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A B S T R A C T

Thin-walled tubes are used for the manufacturing of essential components in several industries. Indeed, the 
characterization of their formability and failure is vital for tool design, product quality and safety. In the recent 
years, the number of procedures and test designs for characterizing tubes in forming has experienced a significant 
development. This progress has been achieved in combination with the use of digital image correlation tech
niques and finite element analysis, making use of different plastic anisotropy criteria. Nevertheless, most of those 
tests are aimed at the assessment of failure in mode I of fracture mechanics, being the analysis of fracture under 
in-plane shear, i.e. mode II of fracture mechanics, reduced to a very limited number of research works based in 
the adaptation of the corresponding sheet metal forming tests inducing shear. To this regard, this work presents 
two new procedures based on the specific thin-walled tube geometry for characterizing formability in-plane 
shear and failure in mode II of fracture mechanics, addressing the absence of specific experimental methods 
for evaluating the shear fracture forming limit (SFFL) for tubes. The results, based on a combined numerical 
modelling and experimental analysis of the proposed tests, show that the SFFL can be accurately evaluated by 
controlling a set of geometrical parameters in the specimens designed to generate shear in tubes by applying 
either tensile or compressive forces. These proposed tests provide a valuable tool for characterizing the SFFL of 
thin-walled tubes.

1. Introduction

A thin-walled tube is a hollow cylindrical structure with a relatively 
small wall thickness compared to its outer diameter. In other words, the 
wall of a thin-walled tube is thin in relation to its overall size, allowing to 
provide, due to its particular geometry, a high strength to weight ratio. 
Industrial tubes are typically made from various materials such as metals 
(e.g., steel, aluminium, titanium), plastics, or composites [1]. The key 
defining characteristic of a thin-walled tube is thus its high ratio of 
diameter to wall thickness, which makes it structurally different from 
thicker-walled pipes or solid cylinders.

Thin-walled tubes are known for their lightweight and efficient use 
of material, and are consequently widely used in various industries, 
including aerospace [2,3], automotive [4,5] and construction [6–8], as 
well as other applications where weight reduction, efficient material 
utilization and structural integrity are important considerations. Tubes 
can be easily shaped, bent, welded, or manipulated to suit specific 

engineering needs, making them versatile components in many engi
neering and manufacturing processes.

To this regard, the characterization of the forming limits of a mate
rial is critical for understanding the stress/strain states upon which it 
can be plastically deformed. Concerning sheet metal, the establishment 
of a framework for the analysis of these forming limits began with the 
work by Keeler [9] and Goodwin [10] by the late 60′s of the 20th cen
tury. Those investigations supposed the origin of circle grid analysis 
(CGA) techniques and are considered as the basis of current Forming 
Limit Diagrams or FLD’s.

In this sense, Embury and Duncan [11] were pioneer in the use of the 
principal strain space for the characterization of failure by fracture, 
associating fracture in mode I of fracture mechanics (in-plane tension) to 
a failure locus with a slope of “− 1″ within this strain space, thus coin
ciding with the condition of critical thickness reduction [12]. Indeed, 
the work on fracture in forming by Atkins [12] connected fracture in 
mode I, using stress triaxiality, with the McClintock fracture criterion 
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based on void growth [13].
More recently, the work by Silva et al. [14] provided a novel vision 

for the overall assessment of forming limits by fracture in sheet metal 
forming, including procedures and tests for the determination of the 
forming limit in mode I of fracture mechanics (in-plane tension), i.e. the 
fracture forming limit (FFL), but also in mode II (in-plane shear), i.e. the 
shear fracture forming limit (SFFL). On the other hand, the assessment of 
the onset of necking can be addressed by a series of procedures for the 
determination of the forming limit curve (FLC), as explained in detail in 
related research work as [15]. The overall schematic representation of 
the resulting forming limits within the FLD in sheet metal forming is 
provided in Fig. 1, adapted from Martins et al. [16], depicting test ge
ometries that might excite in-plane shear in the case of sheet metal as 
well as in their adaptation to tubes both along the longitudinal and the 
circumferential directions. Other testing geometries exiting shear were 
also recently proposed by Mai et al. [17] for evaluating shear yielding 
and failure of cold-reduced steel sheets. This can be used in combination 
with theoretical and experimental approaches such as [18] for model
ling ductile fracture of this kind of steel sheets, as well as other materials.

