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Abstract 

Adhesive joining facilitates the development of multi-material vehicle structures; however, 

widespread adoption requires material properties to characterize adhesive joints for 

implementation in finite element (FE) models. Specifically, modeling adhesive joints using the 

cohesive zone method requires measuring the Mode I traction-separation response, which 

currently requires multiple tests. To address this need, a new method to determine the Mode I 

response was developed using the Rigid Double Cantilever Beam (RDCB) test, where the steel 

adherend geometry was designed to ensure high stiffness compared to structural epoxy 

adhesives. The samples were tested in tension with displacements measured from high-resolution 

imaging of the test. A new analysis method was developed with resulting Mode I traction-

separation response within the expected range for this structural adhesive. The analysis was 

verified using a FE model of the test and compared to Tapered Double Cantilever Beam test 

data. Importantly, the predicted force-displacement response from the FE model, using the 

measured traction-separation curve, compared well to the measured force-displacement data. The 
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proposed RDCB test demonstrated the ability to determine the Mode I response of a toughened 

structural adhesive using a single test, the results of which can then be readily implemented into 

FE simulations. 
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Nomenclature 

b = length of the bond line 

B = sample thickness 

Eadherend = Young’s modulus of adherend 

F = applied force on loading pins 

L = distance from the edge of the sample to the point of loading 

Sinit = initial slope of traction-separation response 

t(x), t(δ) = arbitrary traction–displacement functions 

tc = peak compression traction 

v = length on axis perpendicular to bond line with origin at center of bond line 

x = length on axis parallel to bond line with origin at μ = 0 

α = rigidity ratio 

δ = crack opening (separation) 

δc = closing distance at the edge of the sample due to the compression of the bond line 

Δ = load point opening displacement 
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υadherend = Poisson’s ratio of adherend 

μ = distance from edge of sample to transition between tensile and compressive loading of bond 

line 

1 Introduction 

The need to improve fuel economy by reducing vehicle mass has led designers to explore multi-

material lightweight structures [1]; however, traditional joining methods may lead to new 

complications when used to join dissimilar materials (e.g. galvanic corrosion and residual 

thermal stresses when joining steel and aluminum). Multi-material joining challenges may be 

addressed in part using structural adhesives [2]; however, the ability to model the response of 

structural adhesive joints in crash scenarios is essential to enable design with adhesives and 

further widen their implementation in modern production vehicles.  

The cohesive zone method (CZM) is often used to model adhesive joints since it is 

computationally efficient while providing an accurate representation of the material properties in 

Model I (opening, or tension) and Mode II (shear) [3].  When this technique is used to model 

adhesive joints, a single row of elements is generally defined between adherends to define the 

bond line. The CZM model assumes that damage accumulates within the material ahead of the 

extending crack tip, along a predefined path [4], eventually leading to failure along the pre-

defined path. Unlike traditional material constitutive models, which require a relationship 

between stress and strain, cohesive zone models use traction-separation (stress-displacement) 

descriptions in the normal (Mode I) and shear (Mode II) directions to describe the material 

response [5; 6]. The traction-separation curves, often having a triangular or trapezoidal law 

(Figure 1), are defined using the undamaged material stiffness, peak traction and critical energy 

release rate (the area under the traction-separation curve). A trapezoidal traction-separation 
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definition also requires specification of the amount of plastic deformation relative to the total 

deformation [7].  

The Mode I fracture energy, the energy per unit area required to create a new surface, is often 

measured using the double cantilever beam (DCB) test comprised of two bonded beams [8] 

which are pulled apart until a crack propagates in the adhesive. The elastic energy stored in the 

beams is converted to energy used to create a free surface once crack initiation proceeds. The 

critical energy release rate can be calculated by using the Irwin-Kies equation [9] (e.g. ASTM 

D3433 [10], ISO 25217 [11]). However, the change in compliance relative to crack length, an 

important term in the Irwin-Kies equation, cannot be directly measured leading to several 

different methods being proposed to estimate the change in compliance and, thus, measure 

critical energy release rate. Lopes et al. [12] compared three analysis techniques using DCB 

samples and three analysis techniques using tapered double cantilever beam (TDCB) samples, in 

which the sample geometry is designed to have a constant compliance irrespective of crack 

length [13]. The authors identified that for toughened adhesives, the critical energy release rate 

calculated from DCB testing was higher than that measured using TDCB samples, especially 

when comparing DCB results using the compliance beam bending method (CBBM) analysis 

technique [14] to the comparatively simple beam theory TDCB analysis technique suggested in 

