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An experimental study is presented to characterize the face or core debonding on sandwich plate specimens under 
mode-I loading. The experiment was conducted with the specimens of an asymmetrical double cantilever beam 
(ADCB). Several specimens with different core thicknesses were analysed to estimate the strain energy release rate 
(SERR). The SERR of mode-I (GI) calculation uses two data reduction methods namely the Modified Beam Theory 
(MBT) and Compliance Calibration (CC) methods. The GI depicted on the R-Curve expresses the damage behaviour 
of the sandwich plates. The critical energy release rate (GIC) resulted of the MBT data reduction method produces 
a higher value than CC method, due to the differing assumptions between the two methods. The GIC value also 
correlates directly with the peak load value. The difference in sandwich plate thickness, particularly the core material 
thickness, does not significantly affect the damage behavior regarding the sandwich material's GIC value. 
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HIGHLIGHTS  

− Characterized face/core debonding in sandwich plates under mode-I loading using ADCB specimens of 
varying core thicknesses. 

− Mode-I GI evaluated from R-curve using image-based crack tracking and two data reduction methods: MBT 
and CC.  

− GIC remained largely unaffected by variations in core thickness, indicating stable damage behavior across 
sandwich configurations.  

− MBT yielded consistently higher GIC values than CC, attributed to differing mechanical assumptions in the 
data reduction approaches. 

1 Introduction  

The polyurethane steel sandwich plate consists of two layers of steel faceplates bonded by a polyurethane elastomer 
matrix core. Thin faceplates separated by thick core material increase the cross-section moment of inertia, thereby 
increasing the plate's bending stiffness and flexural strength significantly without increasing the structure's weight 
[1]. In marine applications, polyurethane steel sandwich plates were developed for ship materials because they are 
claimed to reduce construction weight by 4-9% [2, 3, 4]. A low-density core material causes the sandwich plate’s 
transverse shear stiffness to be lower than homogeneous materials [5, 6]. This combination produces an optimum 
strength-to-weight ratio; however, sensitivity to damage will increase [7, 8].  
Optimizing the sandwich structure design requires a deeper comprehension of the material's behaviours. 
Researchers have been investigating the properties of sandwich materials for several years. Recently, there has 
been increased focus on assessing damage behaviour through the principles of fracture mechanics. Typically, 
material damage is evaluated using criteria such as maximum load capacity, fracture mechanics, and other failure 
standards. Characterizing sandwich plate damage behaviour is part of the damage tolerance analysis process to 
prevent fatalities. [9]. Research on damage behaviour generally carried out locally at the specimen level because 
analysis at large and complex is very complicated and expensive. The damage propagation analysis conducted 
experimentally and numerically with mode-I, mode-II loading, or mix-mode [10, 11, 12]. This method's fracture 
characterization has also been applied to composite sandwich materials made of carbon and glass epoxy with a 
honeycomb core, providing valuable insights for analysing damage in sandwich materials [13, 14]. 
In recent decades, researchers have dedicated considerable efforts to developing testing methods aimed at 
evaluating the damage behavior of composite sandwich materials. Prominently, the single cantilever beam (SCB) 
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and double cantilever beam (DCB) tests have been recognized as international standards for assessing mode I 
interlaminar fracture toughness. [15, 16, 17]. The SCB test method is utilized to investigate the impact of various 
factors - such as core thickness, core density, temperature, and geometry—on the material's fracture toughness. [18, 
19]. Both experimental and numerical methods, particularly finite element analysis, are commonly employed to study 
damage behaviour [20, 21]. Several international standardization institutions, such as ASTM and JIS, made this test 
procedure an international standard for testing interlaminar fracture toughness. The researchers widely use this test 
method, primarily to analyze composite sandwich materials.  
However, fracture properties associated with the face/core debonding of steel polyurethane sandwich plates have 
not been well characterized compared to the damage behaviour of composite sandwich material. Very limited 
research has focused on the damage characterization of steel sandwich systems with polyurethane cores. This 
presents a critical gap in literature. This gap highlights the need for further investigation into such configurations, 
particularly under mode-I loading conditions. To address this, the present study offers an original experimental 
investigation focused on characterizing face/core debonding in steel-polyurethane sandwich plates under mode-I 
loading. By focusing on steel-polyurethane sandwich configuration this research addresses a significant knowledge 
gap and provides new insights into interfacial fracture mechanisms that are critical for improving structural 
performance and reliability in practical applications 
In this study, the face/core debonding toughness represented by strain energy release rate (SERR) and depicted on 
R-Curve, is used to reflect the damage behaviour. To examine the influence of core thickness on the strain energy 
release rate (SERR), several specimens with varying core thicknesses were evaluated. The SERR was calculated 
using two methods: Modified Beam Theory (MBT) and Compliance Calibration (CC). This study aims to provide 
essential data for the analysis of more complex sandwich structure components.  

