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ABSTRACT
A novel test fixture was developed to evaluate the adhesive 
joint strength under compression-shear stress state with 
regards to the adhesive layer. The developed fixture enabled 
high compression – shear strength tests using a tensile testing 
machine. Tensile, tensile – shear, and shear strength tests were 
also conducted to compare strength characteristics. The stress – 
strain relationship showed that the adhesive joints exhibited 
more ductile behavior as the ratio of compressive stress to 
shear stress increased. Yield stress and maximum stress values, 
calculated from the stress – strain diagrams, were plotted on 
a normal – shear stress plane. Additionally, assuming a plane 
strain condition for the adhesive joint, the results were plotted 
on a hydrostatic – equivalent stress plane. The findings demon
strated that adhesive joint strength increased with increasing 
compressive stress ratio, highlighting the hydrostatic depen
dency of the strength. Finally, the parameters for the 
Drucker – Prager yield criterion, Exponential Drucker – Prager 
yield criterion, and Power law criterion were accurately deter
mined using experimental data from the tensile, tensile-shear, 
shear, and compression-shear. Applying these results to the 
strength analysis of adhesive joints is expected to improve the 
accuracy of crash analysis of automobiles with adhesive joints.
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1. Introduction

Adhesive bonding enables the automotive body structures to have high rigid
ity, dissimilar materials bonding, and high vibration absorption characteris
tics. Owing to these advantages, the demand for adhesive bonding as a joining 
method for automotive body structures has increased.[1] Crash safety perfor
mance is a critical factor in the automotive industry from the perspective of 
occupant and pedestrian safety. In the design and development of automo
biles, the finite element method (FEM) is widely used alongside crash testing 
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of the actual vehicle from the viewpoints of financial and time costs.[2] Since 
the deformation behavior of automobiles during a crash is complex, adhesive 
joints can be experienced tensile, shear, compression, and combined stress 
conditions. Therefore, in finite element analysis (FEA), stress-based criteria 
are applied to represent the deformation and strength of adhesive joints under 
combined stress conditions.[3–6]

In FEA, adhesive joints are typically modeled using either the continuum 
mechanics model[3,4,7,8] or the cohesive zone model (CZM).[5,6,9–12] The con
tinuum mechanics model allows for a detailed analysis of mechanical char
acteristics and is suitable for analyzing the stress distribution and 
concentration in the thickness direction. However, continuum mechanics 
models require high computational costs, making them unsuitable for large- 
scale simulations.[3] Conversely, CZM offers low computational cost, making 
it suitable for large-scale analyses; however, the CZM cannot analyze the detail 
of stress distribution in the thickness direction.[3] Additionally, CZM requires 
fewer input parameters than the continuum mechanics model. Thus, both 
modeling approaches have advantages and play essential roles in adhesive 
joint analysis.

In the continuum mechanics model, stress-based criteria are defined using 
yield criteria, whereas, in CZM, these criteria are defined using mixed mode 
law. Defining these criteria requires experimentally determined parameters, 
typically obtained from tensile, tensile – shear, and shear tests.[3,4,12–15] 

However, the strength of bulk adhesive exhibits hydrostatic pressure 
dependency.[16,17] Therefore, for accurate parameter determination, experi
mentally measuring strength under compression – shear stress state in addi
tion to the tensile, shear, and tensile – shear stress state is necessary.