ASTM D3433 [10] and concluded that TDCB analysis techniques are not suited to measure 

critical energy release rates outside of conditions under which linear elastic fracture mechanics 

can be used. While DCB or TDCB tests can provide a measure of the fracture energy in Mode I, 

additional data are required to describe the traction-separation response such as tensile testing of 

butt-joints to measure peak traction [15] and initial stiffness. Additionally, the high mass of DCB 
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and TDCB specimens can potentially introduce larger inertial effects when loading at elevated 

velocity. 

To address challenges with traditional DCB or TDCB test samples, a rigid double cantilever 

beam (RDCB) geometry was proposed [16] to measure the traction-separation response in a 

single test for proteinaceous adhesives. This analysis technique was later refined for use with 

structural adhesives [17]. In the latter study, the adherend geometry was selected such that the 

second moment of area in the bending direction was very large (Figure 2a). Additionally, the 

steel adherend stiffness was two orders of magnitude higher than the adhesive, so the assumption 

of rigid adherends was satisfactory. The loading (Figure 2b) was assumed to produce rigid body 

rotation of the adherends about the end of the sample far away from the load point (orange dot in 

Figure 2), implying that the entire bond length was subjected to tensile loading (Figure 2c). 

Using a moment equilibrium balance, the authors demonstrated that the response of an adhesive 

could be determined from the load point opening displacement and force measurement. This 

analysis technique, under quasi-static loading (3 mm/min), was then used to characterize the 

peak traction (σm) and critical energy release rate (GIC) for three adhesives: a soft silicone-based 

elastomer (σm = 1 MPa, GIC = 100 J/m2); a polyurethane-based adhesive (σm = 6 MPa, GIC = 430 

J/m2); and, an un-toughened epoxy (σm = 9 MPa, GIC = 70 J/m2).  The authors noted that, in 

toughened epoxy tests, the use of DCB samples resulted in peak stress values of 14 MPa and 

critical energy release rates of 700 J/m2 [18], which were both considerably higher than those 

measured using the RDCB geometry. Liao et al. [19] used the RDCB analysis technique to 

extract the traction-separation response of a toughened epoxy and measured a peak traction of 35 

MPa and critical energy release rate of 3400 J/m2. Other authors have measured values of 35.8 

MPa and 3607 J/m2 [15] and 100 MPa and 1400 J/m2 [20], though these values are highly 
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dependent on the specific adhesive being tested, bond line thickness [21, 22], and loading rate 

[15].  

In the current study, a new analysis of the RDCB test sample was developed to include a 

compressive region within the adhesive bond line. This enhanced analysis allowed for the full 

traction–separation response of a structural adhesive to be determined from a single test, rather 

than the need to perform multiple tests or to use inverse methods to extract the necessary 

material parameters.  

2 Experimental and Numerical Methodology 

The Mode I properties of a structural adhesive (3M Impact Resistant Structural Adhesive 7333, 

3M Canada Company, London, Ontario) were measured using a proposed RDCB geometry and 

newly introduced analysis. The measured traction-separation curves were then used in FE 

models to verify the analysis method by comparing the measured and model force-displacement 

response, and to quantitatively assess the assumption of rigid adherends. For comparison to an 

existing methodology, ASTM D3433 TDCB experimental tests were undertaken with the 

structural adhesive. Finally, a model of the ASTM D3433 TDCB test was created using cohesive 

parameters measured using the new RDCB analysis technique and compared to experimental 

results from the TDCB tests, highlighting the interchangeability of the new technique with a 

commonly accepted test to assess the Mode I response of structural adhesives. It is important to 

note that throughout this study, FE modeling has only been used to demonstrate the ability of the 

new analysis technique to extract a full traction-separation response experimentally, meaning no 

inverse modeling has been used for parameter extraction. 
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2.1 RDCB Sample Preparation and Testing 