2 Materials and methods 

2.1 Sandwich beam specimens for mode-i loading test 

The sandwich material analysed is a steel polyurethane sandwich with steel faceplates and a polyurethane elastomer 
core. The characteristics of sandwich materials are shown in Table 1. 

Table 1. Sandwich material properties [3] 

No Part Material Density (Kg/m3) Young’s Modulus (MPa) Poisson’s  Ratio 

1 Faceplates Steel AH 36 7850 206.103 0,3 

2 Core Polyurethane Elastomer 1098 901,95 0,36 

The calculation of sandwich plate thickness is based on the strength index (R), which must be less than 1 (R ≤ 1) 
[22]. The sandwich plate thickness resulting from this calculation is the faceplate thickness (t1& t2) and the core 
material thickness (tc). Four core thickness variations were used for analysis, as shown in Table 2. 

Table 2. Specimens for Mode-I loading test 

No Specimen Pre-Crack length 
(mm) 

Faceplate thickness 
(mm) 

Core thickness 
(mm) 

Sandwich plate thickness  
(mm) 

1 OB-C1 5 6 15 27 

2 OB-C2 5 6 18 30 
3 OB-C3 5 6 21 33 

4 OB-C4 5 6 24 36 

The focus of damage tolerance analysis in sandwich plates is on understanding and identifying crack growth within 
the material. This phenomenon can be assessed through three modes: mode-I loading (opening), mode-II loading 
(shearing), and mode-III loading (tearing), with mode-I being the most investigated. The mechanical testing involved 
sandwich plate specimens, which were produced using the heat-cured casting method. These specimens dimension 
measured length (L) at 300 mm and width (B) at 40 mm, with the thickness composed of an upper faceplate thickness 
(t1), core thickness (tc), and bottom faceplate thickness (t2), as illustrated in Figure 1. To replicate mode-I (opening) 
crack deformation as shown in Figure 2, the mechanical testing was conducted under mode-I loading to induce 
face/core debonding.   
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Fig. 1. Sandwich plate specimen 

 

 
Fig. 2. Mode-I crack (opening) [23] 

The specimen for this test is an asymmetrical double cantilever beam (ADCB), which was modified to suit the 
sandwich plate configuration. Artificial damage was introduced to the core at the tip of the specimen. The length of 
this initial damage, referred to as the pre-crack (a0), which is the distance from point of loading (P) and crack tip. A 
pre-crack was created using a band saw on the polyurethane core layer, extending from one end of the specimen to 
a point 30 mm from the loading point, located 2 mm from the top faceplate (t1). Prior to testing, the mode-I crack 
extension test was performed to ensure a sharp crack tip, facilitating crack propagation along the pre-crack. An eye 
plate was installed 50 mm from the end of the specimen (x) to direct the loading grip hinge, as illustrated in Figure 3.  