Several studies have investigated the strength of adhesive joints under 
compression – shear stress. Various methods have been used to test the 
strength under compression – shear stress. A commonly used approach is 
the Arcan test, which allows testing under different stress states without 
requiring changes of the fixture or specimen shape.[18] For example, 
Créac’hcadec et al.[19,20] Alfonso et al.[21] Suwanpakpraek et al.[22] Cognard 
et al.[23,24] and Gan et al.[25] measured the compression – shear strength of 
adhesive joints using an Arcan fixture. While the Arcan fixture can be used 
for compression – shear testing at the ratio of compressive to shear stress of 
1, its structural limitations make it difficult to apply high compressive forces 
to the specimen. However, adhesive joints in automotive structures might 
experience combined stress of shear stresses and high compressive 
stresses.[12] The second method is the compression – torsion test, which 
requires a specialized torsion-testing machine and cylindrical butt speci
mens. Ikegami et al.,[26] Isono et al.,[27] and Spaggiari et al.[28] conducted 
tensile – torsion and compression – torsion tests to measure adhesive joint 
strength. In this test method, the compression force and torsional torque can 
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be adjusted to achieve a specific compression-to-shear force ratio. However, 
even a slight misalignment during bonding can cause the axis of torsion to 
shift relative to the specimen axis. As a result, the applied torsional moment 
can introduce an unintended bending moment and additional compressive 
force, which can generate non-uniform and unstable stress states. Another 
method involves conducting such tensile and shear tests of adhesive joints in 
a pressure vessel filled with high-pressure water.[29] Cognard et al. used this 
method and revealed the hydrostatic pressure dependency of adhesive joint 
strength. While this method effectively measures hydrostatic pressure 
dependency, the testing setup has a complex configuration. Moreover, as 
adhesives can absorb water,[30] their mechanical properties may be affected, 
potentially influencing strength measurements.[31,32] As discussed above, 
although several test methods for compression – shear have been proposed, 
there are still some challenges.

In this study, a compression – shear test method using a developed fixture is 
proposed. The stress – strain relationship under compression – shear stress is 
also clarified using the proposed method and the digital image correlation 
(DIC) method. Furthermore, this study aims to experimentally determine the 
tensile/compression – shear strength of acrylic adhesive joints and establish 
parameters for the yield criteria and the mixed mode law in the cohesive zone 
model. Although crash safety evaluation ultimately requires dynamic and 
impact testing, a reliable understanding of material behavior under static 
loading is essential as a foundation. Therefore, this study focuses on static 
testing as a first step toward future applications. The proposed test method is 
also designed with future applicability to dynamic conditions. Compared to 
Arcan specimens, which often involve complex joint geometries that make 
dynamic loading difficult, the proposed method may be more suitable for high 
strain rate experiments.

2. Experimental procedure

2.1. Adhesive

A second-generation acrylic adhesive (HARDLOC C-355–20 A/B, Denka 
Co., Ltd., Tokyo, Japan) was used in this study. The adhesive was cured for 
24 h at room temperature (approximately 24 ℃), followed by post-curing at 
60 °C for 2 h. Dumbbell-shaped specimens[33] of the cured adhesive 
(Figure 1(a)) were subjected to tensile testing at a crosshead speed of 
1 mm/min. Lateral strain εx and longitudinal strain εz measurements were 
performed using the Digital Image Correlation (DIC) method. Image cap
turing software (VIC-Snap10, Correlated Solutions Inc., Columbia, USA) 
and image analysis software (VIC-3D9, Correlated Solutions Inc., 
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Columbia, USA) were used (Figure 1(b)). The resulting stress – strain 
diagram shown in Figure 1(c) indicated elastoplastic behavior with 
a distinct yielding phenomenon. The Young’s modulus E was determined 
to be 1016 MPa based on the average of two tests, calculated within the 
strain range of 0.0005 to 0.0025 (Figure 1(a)). The Poisson’s ratio ν was 
determined to be 0.411, based on the average of two tests, calculated as the 
ratio of εx to εz (Figure 1(d)).

2.2. Specimens

In the experiment, the strength of the adhesive joints was evaluated for 
various stress states, including compression – shear. Therefore, the stress 
angle φ was used to categorize these stress states. As shown in Figure 2, φ is 
a stress-based phase angle (stress angle) on the σz � τzx plane and is given by 
Equation (1): 

Figure 1. (a) Geometry of JIS K6251–3 dumbbell specimen,[32] (b) setup of extensometers in DIC 
analysis software, (c) stress – strain diagram, and (d) relationship between lateral strain εx and 
longitudinal strain εz .
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where σz represents the normal (thickness direction) stress applied to the 
adhesive joint and τzx denotes the shear stress. In this study, experiments 
were conducted at six different φ values: (0°, 45°, 90°, 112.5°, 135°, and 157.5°).