The dimensions of the adherends used in this study (Figure 3) were determined to minimize the 

mass of the sample, for future dynamic testing, while maximizing the bending stiffness. In the 

original analysis, Dastjerdi et al. provided a measure to estimate the rigidity of the adherend (α, 

Equation (1) [17]) based on the elastic properties of the adherend (Eadherend and υadherend) and the 

expected undamaged stiffness of the adhesive traction-separation response (Sinit). A value of 

α=1.0 indicated a perfectly rigid adherend. The sample dimensions used in this study (Figure 3) 

had a corresponding α parameter of 0.932, indicating a high stiffness of the adherends, relative to 

the adhesive. The adherends were machined from 6.2 mm thick 1008 steel with a yield strength 

of 345 MPa and a Young’s modulus of 207 GPa. 

𝛼 = (1 +
𝐵𝑏3𝑆𝑖𝑛𝑖𝑡((1+𝜐𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑑)

2

𝐵ℎ
(
9

5
𝐿(

𝐿

𝑏
−1))+

12

𝐵ℎ3
(
𝐿3

3
+
𝐿𝑏2

10
−
2𝐿2𝑏

5
))

3𝐿2𝐸𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑑
)

−1

  (1) 

The bond surfaces of the samples were grit blasted with 60 grit silicon carbide abrasive media for 

10 s each at a pressure of 480 kPa and cleaned with methyl-ethyl ketone (MEK) immediately 

prior to bonding to remove contamination from the metal surfaces. Early testing in which grit 

blasting was not performed led to high variability and low average strength due to interfacial 

failure. The grit blasted samples reported in the current study exhibited cohesive failure. 

A portion of the bond line was masked using correction tape (Pilot Begreen Whiteline RT) to 

prevent the adhesive from bonding to locations outside the desired bond area, leaving 13.25 mm 

of exposed surface (dimension b in Figure 3) to apply the two-part toughened epoxy to each of 

the adherends. The adherends were brought together and were placed in a custom-made fixture 

(Figure 4) for curing with shims inserted between the adherends in the unbonded portion of the 

sample to control the bond line thickness (0.64 mm average) and length (13.2 mm average). The 
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shim was also used to provide a consistent notch at the leading edge of the adhesive bond line, 

though no pre-fatiguing was carried out to develop a sharp crack tip. Due to the high toughness 

of the material tested, the results were not sensitive to the initial notch; however, testing more 

brittle materials with this methodology may require pre-cracking. This fixture was developed 

over several iterations to produce samples with good alignment of the adherends. The fixture was 

designed to ensure the adherends lay in the same plane. A groove was machined in the area 

underneath the bond line to provide space for excess adhesive to flow after the two adherends 

were located in the fixture. 

The samples were cured according to the manufacturers specifications (30 min. after reaching 80 

oC, measured using a thermocouple attached to the sample) using a forced convection oven 

(Binder ED-53). After curing, excess adhesive was removed to ensure the bond line was flush 

with the adherends on all sides. The bond line length and thickness of each sample were then 

measured using an opto-digital microscope (VHX 5000, Keyence), which could resolve these 

measurements to 10 μm accuracy. 

A total of 9 test repeats were carried out using an Instron Model 4465-Standard test machine 

with a 5 kN capacity load cell. The cross-head speed was 0.0115 mm/s, corresponding to the 

lowest cross-head speed available for this test frame. In addition to the force response measured 

from the load frame, 30 fps video was used to accurately monitor the displacement of the loading 

pins (Figure 5) using a 105 mm macro lens and digital single-lens reflex (DSLR) camera (Nikon 

3200; 1920 x 1080 pixels, approximately 30 pixels/mm). The use of optical methods to measure 

displacement when testing strong adhesive bonds has been shown to be a better measure of the 

displacement than a machine-mounted displacement transducer [23] since the crosshead 

displacement measurement includes compliance in the test machine and grips. Deformation from 
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this additional compliance is often on the same order of magnitude as the displacement-to-failure 

of the bond line. Additionally, the necessity to fix an LVDT or crack opening displacement 

gauge to the specimen would add additional mass to the sample, which could introduce 

undesirable inertial effects when adapting the specimen to high rate loading. The displacement of 

the pins was tracked using the imaging tracking software [24].  