Concerning formability of thin-walled tubes, in the last decades a 
series of works have focussed on assessing their formability limits, most 
of them based on hydroforming [19], mainly aiming the characteriza
tion of the forming limit at the onset of necking, such as the works by 
Chen et al. [20] and Li et al. [21]. Nevertheless, some works [22,23] 
brought into light that, in certain cases, the strain attained in hydro
forming could reach values above the material FLC, justifying the 
evaluation of the fracture forming limit or FFL in thin-walled tubes, as it 
is typically carried out in sheet metal [16].

In this scientific context, the authors initiated in 2016 [24] a research 
line towards the combined characterization of the forming limits at 
necking and fracture of thin-walled tubes. These research works 
included the analysis of tube edge expansions with conical [24] and 
shaped [25] punches, internal expansions [26] as well as tube inversions 
[27]. The overall assessment of the tube FLD, including FLC and FFL, 
allowed the evaluation of formability and fracture in non-proportional 
processes such as in SPIF of tubes [28], pointing out that the evolution 
of the average stress triaxiality [29] during the process evolves for 
values below 0.33 [30], which usually corresponds to in-plane shear. 
This fact, together with the possible interest in tube forming processes 
involving shear, make necessary the establishment of procedures for the 

assessment of the SFFL for tubes.
To this regard and as far as the authors are concerned, there are very 

few existing methodologies for assessing the SFFL for thin walled tubes 
[31], being the current state of the art limited to the adaptation of tensile 
specimens with notches using similar geometries to those utilized in 
sheet metal forming (as depicted in Fig. 1), such as those proposed by 
Shouler and Allwood [32], Kerim et al. [33] or Silva et al. [34]. In any 
case, the number of research works dedicated to the determination of 
the SFFL is very limited [31] and the tests are not always adapted to the 
specific tube geometry.

For all those reasons, this research is pioneering in presenting two 
new procedures specifically conceptualized assuming the tube geometry 
for characterizing mode II failure in thin-walled tubes using the well- 
known fundamentals of sheet metal forming. These proposed 2 tests, 
as well as their numerical models and experimental methods developed, 
addressed the above discussed lack of experimental procedures for 
evaluating the shear fracture forming limits (SFFL) of tubes. The results, 
based on a combined numerical modelling and experimental approach, 
show that the SFFL can be accurately evaluated by controlling a number 
of defined geometrical parameters in the testing specimens specifically 
designed to generate shear in thin-walled tubes by applying either ten
sile or compressive forces.

The results, which combine numerical and experimental approaches, 
demonstrate that the SFFL can be accurately assessed by applying either 
tensile or compressive forces on tubular specimens. This is achieved by 
systematically controlling specific geometric parameters in the speci
mens that induce shear in thin-walled tubes.

2. Design of in-plane shear tests for tubes

This section aims presenting the procedure followed for the design of 
the two novel shear tests for the assessment of the SFFL in thin-walled 
tubes. To this regard, Section 2.1 introduces the general procedure for 
the design of the two new tests, Section 2.2 focuses on the so-named 
shear test by compression (STC), whereas Section 2.3 corresponds to 
the design of the shear test by tension (STT).

The design of both shear tests is carried out considering a commercial 
AA6061-T4 thin-walled tube of 1.5 inches of average external diameter 
and 0.049 inches of average wall thickness, which is the actual tube 
material that is used later in the forming experiments.

2.1. Design of shear tests for tubes

Related to the design of suitable tests for tubes, it must be pointed out 
again that currently there is no standardized procedure for the assess
ment of the SFFL in tubes making use of the specific tube geometry. As a 
result, it is necessary the development of a comprehensive and univer
sally accepted experimental testing framework that outlines this specific 
geometry, including the testing parameters that might be appropriate 
for the shear tube forming tests. This will ensure a more accurate and 
efficient evaluation of the SFFL, thus enhancing the reliability and 
effectiveness of the tests designed.

To this regard, the theoretical SFFL line [16] could be determined by 
the assessment of a fracture point (εo

2f , ε0
1f ) and imposing a slope with a 

value of 1. However, the theoretical value of the slope is not always close 
to 1, and thus the most adequate strategy is to determine experimentally 
a number of fracture points corresponding to a variety of principal strain 
paths defined by different values of the strain ratio β = ε2/ε1 in the 
range from uniaxial strain (β = − 1/2) towards pure shear (β = − 1).