Figure 3 shows the adhesively bonded specimens corresponding to each 
stress angle, while Table 1 presents the number of samples tested at each stress 
angle. The compression – shear specimen (Figure 3(a)) was designed with 
a relatively small bonding area because the compression – shear strength is 
expected to be higher than the shear strength,[19–29] and reducing the applied 
load on the test fixture is essential. The tensile, tensile – shear, and shear 
specimens (Figure 3(b)) were designed based on the specimen geometry used 
by Horiuchi et al.[4] The bonding surface of the tensile specimen is cylindrical, 
whereas the other specimens have a rectangular bonding area. In this study, we 
assumed that the effect of stress concentrations is relatively small due to the 
large mismatch in Young’s modulus between the adhesive and the adherends. 
In addition, Rune et al.[34] showed through numerical analysis that although 
stress distribution exists in the elastic region, the distribution tends to stabilize 
once damage initiates and remains nearly constant during the damage 

Figure 2. Schematic diagram of stress angle φ in σz � τzx plane.
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propagation phase. To account for stress concentrations, “beak” have been 
applied to the adherend in previous studies.[19,20,23,24,29,35,36]

S50C carbon steel was used as the adherend material. To ensure uniformity 
of the bonded surface and removal of stains, the substrates were sandblasted 
with #120 alumina powder at an air pressure of approximately 0.6 MPa and 
subsequently cleaned thoroughly with acetone. The curing conditions of the 
adhesives were identical to those of the dumbbell specimens. The target 
adhesive thickness for all specimens was 0.3 mm. Glass beads with 
a diameter of 0.3 mm were used to control the adhesive thickness of the tensile 
and tensile – shear specimens. However, in compression – shear tests, the 
adhesive layer is expected to undergo deformation in the thickness direction 
due to compressive stress. Therefore, beads may inhibit the deformation of the 
adhesive layer, making it impossible to accurately evaluate its strength. Thus, 
a special jig (Figure 4) was designed to control the adhesive thickness without 
using glass beads.

2.3. Compression – shear test fixture

Figure 5 shows a 3D CAD model of the developed fixture for compression – 
shear tests. This fixture was designed with reference to the Modified TAST 

Figure 3. Geometry of adhesive joint specimens for each stress angle φ. (a) compression – shear (φ 
(φ ¼ 0�), tensile – shear (φ ¼ 45�), and shear (φ ¼ 90�).

Table 1. Number of samples for each stress angle φ.
Stress state Stress angle φ (°) Number of samples

tensile 0 3
Tensile-shear 45 3
shear 90 3
Compression – shear 112.5 5

135 5
157.5 5
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fixture proposed by Cognard et al.[35,36] developed for measuring the shear 
strength of adhesive joints. In contrast to the Modified TAST fixture, the 
developed fixture makes it possible to apply compressive load to the specimen 
and compression – shear stress to the adhesive layer in the specimen. The 
compression – shear test fixture consists of three parts: an upper fixture, 
a lower fixture, and a positioning fixture. The upper fixture is connected to 
the universal joint, which is attached to the crosshead of the tensile testing 
machine (Figure 5(a)). The lower fixture, identical in shape to the upper 
fixture, is similarly connected to the lower part of the tensile testing machine 
with a pin. Additionally, a spring is installed to prevent the load fluctuation 
depending on the small gap between the pin and the hole at the start of testing 

Figure 4. Photographs of a special jig for specimen fabrication: (a) side and (b) top views.

Figure 5. 3D-CAD model of the fixture for compression – shear strength test in adhesive joints: (a) 
positioning and (b) test configurations.
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(Figure 5(b)). It should be noted that spring does not affect the force applied to 
the specimen. The upward force applied by the spring on the lower fixture is 
balanced by the downward force transmitted through the lower pin. 
Therefore, no spring force is transmitted to the specimen. The positioning 
fixture is fixed, as shown in Figure 5(a), before the beginning of the test, and 
preliminary loading is performed to ensure accurate alignment of the upper 
and lower fixtures and prevent the occurrence of moments due to misalign
ment. The positioning fixture is removed during the test, as shown in 
Figure 5(b).

The fixture and the specimen are not mechanically fastened but are in 
contact and can be separated. During testing, the specimen remains in place 
due to sufficient frictional force between the specimen and the fixture surfaces, 
and no slipping was observed.

During the test, the adherend moves vertically and horizontally due to the 
deformation of the adhesive layer. The upper and lower fixtures are designed 
to rotate around the connection point using pins to accommodate the move
ment of the adherend. Assuming negligible friction at these pin connections, 
only a compressive force is applied to the specimen, which ensures that the 
compressive and shear forces applied to the adhesive joint can be determined 
from the load of the load cell of the tensile testing machine by resolving the 
forces based on the inclination of the adhesive layer.