2.2 RDCB Sample Analysis and Traction-Separation Curve 

A previous analysis of the RDCB by Dastjerdi et al. [16] assumed a center of rotation on the left 

boundary of the sample (Figure 2). In contrast, FE analysis of the sample during the preliminary 

portion of this study revealed that a portion of the bond line was in compression. Thus, the 

analysis of Dastjerdi et al. [16] was extended such that the center of rotation was defined as a 

point located a distance μ from the edge of the sample furthest from the loading location (Figure 

5c). Note that while a linear tensile force distribution is shown to simplify the explanation that 

follows, the response will not generally be linear under tensile loading. 

Using the assumption that the adherends remain rigid, three displacement measures of interest 

can be related by: 

𝛿𝑐

µ
=

𝛿

𝑏−µ
=

∆

𝐿−µ
     (2) 

In the present study, L was 22.23 mm. Similarly, the displacement v, transverse to the bond line, 

at any point along the bond line length x (using the coordinate system shown in Figure 5) can be 

defined by: 

v(𝑥) =
𝛿

𝑏−µ
𝑥 =

∆

𝐿−µ
𝑥     (3) 

In general, a CZM assumes that the material does not experience yielding or damage in Mode I 

compression and symmetry of the compression-tension stiffness response is often assumed, as 
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demonstrated experimentally by Adams and Coppendale [25] for an epoxy system. By using 

these assumptions, the peak compression traction, can be defined by: 

𝑡𝑐 =
𝑆𝑖𝑛𝑖𝑡𝜇∆

𝐿−𝜇
      (4) 

For adhesive systems where these assumptions cannot be assumed, further refinement of the 

compression response would need to be carried out. A sum of forces in the vertical direction 

based on the free body diagram (Figure 5), yields: 

𝐹 +
1

2
𝜇𝐵𝑡𝑐 = 𝐵 ∫ 𝑡(𝑥)𝑑𝑥

𝑏−𝜇

0
     (5) 

Similarly, a moment balance about the point of rotation (x = 0) can be expressed as: 

𝐹(𝐿 − 𝜇) −
2

3
𝜇
1

2
𝜇𝐵𝑡𝑐 = 𝐵 ∫ 𝑥𝑡(𝑥)𝑑𝑥

𝑏−𝜇

0
    (6) 

Note that Equation (5) and Equation (6) allow for an arbitrary shape of the traction-separation 

response to be assumed, however, the initial tensile response of most traction-separation 

cohesive laws are treated as linear up to the point of peak traction and the initial stiffness (Sint) 

must be calculated. Within this linear region, the integral in the force balance (Equation (5)) 

becomes: 

∫ 𝑡(𝑥)𝑑𝑥
𝑏−𝜇

0
=

1

2
𝑡𝑜(𝑏 − 𝜇)     (7) 

Similarly, for the moment balance (Equation (6)): 

∫ 𝑥𝑡(𝑥)𝑑𝑥
𝑏−𝜇

0
=

1

3
𝑡𝑜(𝑏 − 𝜇)2    (8) 

Also in the linear region, the peak traction in the compression zone can be expressed as: 

𝑡𝑐 =
𝜇𝑡𝑜

𝑏−𝜇
      (9) 
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By substituting Equation (7) through Equation (9) into Equation (5) and Equation (6), 

rearranging these equations to isolate the force, then equating the resulting two expressions and 

solving for μ: 

𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
3𝐿𝑏−2𝑏2

6𝐿−3𝑏
     (10) 

Note that this expression is only valid in the initial linear elastic region. In a similar manner, by 

substituting Equation (4), Equation (7), and Equation (8) into Equation (5) and Equation (6), the 

initial stiffness (Sinit), as a function of the initial slope of the force-displacement response (F/Δ) 

can be expressed as: 

𝑆𝑖𝑛𝑖𝑡 =
𝐹

∆
(
2(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)(𝐿−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)

𝐵𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐
2 ) ((

(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)

2
−

𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐
2

2(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)
)
−1

− (𝑏 − 𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)
−1) 

 (11) 

In order to convert the traction-separation responses from being functions of position along the 

bond line length to functions of adherend separation, a change of variable substitution using 

Equation (3) to relate x to v was performed on Equation (5), leading to: 