With the aim of inducing a variety of strain ratios within the shear 
zone, a parametric study was utilized to generate a diversity of 3D ge
ometries for both tests, which should induce different strain states and 
thus different strain ratios β, based on the selected geometric parame
ters. For this purpose, finite element (FE) simulations were used to 
evaluate the impact of the selected geometric parameters on the 

Fig. 1. Schematic representation of the FLD adapted from Martins et al. [16].
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resulting strain loading paths. Following this iterative numerical anal
ysis, a limited number of specific values of the parameters were estab
lished in order to determine a range of strain loading paths for providing 
a number of fracture points used to assess a realistic SFFL.

In addition, the design process of the geometries producing shear 
required specific characteristics such as: symmetrical geometry to pre
vent bending, a deformation zone without local buckling, no more than 
three geometrical parameters, a gripping device that avoid unwanted 
deformations and, of course, a simple geometry that facilitate the 
manufacture of both of the test dies and the specimens. After evaluating 
a number of alternatives, two specimen geometries were identified for 
fulfilling those requirements. They are presented, described and 
numerically analysed in the following sections.

Finally, it must be pointed out that the selection of the process pa
rameters is based on the dimensions of typical machining tools for the 
manufacturing of the testing specimens combined with a number of try 
and error preliminary simulations that aimed achieving the desired 
strain paths.

2.2. Shear test by compression (STC)

This section presents one of the two test designs developed for the 
assessment of the SFFL, in this case by using a novel specimen geometry 
and the corresponding forming die to be used with a testing setup under 
compressive forces. In the STC test design, depicted in Fig. 2a, the shear 
area is delimited by two slots, a horizontal slot with a given width 
defined as w and a diameter d, and a vertical slot with a width defined as 
a and a corner radius indicated as rt . These slots are connected by the 
ligament with a value h. As can be seen in Fig. 2a, the compressive load F 
produces a shear force on the ligament that is applied through a pro
truding zone of the die.

In this sense, the selected parameters (rt, w and h) for conducting the 
FE numerical simulations and their values are presented in Table 1, 
resulting in 36 possible combinations. To reduce this number of nu
merical simulations, the influence of each parameter on the strain path 
was assessed via an iterative procedure, discarding some sets of 
parameter values that produced undesired results. In addition, the 
values of a and d were set to 5 mm, aligning with the standard size of the 
cutting tool.

The numerical model for the compression shear test was carried out 

using the flow-deformation based finite elements software DEFORM- 
3D™, using symmetry conditions, as depicted in Fig. 2b. The bottom die 
(punch) is modelled as a non-deformable solid and moves upwards at a 
constant speed of 0.9 mm/s, whereas the top die (plate) is a non- 
deformable fixed element. A Tresca friction model τ = mk is assumed 
at the interfaces bottom die-testing specimen and top die-testing spec
imen, being k the shear yield stress and setting a value of m = 0.05 
based on friction considerations from previous works [27,30]. The dis
cretization of the model was performed using a mesh of 50,000 tetra
hedrons of 1 mm size, with a finer mesh of 0.25 mm in the ligament 
region. The finite element analysis employed an isotropic elastoplastic 
material model and a Mises yield criterion.

The material properties and plastic flow curve for the 6061-T4 
aluminium tube were obtained for this initial analysis from the 
DEFORM-3D library. Initially, as well as the precise instant at the onset 
of shear fracture is unknown, the simulation was stopped following a 
displacement criterion for the bottom die, defined for Δy = 0.2h. To 
this regard, it must be noticed that the main objective of this initial 
analysis is limited to obtain the strain paths provided by the different 
sets of parameters for their actual selection, but not for assessing each 
test until the instant of fracture. The precise value of Δy corresponding 
to failure is later updated in a second stage by making use of the 
experimental results. In the numerical analysis, the initiation point of 
fracture is assumed to be at the location where the shear stress is 
maximum. This criterion is also later refined by combining the experi
mental data with the numerical simulation.

The FE simulations are thus used to iteratively analyse the influence 
of the corner radius rt , width w, and ligament size h, in that order. In the 
initial approximation, a ratio of w/h = 1 is fixed, resulting in an aspect 
ratio of 1:1 for the shear zone. The geometric parameters were modified 

Fig. 2. (a) Schematic representation of the shear test by compression or STC and (b) numerical model of the STC (w = 5 mm, h = 5 mm) carried out using 
DEFORM-3D™.