2.4. Stress analysis

Using the newly developed fixture and specimen for compression – shear 
testing makes it possible to calculate the stress applied to the adhesive layer 
in the same manner as in a tensile – shear test. Figure 6(a) shows that 
a Cartesian coordinate system is defined along the adhesive layer. The 
normal stress σz and shear stress τzx applied to the adhesive layer 

Figure 6. Schematic illustrations of (a) coordinate system and (b) applied stress to the adhesive 
layer.
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(Figure 6(b)) can be obtained using Equations (2) and (3) with the axial 
load P applied to the specimen and the geometric angle θ between the 
adhesive layer and a line perpendicular to the direction of load P defined in 
Figure 6:

The positive direction of P is shown in Figure 6(a). The sign of the shear stress 
was ignored, and absolute values were used for evaluation.

The adhesive layer is submitted to a multiaxial stress state by constrained 
from the adherends. The equivalent von Mises stressσeq is used to express the 
yield stress of a material in a multiaxial stress state. In addition, for materials 
such as adhesives, whose strength depends on hydrostatic pressure, hydrostatic 
stress σm is used to represent the stress at a yield on the σeq–σm plane.[24,29] σeq 
and σm are expressed by the normal and shear stress σi and τij (i; j ¼ x; y; z) in 
the Cartesian coordinate system, as in Equations (4) and (5): 

However, determining these stress components from this test is difficult. 
Therefore, σeq and σm were obtained by assuming that the stress state of the 
adhesive layer is a plane strain state, as the bonded area of the specimen is 
sufficiently large for the adhesive thickness. In this case, each normal strain 
and each shear strain are εx ¼ εy ¼ γxy ¼ γyz ¼0. From the generalized 
Hooke’s law, each stress is obtained as follows: 

Using the above Equations, σeq and σm in the plane strain state can be 
calculated using Equations (8) and (9): 
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2.5. Determination of yield criteria and mixed mode law parameters

In this study, the parameters of the Drucker – Prager (DP) and the 
Exponential Drucker – Prager (EDP) yield criteria were obtained, considering 
this hydrostatic pressure dependence. The DP yield criterion[37] is expressed in 
Equation (10): 

where α and k are positive material parameters. J2 is the second invariant of 
deviatoric stress and I1 is the first invariant of stress, expressed in Equations 
(11) and (12): 

In this study, Equation (10) is rewritten in terms of equivalent stress σeq and 
hydrostatic stress σm. The relationships between σeq and 

ffiffiffiffi
J2
p

and between σm 
and I1 are expressed in Equations (13) and (14): 

Additionally, two material parameters α0 and k0 are defined by Equations (15) 
and (16): 

Using Equations (13)–(16), Equation (10) can be rewritten as: 

Therefore, k0 is 
ffiffiffi
3
p

times the yield stress in shear. Furthermore, when α0 ¼ 0, 
Equation (10) is consistent with the von Mises yield criterion. In contrast, the 
EDP yield criterion[38] is expressed by Equation (18): 
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where a and b are positive material constants. σt is a hardening parameter 
representing the hydrostatic yield tensile strength of the material.

In the CZM, the stress-based mixed mode law is used to describe mechan
ical response under combined loading conditions. Instead of using the Cauchy 
stress tensor, this law is expressed in terms of normal stress σz and shear stress 
τzx associated with crack propagation in Modes I and II. In this study, the DP 
yield criterion, EDP yield criterion, and power law (PWL) criterion were used 
as mixed mode laws. To consider the DP yield criteria and EDP yield criteria as 
mixed mode laws, they are expressed using σz and τzx as follows: 

In CZM, only the tractions (normal and shear) and their corresponding 
separations at the interface are considered. Through-thickness (y direction) 
strains are not defined, and the formulation is localized to the fracture process 
zone. For this reason, the cohesive laws in Equation (19) and (20) are written 
using only the normal (z) and shear (zx) components relative to the interface. 
The PWL criterion is expressed using positive material parameters A, B, and β 
as follows: 

Parameter determination for each yield criterion and mixed mode law was 
performed by least-squares fitting to the experimentally obtained yield or 
maximum stress.