 
Fig. 3. Specimen with the hinge 

2.2 Experimental procedure 

The mechanical testing for mode-I crack propagation adhered to the procedure outlined in ASTM D 5528. This 
procedure is adopted because there is no test procedure for face/core debonding testing on steel sandwich materials. 
The tensile load was applied continuously at a 20 mm/minute speed. Thirty frames/second video capture 
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documenting the side of the specimen with dots during the test. The image analysis method detects an increase in 
the specimen's crack length at each specific time interval. This simple method was chosen because of the limitations 
of the sensor or strain gauge installed on the test specimen. The mechanical test equipment is an Electrohydraulic 
Servo Universal Testing Machine (HT-9501). The configuration and setup of the testing machine are presented in 
figure 4. 

 
Fig. 4. Experimental setup for mode-I loading test: 1) testing machine; 2) power pack; 3) PC/computer; 4) clamp; 5) 

sandwich beam specimen; 6) upper hinge; 7) lower hinge 

2.3 Fracture toughness assessment 

Fracture toughness assesses the material system's ability to resist crack propagation and is typically quantified using 
either the strain energy release rate (SERR) or the stress intensity factor (K). In this study, the fracture toughness 
was estimated using the SERR, as it aligns best with the specimen and test configuration employed. The 
experimental results are represented by the load-displacement curve, which illustrates the relationship between the 
crosshead displacement and the applied load throughout the test. This curve is utilized to calculate the SERR value, 
serving as an indicator of damage to the polyurethane cores under mode-I loading conditions (GI) [24]. In this study, 
the data reduction method for calculating the strain energy release rate is based on beam theory. The derivation 
process begins with its simplest form. 

𝐺𝐺 = 𝛽𝛽 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

  (1) 

Since the strain energy which is defined as the volume integral: 

𝑈𝑈 = 1
2 ∫ 𝜎𝜎𝜎𝜎 𝑑𝑑𝑑𝑑𝑣𝑣    (2) 

Consider these relationships and assume stiffness and cross-sectional area remain constant: 

𝜎𝜎 =  𝜎𝜎
𝐸𝐸
  (3) 

 

𝑈𝑈 = 1
2𝐸𝐸 ∫ 𝜎𝜎2 𝑑𝑑𝑑𝑑𝑣𝑣    (4) 

𝜎𝜎 = 𝑀𝑀𝑀𝑀
𝐼𝐼

  (5) 

𝑈𝑈 =
1

2𝐸𝐸
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𝑀𝑀2𝑦𝑦2

𝐼𝐼2
 𝑑𝑑𝑑𝑑

𝑣𝑣
 (6) 

𝐼𝐼 = ∫ 𝑦𝑦2 𝑑𝑑𝑑𝑑𝐴𝐴   (7) 

𝑈𝑈 =
1

2𝐸𝐸𝐼𝐼
� 𝑀𝑀2 𝑑𝑑𝑑𝑑
𝑥𝑥

 (8) 

Consider only the beam from the crack tip to the end load, and the following relationship: 

𝑀𝑀 = 𝑃𝑃(𝑎𝑎 − 𝑑𝑑)  (9) 
 

𝑈𝑈 = 1
2𝐸𝐸𝐼𝐼 ∫ [𝑃𝑃(𝑎𝑎 − 𝑑𝑑)]2 𝑑𝑑𝑑𝑑𝜕𝜕

0   (10) 

The strain energy: 

𝑈𝑈 = 𝑃𝑃2𝜕𝜕3

6𝐸𝐸𝐼𝐼
  (11) 
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Normalize by the crack front width: 

𝛽𝛽 =  1
𝑏𝑏
    (12) 

Strain energy release rate: 

𝐺𝐺𝐼𝐼𝐼𝐼 = 𝛽𝛽 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝑃𝑃
2𝜕𝜕2

2𝐸𝐸𝐼𝐼𝑏𝑏
  (13) 

Consider crack opening displacement, derived from Euler Bernoulli Beam theory: 

𝛿𝛿 =  𝑃𝑃𝜕𝜕
3

3𝐸𝐸𝐼𝐼
   (14) 

Substituting we obtain strain energy release rate’s final from 

𝐺𝐺𝐼𝐼𝐼𝐼 = 3𝑃𝑃𝑃𝑃
2𝑏𝑏𝜕𝜕

   (15) 

This beam theory has the assumption that the specimen assumes as built-in/clamped, which mean no rotation or 
displacement, and the crack front is oriented perfectly perpendicular to the loading direction. However, the specimen 
does not have perfect build-in so to the GIC calculation using this method will be overestimated. To remedy this issue, 
the Eq. 16 needs to be used to correct the GI determination [24]. 