𝐹

𝐵
+

𝜇2𝑆𝑖𝑛𝑖𝑡∆

2(𝐿−𝜇)
=

𝐿−𝜇

∆
∫ 𝑡(𝑣)𝑑𝑣
𝛿

0
     (12) 

Differentiating Equation (12) with respect to δ and simplifying leads to the following expression 

for traction-separation: 

𝑑∆

𝑑𝛿

𝑑

𝑑∆
(

𝐹∆

𝐵(𝐿−𝜇)
+

𝜇2𝑆𝑖𝑛𝑖𝑡∆
2

2(𝐿−𝜇)2
) = 𝑡(𝛿)    (13) 

Similarly, a change of variable in the moment balance can be expressed as: 

𝐹(𝐿−𝜇)

𝐵
−

𝜇3𝑆𝑖𝑛𝑖𝑡∆

3(𝐿−𝜇)
= (

𝐿−𝜇

∆
)
2

∫ 𝑣𝑡(𝑣)𝑑𝑣
𝛿

0
   (14) 

Which can then be expressed as: 
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(𝐿−µ)

∆(𝑏−µ)

𝑑∆

𝑑𝛿

𝑑

𝑑∆
(

𝐹∆2

𝐵(𝐿−𝜇)
−

𝜇3𝑆𝑖𝑛𝑖𝑡∆
3

3(𝐿−𝜇)3
) = 𝑡(𝛿)   (15) 

Equating Equation (13) and Equation (15), leads to: 

𝑑∆

𝑑𝛿

𝑑

𝑑∆
(

𝐹∆

𝐵(𝐿−𝜇)
+

𝜇2𝑆𝑖𝑛𝑖𝑡∆
2

2(𝐿−𝜇)2
) =

(𝐿−µ)

∆(𝑏−µ)

𝑑∆

𝑑𝛿

𝑑

𝑑∆
(

𝐹∆2

𝐵(𝐿−𝜇)
−

𝜇3𝑆𝑖𝑛𝑖𝑡∆
3

3(𝐿−𝜇)3
)  (16) 

Of the variables in Equation (16), only μ is unknown. To solve for μ as a function of Δ, a script 

was written in which both sides of Equation (16) were evaluated for 1,000 equally spaced values 

of μ between μelastic and 0 for each increment of displacement in the force-displacement response 

from the experiments. The value of μ, which provided the minimum difference between the two 

sides of Equation (16), was then selected as the value of μ for a given load point opening 

displacement. Concurrent to this calculation for each load point opening displacement increment, 

the crack opening was calculated using Equation (2) and the traction was calculated using 

Equation (13) and Equation (15), ensuring the two traction calculations provided the same 

response as a check of the analysis. This script then provided the traction-separation curve for a 

given experimentally measured force-displacement.  

2.3 RDCB Finite Element Model 

To assess the analytical model presented in the previous section of this paper and demonstrate 

the ability of the cohesive parameters extracted during testing to reproduce the measured force 

and opening displacement response, two three-dimensional finite element (FE) models of the 

RDCB tests (Figure 6) were created using the commercial FE code, LS-Dyna V7.1.2 MPP [26]; 

one model used rigid adherends and one model used deformable adherends.  Models of each of 

the 9 test repeats were created using sample-specific traction-separation responses and bond line 

dimensions. Detailed geometry of the adherends was generated using 0.5 mm linear hexahedral 

elements with selectively reduced integration. A mesh sensitivity study was carried out by 
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rerunning the model with each element split into 8 hexahedral elements, which produced 

identical results to the nominal mesh. The deformable models, created to assess the rigidity 

assumption, used an elastic constitutive material model for the steel adherends with density of 

7800 kg/m3, Young’s modulus of 207 GPa and Poisson’s ratio of 0.3. In both the deformable and 

rigid analyses, the pins (also meshed with nominal 0.5 mm cubic hexahedral elements) were 

assigned rigid material properties with contact defined between the pins and adherends. The 

lower pin was fixed in all directions, while a prescribed velocity was applied in the vertical 

direction to the top pin with motion in all other directions being fixed, as was the case in the 

experiment. A layer of cohesive elements was defined between the adherends to simulate the 

bond line of the joint, with the bond line length corresponding to that measured on each of the 9 

samples prior to testing. A cohesive material definition (*MAT_240 in LS-DYNA), based on the 

properties measured from each test repeat, was then applied to the model of each individual test. 