2.6. Experimental setup

Figure 7 shows the photographs of the experimental setup (Figure 7(a)), the 
test fixture for compression – shear (Figure 7(b)), and the test fixture for 
tensile, tensile – shear, and shear (Figure 7(c)). Strength tests of the adhesively 
bonded joints were conducted using a tensile testing machine (Autograph 
AGX-V 50 kN, Shimadzu Co., Ltd., Kyoto, Japan) at a crosshead speed of 
0.01 mm/s for quasi-static testing. The applied stresses were determined using 
loads obtained from the load cell of the testing machine. As the adhesive layer 
is simultaneously deformed in normal and shear, determining the strain in the 
normal and shear directions of the adhesive layer was necessary. Therefore, 
displacement measurements were performed using the DIC method. The same 
image capturing and image analysis software was used for the dumbbell tensile 
test.
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As shown in Figure 8, the relative displacement between two adherends was 
calculated by eliminating the rigid body displacement (red points) of one 
adherend and setting three measurement points (blue points) on the other 
adherend in the image analysis software. The displacement at the red points 
will always be zero, and the red points are reference points of a measured 
displacement. Therefore, the displacement value obtained at the measurement 
points indicated by the blue points in Figure 8 are the relative displacement 
with respect to the red points. Since the blue points and the red points are 
placed on different adherends, the displacement measured at the blue points is 
the relative displacement between the adherends. In this study, the relative 
displacement obtained at three measurement points (blue color) was averaged 
and used as the displacement of the adhesive layer, assuming that the defor
mation of the adherend was negligibly small. Furthermore, the strain of the 
adhesive layer was calculated by dividing this displacement by the adhesive 
thickness. However, in order to measure the displacement and strain of the 
adhesive layer more accurately, it is necessary to consider the error caused by 
the deformation of the adherend. This is a topic for future study.

3. Results and discussion

3.1. Stress – strain diagrams

The stress – strain diagram of the adhesive joints is presented in Figure 9. In 
this stress – strain diagram, based on the coordinate system in Figure 6, the 
vertical axis is the nominal stress calculated by equations (2) and (3), and the 
horizontal axis is the strain calculated by the DIC method. The shear stress – 
strain diagram (Figure 9(a)) shows elastoplastic behavior with a yielding 

Figure 7. Photographs of (a) experimental setup, (b) test fixture for compression – shear, and (c) 
test fixture for tensile, tensile – shear, and shear.
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phenomenon, similar to the stress – strain diagram obtained from the dumb
bell tensile test of the cured adhesive (Figure 1(c)). The yield shear stress 
increased with an increase in the stress angle φ, i.e., the ratio of compressive 
stress to shear stress. A similar trend was observed for the maximum shear 
stress and failure strain. These findings suggested that the strength of the 
adhesively bonded joints using acrylic adhesives is dependent on hydrostatic 
pressure. Moreover, the fracture strain under compression – shear stress 
(φ �112.5°) was larger than that under shear stress (φ ¼90°), implying that 
the energy required for fracture was also larger.

Figures 9(b,c) show the normal stress – strain diagrams. Figure 9(b) pre
sents the results for stress angles of φ ¼ 0° and 45°, demonstrating elastoplastic 
behavior similar to that of the dumbbell tensile test. However, under compres
sion – shear stress in Figure 9(c), the strain shifted toward the tensile side after 
yielding, despite the application of compressive force. Moreover, the failure 
strain progressively shifted toward the compressive side as φ increased. The 
adhesive used in this study has a sea – island structure consisting of two 
phases: acrylic and elastomer.[39,40] A previous study has reported that cavita
tion occurs in the elastomer phase, while microcracks develop in the acrylic 
phase as deformation progresses.[40] Therefore, the observed tensile strain in 
Figure 9(c) may be attributed to volume expansion caused by cavitation and 
microcracks despite the application of compressive stress. Furthermore, the 
causes of the decrease in the tensile strain with increasing φ are discussed, as 
shown in Figure 9(c). Under compression – shear conditions, the adhesive 
layer is likely subjected to a triaxial compression stress state, making it likely 
that the volume expansion due to cavitation and microcracks was suppressed 

Figure 8. Schematic illustration of measurement points and elimination of rigid body displacement 
in the DIC method for measuring displacement.
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by the higher compression state for larger φ. However, a more detailed 
investigation of these phenomena is required in the future.