𝐺𝐺𝐼𝐼 = 3𝑃𝑃𝑃𝑃
2𝑏𝑏(𝜕𝜕+|∆|

   (16) 

 
Fig. 5 Curve to determine |∆| on the MBT method [24] 

The value|∆| is obtained from the curve shown in Figure 5. Determining |∆| in equation 16 requires a compliance or 
flexibility value, which is the inverse of stiffness. Compliance is obtained by dividing displacement by load, as in 
equation 17.  

𝐶𝐶 = 𝑃𝑃
𝑃𝑃
   (17) 

The second data reduction method is the Compliance Calibration (CC) method. In the CC method, the GI value is 
determined using Equation 18.  

𝐺𝐺𝐼𝐼 = 𝑛𝑛𝑃𝑃𝑃𝑃
2𝑏𝑏𝜕𝜕

   (18) 

Where P is (load) in Newtons, δ is displacement (mm), b is the width of the specimen (mm), a is the length of the 
delamination crack (mm), and n is the slope of the compliance calibration curve line. This n value is obtained by 
measuring the slope of the curve shown in Figure 6. 

 
Fig. 6. Compliance calibration curve [24] 
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3 Results and discussion 

3.1 Experiment results 

The test outcome of each specimen is shown as load-displacement curve [24]. Figure 7 shows the curve obtained 
from the experiment. This curve depicts the crack mouth opening displacement (CMOD) in correlation with the tensile 
load applied to the specimen, with four different core thicknesses. The horizontal axis represents displacement in 
millimetres (mm), while the vertical axis indicates the load value in Newtons (N).  

 
Fig. 7 Load-displacement curve 

Data on load and displacement were recorded by the load cell of the universal testing machine used in the 
experiments. As illustrated in Figure 7, all specimens exhibited a similar trend in their curves. The load increased 
linearly until reaching the peak, after which it gradually decreased. Subsequently, the load remained constant despite 
an increase in crosshead opening displacement, extending to a certain length. The OB-C3 and OB-C4 specimens 
demonstrated nearly identical curve shapes. However, these four test specimens displayed variations in peak load 
values, with thicker specimens achieving higher peak loads. This observation suggests that the thickness of the 
specimen significantly influences the material's peak load capacity, indicating that thicker specimens possess a 
greater ability to bear loads. 
In this experiment, the specimen was given an artificial pre-crack in the core adjacent to the upper faceplate, ±1-2 
mm from the upper faceplate. This artificial pre-crack produces the crack propagation phenomena. The initial crack 
propagation occurs along the pre-crack and then crosses to the interface of faceplate and core, as in Figure 8. While 
the crack extension is still occurring along the core, the load continues to increase until it reaches the peak load, and 
after the crack extension crosses towards the interface, the load gradually decreases and reaches the plateau region. 
This condition shows that opening displacement and crack extension formation at the interface require a smaller load 
than in the core, which means the interface is weaker than the core. The crack propagation will always lead to the 
weakest part.   

