65 7.98*106 162 

h=100 L=80  

The core shear 

35-50 2.8*105 127 

L=100 5.13*106 56 

L=120 3.26*107 29 

 

✓ For the specimens of thickness h=30mm, the damage mode differs from one length to another which are 

respectively: 

 

 
Figure 11: Damage modes for specimens with a 

thickness of h=30mm. 

  

✓ For the specimens of thickness h=100mm 

the damage mode is unique which is the core shear   

 

 
Figure 12: Mode of damage to specimens with 

thickness h=100mm. 

✓ For each thickness, the increase in the support 

length leads to an increase in the energy released and 

a decrease in the number of hits. 

✓ For the same support length and different core 

thicknesses presenting the same damage mode 

(L=120mm specimen), it can be seen that the energy 

increases and the number of hits decreases with 

increasing thickness (h=30,100mm). 

4. Thorough Discussion of Results 

4.1 Observed Failure Modes 

The main failure modes identified in the study are: 

✓ Core shear: This failure mode is mainly observed 

for shorter support spans and larger core thicknesses. 

It is characterized by significant deformation of the 

foam core under the effect of shear forces, leading to 

a clean break. 

✓ Localized Indentation: This failure mode 

occurs when the applied load is concentrated at one 

point, causing localized deformation of the foam 

core. This phenomenon is more frequent for 

intermediate support spans.   

✓ Delamination between the core and the skin: 

This failure mode is characterized by a separation 

between the steel skins and the foam core, often 

observed for shorter support spans. 
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✓ Plastic Deformation of the Skins: This failure 

mode manifests as permanent deformation of the 

steel skins under the effect of the applied load. 

 

4.2 Influence of Geometric Parameters 

The study showed that: 

The maximum load and flexural stiffness decrease 

with increasing support span. This is explained by 

the increase in bending moment for larger spans, 

thus reducing the structure's ability to withstand 

applied loads. 

The maximum load and stiffness increase with core 

thickness. A thicker core provides better shear 

resistance, thus increasing the structure's ability to 

support higher loads. 

For thin specimens (h = 30 mm), the failure mode 

varies according to the support span: delamination 

for short spans, indentation for intermediate spans, 

and core shear for long spans. For thick specimens 

(h = 100 mm), core shear is predominant regardless 

of the support span. These results underscore the 

crucial importance of geometry in the mechanical 

behavior of sandwiches. 

4.3 Correlation between Mechanical Behavior 

and Acoustic Activity 

The analysis of the acoustic emission signals 

allowed identifying three distinct phases:   

✓ Elastic phase: Low acoustic activity, 

corresponding to the elastic behavior of the 

structure. 

✓ Plastic phase: Strong increase in acoustic activity 

due to the initiation of microcracks. 

✓ Failure phase: Very high acoustic activity, 

coinciding with the final failure of the specimen. 

 

4.4 Acoustic Signatures of Damage Modes 

The study made it possible to associate specific 

amplitude ranges with each damage mode: 

✓ Core shear: 35-65 dB. 

✓ Delamination: 50-56 dB. 

✓ Localized indentation: 35-55 dB.  

✓ Plastic deformation of the skins: 35-55 dB. 

These results provide a basis for the non-destructive 

identification of damage modes in in-service 

sandwich structures. 

5. Conclusion 

This study analyzed the flexural behavior and 

damage mechanisms of sandwich panels with 

polyurethane foam cores and steel skins using the 

acoustic emission technique. The main conclusions 

are: 

The maximum load and flexural stiffness decrease 

with increasing support span and increase with core 

thickness. 

Four main damage modes were identified and 

characterized by their acoustic signatures: core 

shear, delamination, localized indentation and 

plastic deformation of the skins. 

The geometry of the panels (support span and core 

thickness) significantly influences the dominant 

damage mechanisms.  

The analysis of the acoustic activity allows 

monitoring the evolution of damage and correlating 

it with the mechanical behavior of the panels. 

These results provide valuable information for 

optimizing the design and use of sandwich panels in 

various industrial applications. 
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