The Mode II response was determined from shear testing using a methodology similar to that 

presented by Trimino and Cronin [3] in which thick adherend lap shear testing was carried out 

with a 1 mm thick bond-line to measure the traction-shear strain response of the adhesive. The 

separation response was then calculated based on strain response and the bond line thickness for 

the test sample of interest. Since the loading was purely in Mode I, the Mode II response did not 

affect the outcome of the simulation, but was required for a complete definition of the cohesive 

model. 

2.4 TDCB Testing and Finite Element Model 

As an independent assessment of the accuracy of the analysis in extracting the Mode I cohesive 

properties of the adhesive, TDCB testing was carried out using the ASTM D3433 standard 

sample [10]. The test samples (Figure 7a) were machined from A36 steel and were grit blasted 
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and cleaned with MEK immediately prior to bonding. Shim stock was used to create a bond line 

thickness similar to the average measured from the RDCB samples (RDCB average = 0.64 mm, 

TDCB average = 0.653 mm). A total of four samples were loaded at a constant rate (0.015 mm/s) 

to failure, with the load point opening displacement tracked from the test video determined as a 

function of applied force recorded for each test. A model of this TDCB test was then created 

(Figure 7b) using the same methodology as adopted for the RDCB deformable models, described 

above, with averaged cohesive material properties from the RDCB experiments. The results of 

the TDCB tests were then compared to the model response using the cohesive traction-separation 

derived from RDCB testing to assess, independently, the ability of the proposed RDCB test and 

analysis to represent the material response in Mode I loading. 

3 Results and Discussion 

3.1 RDCB Experiments 

The experimental data (Figure 8) showed good repeatability with an average measured peak 

force of 592 N (standard deviation 45 N). The peak force occurred at an average load point 

opening displacement of 0.125 mm (standard deviation 0.02 mm). Note that each test was 

arrested after the crack began to advance along the bond line and all the necessary data needed to 

create traction–separation response had been collected. The point on each experimental force-

displacement response corresponding to the end of the traction-separation response has been 

marked with a red ‘X’ to indicate the crack propagation. 

Although tracking of the propagating crack tip was possible, previous testing demonstrated that a 

large amount of magnification was required to monitor the crack and a high signal-to-noise ratio 

was present so that the measurements were not consistent. However, the measurement of pin 

displacement enabled a direct measure of test sample deformation that did not include 
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compliance of the test apparatus, while providing consistent displacement measurements using 

standard camera lenses and conventional teleconverters, which could also be mounted on high 

speed cameras in future high rate testing. While the pixel density used to measure the pin 

displacement was relatively coarse for this series of tests, the repeatability, given the small 

displacements being measured, indicate that this resolution was acceptable. A higher pixel 

density could be used to further refine the displacement measurement. 

Applying the analysis described above, the force-displacement response was converted to a 

traction-separation curve. Based on the shape of the resulting curves, a trapezoidal cohesive law 

[27 - 29] was selected as an appropriate representation of the test response to be used in a 

cohesive zone model (example shown in Figure 9). This shape was selected due to the ability of 

this simplified response to provide a good fit to the experimental data and the availability of this 

cohesive zone law in the LS-DYNA FE code, although a more generic traction-separation 

response (one defined by a set of data points, for example) could also be used, if needed, to 

further enhance the representation of the material behavior. The least squares fit used in this 

study did not preclude the use of a triangular traction-separation law, which can be viewed as a 

special case of a trapezoidal law with zero area under the plastic portion of the response. The 

relatively small plastic portion of the response for the adhesive tested indicates that while a 

trapezoidal law was found to be the optimal response, a triangular law would provide a 

reasonable approximation of the response. 

A least squares approach was used to fit the trapezoidal traction-separation response to the data 

from each test, in which the peak traction, critical energy release rate (the area under the traction-

separation response), and the ratio of the area under the flat portion of the response to the total 
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response were optimized to minimize the error between the test response and the fit. Note that 

the slope of the initial linear region was previously determined using Equation (11). 