3.2. Fracture surfaces

Photographs of the fracture surfaces of the specimens at each stress angle φ are 
presented in Figure 10. The failure mode was a cohesive failure for all speci
mens. Additionally, a more detailed observation of the fracture surfaces 
revealed variations depending on φ. Under tensile shear conditions 
(φ ¼45°), linear cracks were observed. Linear cracks are considered to be 
specific to the combined tensile and shear stress conditions. In the shear 
condition (φ ¼90°), no clear cracks were observed, but scale-like fracture 
surfaces were observed where the adhesive was stretched in the shear direc
tion. Under the compression – shear condition (φ ¼112.5°, 135°, and 157.5°), 
fish scale like fracture surface appeared to be stretched in the shear direction 
for larger φ. This is consistent with the fact that the shear strain at rupture 
increased with increasing φ (Figure 9(a)).

Figure 9. Stress – strain diagram of shear and normal directions: (a) all stress angle φ in the shear 
direction, (b) φ ¼0° and 45° in the normal direction, and (c) φ ¼112.5°, 135°, and 157.5° in the 
normal direction.
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3.3. Yield and maximum stress

The yield stress and maximum stress were calculated from the stress – 
strain diagram (Figure 9). Figure 11 shows a schematic diagram of the 
stress calculation method. A linear approximation was applied in the 
elastic region before yielding and in the plastic region after yielding. 
The intersection of the two lines was identified as the yield stress, while 
the maximum stress was taken as the maximum stress value in the stress – 
strain diagram. For tensile – shear, shear, and compression – shear (φ ¼
45°, 90°, 112.5°, 135°, and 157.5°) conditions, yield stress and maximum 
stress were calculated from shear stress – strain diagrams. For other 
conditions (φ ¼ 0°), the yield stress and maximum stress were calculated 
from the normal stress – strain diagrams.

Figure 12 presents the yield stress and maximum stress for each stress 
angle. In the σz � τzx plane in Figure 12(a), a significant difference in 
shear strength was observed between the tensile (σz > 0) and compressive 
(σz < 0) regions, indicating that the yield and maximum shear stresses 
increase under higher compressive stress. Additionally, the difference 
between yield stress and maximum stress widened as φ increased. This 
trend is attributed to the increase in failure strain and deformation 
resistance due to high compressive stress. Figure 12(b) shows the yield 
stress plotted on the σeq–σm plane. Since σm and σeq were calculated using 
the generalized Hooke’s law, the maximum stress after yielding may not 
be accurate. Therefore, the maximum stress was excluded. Similar to 
Figure 12(a), the yield stress exhibited an increasing trend with φ, clarify
ing the hydrostatic pressure dependence of the adhesive joint strength. 
Furthermore, the variability in compression – shear strength was compar
able to that observed under tensile conditions, demonstrating that the 
developed compression – shear test fixture provides a reproducible experi
mental result.

Figure 10. Photographs of fracture surfaces at each stress angle.

THE JOURNAL OF ADHESION 193



3.4. Parameters of yield criteria

Figure 13(a) presents the yield surfaces obtained by fitting to the experimental 
yield stress data (Figure 12(b)). The parameters determined from this fitting 
(Figure 13(a)) and the coefficient of determination (R2Þ are shown in Table 2. 
The DP yield criterion deviates marginally from the experimental yield stress 
in shear and compression – shear for σm �0. However, the deviation is 
significant in tension, where the yield stress is overestimated. Consequently, 
the coefficient of determination for the DP yield criterion is R2 ¼ 0.763, 
indicating that it does not adequately capture the yielding behavior of adhesive 
joints. Conversely, the EDP yield criterion achieves a higher coefficient of 
determination (R2 ¼ 0.945), showing that it can represent the yielding 

Figure 11. Schematic diagram of yield stress calculation method.

Figure 12. (a) Experimental yield and maximum stress in σz � τzx plane and (b) experimental yield 
stress inσm � σeqplane.
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behavior accurately (Figure 13(a)). The necessity of compression – shear 
strength testing is also discussed. Figure 13(b) shows the results of fitting 
each yield criterion only to the experimental data for φ ¼ 0°, 45°, and 90°. Both 
the DP and EDP yield criteria showed good agreement with the experimental 
data used for fitting. However, substantial deviations occur in compression – 
shear for σm < 0, resulting in an overestimation of the yield stress. This result 
highlights the necessity of compression – shear strength testing to accurately 
determine the yield criterion parameters. Nevertheless, the necessity of com
pression – shear strength testing depends on the specific application. If an 
adhesive joint is subjected only to tensile, shear, or these combined stress in 
a given analysis, compression – shear testing may not be required.