 
Fig. 8 Crack growth phenomenon of the specimen 

In this study, a continuous tensile load was applied at a rate of 20 mm per minute until maximum displacement was 
achieved. The propagation of the debonding crack was monitored using an image analysis technique. The specimen 
was initially painted white and marked with black dots to facilitate analysis, with a green screen set up in the 
background. A video was recorded at a rate of thirty frames per second, capturing the side of the specimen with the 
white dots during the testing process. 
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To enhance the clarity of crack propagation changes, image pre-processing was performed to alter the background 
to black using online software, creating a stark contrast with the specimen. The unloaded specimen was assigned 
coordinates, and the pre-crack length was measured as the initial position. Subsequent images were captured at 
0.25-second intervals to assess crack length. Assuming the crack plane is horizontal, the change in crack length 
between time intervals reflects crack propagation during each interval. This data was then correlated with load-time 
and load-displacement measurements, which are outputs of the testing process. The relationship between crack 
length, load, and displacement is illustrated in Figure 9.  

       
(a)                                                                            (b) 

        
(c)                                                                     (d) 

Fig. 9 Change of the load and crack length as the displacement increases of specimen (a) OB-C1; (b) OB-C2; (c) 
OB-C3; (d) OB-C4 

Figure 9 demonstrates that crack propagation within the specimen is characterized by instability. Initially, the crack 
length gradually increases as the load intensifies. However, following the peak load, the growth of the crack length 
becomes irregular, indicating that this increase is not linear in relation to displacement. When the load reaches its 
stable point in the plateau region, crack propagation continues to occur intermittently.  

3.2 Discussion 

According to the linear elastic fracture mechanics (LEFM), the potential energy is converted into energy for the new 
crack formation or the existing one extension. The SERR is quantified mathematically as energy per unit area 
specifically referred to as GI for mode-I loading. To calculate the SERR, several methods can be used. This study 
employed two data reduction techniques: Modified Beam Theory (MBT) and Compliance Calibration (CC). The critical 
SERR value (GIC) derived from beam theory is provided in Equation 15, while the Compliance Calibration method 
(CC) is determined by Equation 18. In the CC approach, the slope of the compliance calibration curve (n) is obtained 
from the data shown in Figure 6. 
The correlation between GI and crack length is illustrated by the Resistance Curve (R-Curve), which shows the 
connection between a crack's resistance and its propagation. Figure 10 compares the R-curves derived from the two 
data reduction methods (MBT and CC) for all specimens. The R-curve represents the total energy required for the 
cracked plane as well as the one needed to generate a plastic zone near the crack tip. Additionally, it indicates the 
material's resistance to progressive crack growth. The starting point of the curve, at coordinates (0,0), corresponds 
to the initial condition before crack propagation, reflecting the pre-crack length (a0). 
In theory, brittle material will generate flat curve, suggesting that its resistance to crack propagation remains 
unchanged throughout the process. This behavior is attributed to the absence of a plastic zone at the crack tip. 
Consequently, the surface energy is a constant characteristic of the material, with its value equal to the critical energy 
release rate (GC) [25, 26]. Conversely, materials undergoing ductile fracture typically display an increasing R-curve, 
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a phenomenon caused by the development of a plastic zone at the crack tip. As the crack propagates, the size of 
this plastic zone expands, necessitating more energy for continued crack growth. This relationship is reflected in the 
upward trend of the R-curve. Figure 10 presents the R-curves derived from the experimental results for the sandwich 
beam specimens analyzed in this study, with all specimens demonstrating a rising curve shape, although after 
reaching the peak GI value, the curve shape shows a different trendline.  

       
(a) Specimen OB-C1                                            (b) Specimen OB-C2 

 

       
(c) Specimen OB-C3                                             (d) Specimen OB-C4 