The resulting test sample and material parameters (Table 1) were used in the test sample-specific 

FE models, while the average data was used for the TDCB simulations. 

3.2 Finite Element Analysis of RDCB Test Sample 

During the initial loading of the sample, the traction along the bond line increased most rapidly 

at the crack tip (Figure 10, stage 1) and created a linear stress gradient along the bond line length 

(Figure 10, stage 2) until the traction at the crack tip reached the peak stress of the trapezoidal 

traction-separation response. The length of the compressive zone (shown in grey in Figure 10), 

corresponding to the μelastic distance calculated based on the updated test analysis, validated the 

stress distribution used in the current analysis. As loading continued, more of the bond line 

reached the stress plateau (Figure 10, stage 3) until the material at the crack opening began to 

experience damage (corresponding to the decrease in traction). Finally, the elements closest to 

the loading point reached zero stress (Figure 10, stage 4), before being eroded, initiating the 

crack advancing along the bond line (Figure 10, stage 5). It is also apparent that the zone of 

compression became smaller (i.e. μ decreased) as the material began to undergo damage. 

The FE models with rigid and deformable adherends were able to reproduce the force-

displacement response of the individual tests in all cases. For example, when comparing the rigid 

and deformable model responses to the force-displacement measured from Test 8 (Figure 11), R2 

values of 0.999 and 0.991, respectively, were obtained. The initial slope of the deformable model 

was, on average, 10% lower than the rigid model. This indicated that the rigidity assumption of 

the adherends was reasonable for the geometry and adhesive used in this study. 
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A comparison of the shift in the neutral axis (i.e. length of μ as measured from the edge of the 

sample (Figure 5) as a function of the load point opening displacement response calculated from 

the test data using Equation (16) and that predicted by the rigid FE model (Figure 12) showed 

excellent agreement (R2 = 0.998). One interesting aspect to these responses is the significant 

level of oscillation early in the response due to the calculations using expressions with ratios of 

very small displacements. In reality, μ should be constant until the onset of the plastic region of 

the response (i.e. between 0.0 mm and 0.075 mm load point opening displacement in Figure 12). 

Using the original analysis presented by Dastjerdi et al. [16, 17] to extract a traction-separation 

from a known input resulted in the model underpredicting the peak traction by 15%. This result 

was due to the tensile traction not counteracting the portion of the bond line in compression, 

leading to a lower calculated peak traction value. Consequently, a check on the interrelationship 

between the traction-separation and force-displacement failed using the original analysis. 

A so-called “average cohesive model”, using the mean test response for each material parameter, 

was integrated into a rigid FE model with a bond line length equal to the average of that 

measured prior to testing (13.20 mm). The response of this model, when compared to the test 

responses (Figure 13), was shown to provide a representative response of both the traction-

separation of the tested samples, and the force-displacement response with a peak force of 593 N 

(compared to 592 N measured average) occurring at a load point opening separation of 0.127 

mm (versus 0.125 mm measured average). 

While the Mode II traction-separation response was kept constant for all simulations performed 

in this work, a small study was carried out to ensure that the Mode II response had no effect on 

the model output, which was confirmed. This study also, indirectly, indicates that the mode 

mixity response was not relevant for the current analysis. 
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3.3 TDCB Finite Element Model using Traction-Separation Curve from RDCB Tests 

Testing of the same structural adhesive was also carried out using the standard ASTM D3433 

TDCB test geometry to ensure the new analysis technique provided results which would be 

comparable to those provided by a widely accepted test specification [12; 30]. Note that for this 

testing the samples were loaded monotonically to an unstable failure, unlike the practice 

suggested in the ASTM D3433, in which the sample is loaded and unloaded to test both crack 

propagation and crack arrest energy release rates. Analyzing the results using the recommended 

method in the ASTM D3433 standard, the average critical energy release rate (2.552 kJ/m2) was 

considerably lower (19.7%) than that measured using the RDCB analysis (3.055 kJ/m2). This 

lower GIC value is consistent with a comparison between TDCD and DCB samples carried out by 

Lopes et al. [12] in which TDCB testing of a ductile epoxy (Araldite 2015) and a ductile 

polyurethane (Sikaforce 7752) produced lower (30.1% and 36.4%, respectively) GIC values than 

using DCB samples. 