3.5. Parameters of mixed mode law

Figure 14 presents the yield and maximum stress surfaces for each mixed mode 
law obtained by fitting to the experimental yield and maximum stress data 
(Figure 12(a)). Table 3 shows the parameters obtained and the coefficient of 
determination R2, demonstrating good agreement with the experimental values 
for all DP, EDP, and PWL criteria. However, at higher compression conditions 
beyond the experimental range, the yield and maximum stress surfaces exhibited 
variations depending on the function. Therefore, caution should be exercised 
when using the parameters obtained in this study to analyze stress states 

Figure 13. Yield surfaces of DP and EDP criteria in plane strain state: (a) fitted to all experimental 
data and (b) fitted to only φ ¼0°, 45°, and 90° (σm � 0) data.

Table 2. Parameters of yield criteria determined by least squares 
method in plane strain state (Figure 14(a)).

Yield criteria Parameters Values R2

DP 
σeq þ α0σm ¼ k0

α0 (-) 0.609 0.763
k0 (MPa) 26.245

EDP 
aσeq

b þ σm ¼ σt

a (-) 1.987E–3 0.945
b (-) 2.572
σt (MPa) 11.942
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exceeding the experimental conditions. Furthermore, Figure 14 also shows that 
the maximum stress surface expands in the compressive direction relative to the 
yield surface, suggesting a significant difference between yield stress and max
imum stress under compression – shear stress conditions. When defining the 
CZM, either the yield stress or the maximum stress criterion is employed as the 
mixed mode law. However, in analysis involving compression – shear stress 
states, selecting different stress criteria may lead to substantial discrepancies in 
the results. Therefore, based on the findings of this study, further investigation is 
needed into how to define the mixed mode law.

4. Conclusion

This study focused on static testing under multiaxial stress state as a first 
step of dynamic testing to improve the accuracy of crash analysis of 

Figure 14. Yield and maximum stress surfaces of mixed mode law for CZM.

Table 3. Parameters of mixed mode law determined by least squares method.

Mixed mode law Parameters

Yield Max.

Values R2 Values R2

DP 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σz

2 þ 3τzx
2

p
þ α0σz

3 ¼ k0
α0 (-) 2.576 0.934 2.934 0.969
k0 (MPa) 27.456 35.461

EDP 

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σz

2 þ 3τzx
2

p� �b
þ σz

3 ¼ σt

a (-) 8.260E–2 0.934 9.654E–2 0.975
b (-) 1.330 1.238
σt (MPa) 7.988 9.199

PWL 
σz
A þ

τzx
B

� �β
¼ 1

β (-) 2.700 0.904 2.308 0.977
A (MPa) 14.934 17.548
B (MPa) 16.601 22.384
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automobiles with adhesive joints. The compression – shear strength of 
acrylic adhesives was experimentally determined using the developed com
pression – shear test fixture. Additionally, tensile, tensile – shear, and shear 
strengths were performed, and the stress – strain relationships were deter
mined using DIC. Based on these results, the parameters of the yield 
criterion and the stress-based mixed mode law of CZM were determined. 
The stress – strain diagrams under compression – shear loading showed 
more ductile behavior than those under shear loading. The maximum stress 
and yield stress were also higher than the strength under shear conditions, 
indicating that the energy required for fracture is higher under compres
sion – shear, suggesting that compression – shear loading may enhance 
impact resistance. The yield stress and maximum stress calculated from the 
stress – strain diagrams were plotted in the σz � τzx and σm � σeq planes, 
confirming that the adhesive joint strength exhibits hydrostatic depen
dence. Finally, the yield criterion and the stress-based mixed mode law 
were accurately parameterized using the results of compression – shear 
tests. Applying these results to the strength analysis of adhesive joints is 
expected to improve the accuracy of crash analysis of automobiles with 
adhesive joints. However, dynamic testing is essential to accurately capture 
the behavior of materials and adhesive joints under crash conditions. 
Therefore, it is desirable to carry out dynamic tests under compression – 
shear stress to characterize the mechanical properties of adhesive joints in 
the future.
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