Fig. 10. Resistance curve (R-curve) of the specimens 

Damage characteristics of material with a rising R-curve can be identified by strain energy release rate at the start of 
the crack propagation, but precisely observing the crack initiation is challenging [23]. In this study, the observation 
utilizes image capture from the testing process with image-based analysis. This digital image analysis measures a 
crack extension at each time interval and then connects to the GI value to produce a curve, as shown in Figure 10. 
Since most of the crack extension occurs at the interface between the polyurethane core and the steel faceplate, 
which has different properties, the fracture characterization becomes complicated. 
The R-curve starts with increasing GI until reaches the peak value. In this zone, the applied load is transformed into 
energy to propagate the crack accordingly. At the initial rise the applied load transforms into stress concentration, 
building a plastic zone at the crack tip rather than propagating the crack. Since the crack propagation occurs at the 
polyurethane core, the high GI shows that this core requires more energy to crack. After the peak value, the curve 
tends to soften, where the GI decrease gradually. The decrease of GI occurs when crack propagation leads to the 
interface between faceplate and core. After the crack reaches the interface and propagate along the interface the 
curve enters the constant GI. In this plateau zone, the critical energy release rate (GIC) for the interfacial debonding 
phenomena determined by averaging the GI. Table 3 shows the average GIC of all specimens, determined based on 
the two data reduction methods, MBT and CC. 

Table 3. The critical energy release rate (GIC) 

No Specimen Peak Load (N) 
MBT CC 

GIc DEV GIc DEV 
(J/mm2) ± (J/mm2) ± 

1 OB-C1 3604.655 6.089 0.836 3.893 0.600 
2 OB-C2 4371.318 13.375 0.397 6.773 0.440 
3 OB-C3 5165.746 14.368 1.150 7.598 0.880 
4 OB-C4 5329.079 13.143 0.852 6.907 0.329 
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The GIC determined using the data reduction method based on Modified Beam Theory (MBT) shows a higher value 
than the GIC determined using the Compliance Calibration (CC) method. This phenomenon is due to the differing 
assumptions between the two methods. The MBT method adjusts the crack length by a value of |∆| to accommodate 
rotational movement possibilities when applying a mode-I load. This method incorporates the foundation effect by 
increasing the original crack length by |∆|. Meanwhile, the GIC determination using the CC data reduction method 
uses the actual crack length measures from the specimen. It does not accommodate the foundation effect, resulting 
in a lower GIC. 
The GIC value also correlates directly with the peak load value, where the OB-C1 specimen, which has a much lower 
peak load than the other three specimens, shows a significantly lower GIC value than the other specimens. 
Meanwhile, the OB-C2, OB-C3, and OB-C4 specimens, which have relatively close peak load values each other, 
result in similarly close GIC values. This phenomenon indicates that the difference in sandwich plate thickness, 
particularly the core material thickness, does not significantly affect the damaged behavior regarding the sandwich 
material's GIC value. The significant difference in the OB-C1 specimen is more influenced by the load-displacement 
value, which is significantly lower than the other three specimens. This difference may be due to imperfections in the 
specimen resulting from the manufacturing process, causing its strength to be inconsistent with the other specimens. 
In future studies, it may be essential to analyze specimens with varying faceplate thicknesses to comprehensively 
examine the impact of sandwich plate thickness on damage behavior under mode-I loading conditions. 

4 CONCLUSIONS 

This experimental study focuses on characterizing face/core debonding in sandwich plate specimens subjected to 
mode-I loading. The specimens, designed as asymmetrical double cantilever beams (ADCB) with varying core 
thicknesses, were subjected to continuous mode-I loading to induce face/core debonding. The propagation of the 
debonding crack was monitored using an image analysis technique. Damage characteristics were expressed through 
the strain energy release rate (SERR) as a function of crack length (a), illustrated in the Resistance Curve (R-curve). 
The calculation of mode-I SERR (GI) utilized two data reduction methods: Modified Beam Theory (MBT) and 
Compliance Calibration (CC), resulting in a rising R-curve. After reaching the peak value, the curve tends to soften 
before stabilizing at a relatively constant GI value. The critical strain energy release rate (GIC) determined by the MBT 
method was found to be higher than that obtained using the CC method, due to the differing assumptions underlying 
the two approaches. Additionally, the GIC value demonstrated a direct correlation with the peak load value. However, 
variations in the thickness of the sandwich plates, particularly in core material thickness, did not significantly impact 
the damage behavior in terms of the GIC value. 
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