Given the difference between calculated GIC values for TDCB and DCB or RDCB tests, the 

traction-separation curves determined using the proposed analysis method were applied to a 

model of the TDCB, and the predicted force-displacement results were compared with the 

measured data (Figure 14). The force-displacement response from the physical tests was in good 

agreement with the TDCB model using the adhesive properties from the RDCB analysis 

(average R2 value of 0.917). The predicted ultimate failure is also in good agreement with an 

average failure displacement of 4.2 mm in the experiment and a predicted failure displacement of 

4.3 mm in the TDCB model. While the peak forces were in good agreement between the test 

average (4815 N) and the model (4934 N), the force required to initiate damage was lower in the 

tests than predicted by the model. The model exhibited the expected constant force measurement 
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as the crack extended. Blackman et al. [31] has suggested the increase in force as the crack 

extends along the length of the bond line was due to an increase in compliance of the TDCB 

sample stemming from the discontinuous TDCB profile (i.e. the location of the crack tip in the 

sample used in this study) and the need to correct for rotation of the adherend at the root of the 

crack tip opening. Similar comparisons between experimental and simulated responses were 

shown by Karac et al. [32] and Alvarez et al. [33] who modeled DCB. 

Further refinement of the compression response of the adhesive bond may potentially provide 

improvements to the overall response of the analysis, though the ability of the current 

methodology to capture the TDCB test response reasonably well suggests that this would likely 

only provide a minor improvement to the analysis. 

4 Conclusions 

The primary advantage of the proposed test sample and analysis, which considered the 

compression region in the bond line during loading, was the ability to extract the entire Mode I 

traction-separation response using a single test.  With careful fixturing during curing and proper 

surface preparation, the RDCB sample was straightforward to test and demonstrated good 

repeatability.   

The measured traction-separation curves were implemented in test-specific FE simulations, 

which were shown to reproduce the measured force-displacement response using rigid 

adherends. The deformable adherend model exhibited a 10% lower initial stiffness compared to 

the rigid adherends, supporting the assumption that the adherend rigidity used to develop the 

current analysis technique was acceptable.  
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Validation of the analysis technique was further undertaken using the ASTM D3433 TDCB test 

sample geometry with the same bond line thickness as was used in the RDCB test samples. A 

model of the TDCB sample geometry combined with the cohesive parameters determined from 

the RDCB test using the new analysis was shown to accurately predict the force-displacement 

response of an independent series of TDCB tests. 

A further advantage of the method proposed in this study is the significantly lower mass of the 

RDCB sample (~56 g) compared to traditional test samples such as the ASTM D3433 TDCB 

sample (~2040 g). While elevated rate loading was not investigated in this study, the lower mass 

of the RDCB sample will reduce inertial effects, enabling Mode I characterization of adhesive 

joints at high deformation rates. 
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Table 1: Cohesive law parameters for each test and average 

 

 

 

Figure 1: Typical cohesive traction–separation response 
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Figure 2: Important dimensions used in analysis (a), loading schematic (b) and free body 

diagram (c) developed by Dastjerdi 

 

 

Figure 3: Dimensions of adherends used to create RDCB test samples 

 

 

Figure 4: t sample bonding fixture (a); samples in place for curing (b); sample after testing 

(c) 
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Figure 5: Important dimensions used in analysis (a), loading schematic (b) and updated 

free body diagram (c) 

 

 

Figure 6: Deformable adherend finite element model 

 

 

 

Figure 7: DCB test (a) and model (b) 
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Figure 8: Force-load point opening displacement response of RDCB samples (n = 9) 

 

 

Figure 9: Fitting of trapezoidal cohesive law to test traction-separation 



29 

 

 

 

Figure 10: Progress of bond line stress states during loading (a) and corresponding traction 

at crack tip (b) 

 

 

Figure 11: Comparison of test force-displacement to rigid and deformable models of Test 8 
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Figure 12: Shift in neutral axis calculated from test and rigid finite element model of Test 8 

 

 

Figure 13: Calculated test traction-separation (a) and measured test force-load point 

opening displacement (b) compared to average model 
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Figure 14: Comparison of TDCB tests and model response using RDCB derived cohesive 

material properties 

 