Table 1 
Selected values of the process parameters for the STC 
test.

rt (mm) 2.5 / 1.5 / 0.1

w (mm) 5 / 7.5 / 10 / 12.5
h (mm) 3 / 5
a (mm) 5
d (mm) 5
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using values of rt = {2.5, 1.5, 0.1} mm, which led to the formation of 
the notch shapes depicted in Fig. 3.

In the case of the radius rt = 2.5 mm, the contact between the die and 
the ligament causes a compressive stress, resulting in an increase of 
thickness. This combination of compressive stresses leads to a strain 
path with β < − 1. However, this effect can be mitigated by using a 
smaller corner radius. By employing corner radii of 1.5 mm and 0.1 mm, 
strain paths close to β = − 1 can be achieved. Fig. 4 shows the strain 
loading paths for each radius rt considered, with the 0.1 mm radius 
producing a more proportional and linear path. For the subsequent 
analysis, a value of rt = 0.1 mm was set.

After setting rt = 0.1 mm, the 4 values of width w = {5, 7.5, 10,
12.5} mm were combined with 2 values of the height h = {3, 5} mm. 

This generates the 8 strain loading paths shown in Fig. 4b. As can be 
seen, some strain loading paths are very close to each other and even 
overlap, as in the case of the 10 × 3 and 12.5 × 3 combinations.

Based on the results provided in Fig. 4, the four representative cases 
with regularly spaced strain loading paths depicted in Fig. 5 were finally 
selected. The corresponding set of parameters was used for 
manufacturing the actual specimens to be tested in the experimentation 
of the STC test.

2.3. Shear test by tension (STT)

The second design to characterize the SFFL makes use of another 
novel test specimen together with dedicated tools and testing setup to 
perform the experiments under tensile conditions. As shown in Fig. 6a, 
the STT specimen comprises a shearing area defined by two through 
drills of diameter d, forming the line connecting the centres of the drills 
an angle α relative to the longitudinal axis of the tube. Coupling 

elements, depicted as clamping device in Fig. 6b, secure the tube and 
allow applying a tension load F, resulting in shear stress at the ligament 
of height h between the centre of the drills.

Analogously to the case of the STC test, a series of parameters (i.e. d, 
h and α) and their values were selected (see Table 2) for conducting the 
numerical analysis based on FE, resulting again in 36 possible combi
nations. To reduce this number of combinations, the effect of each 
parameter on the strain path was assessed via a sequential procedure. In 
this sense, the numerically prediction first examined the effect of the 
hole diameter d, then the ligament size h, and finally the angle α on the 
strain loading path.

In this case, as shown in Fig. 6c a symmetry model of the STT test is 
carried out. This numerical model was performed using a mesh of 
60,000 tetrahedrons with a finer mesh in the ligament region (shear 
zone). The clamping devices (top and bottom) are modelled as rigid 
bodies. The top die moves upwards at a constant velocity of v =

Fig. 3. Detail of shapes and dimensions of the notches for the STC (w = 5 mm, 
d = 5 mm).

Fig. 4. Numerical strain loading paths for (a) rt = {2.5, 1.5, 0.1} mm and (b) for w = {5, 7.5, 10, 12, 5} mm and h = {3, 5} mm after setting rt = 0.1.

Fig. 5. Selected set of parameters and corresponding strain paths with w =

{5, 10} mm and h = {3, 5} mm.
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0.9 mm/s, whereas the bottom die remains fixed. In order to achieve 
higher accuracy, a gradual mesh refinement is applied in the shear zone. 
Again, a Tresca friction model with a value of m = 0.05 is set between 
the interfaces of the dies with the tube. As well as in the case of the STC 
test, an isotropic elastoplastic material with a Mises yield criterion is 
considered. The material properties for the 6061-T4 aluminium tube in 
this initial numerical analysis are taken from DEFORM-3D’s library. The 
simulation is halted using a displacement criterion based on a reference 
point, estimated as Δy = 0.8h based on preliminary experimental 
results.

As explained above, an analysis of the effects of drill hole size d, 
ligament size w, and orientation angle α was performed in this order to 
identify the most suitable values for these parameters. In this sense, 
Fig. 7 shows the tube shapes in the shear zone obtained by varying the 
hole diameter using values of d = {2.5, 1.5, 0.1} mm, whereas the 
orientation angle α is set to 0◦ and the ligament size h to 5 mm.

As can be easily assumed from the results shown in Fig. 8a, the effect 
of the hole diameter d on the path loading strains is negligible. However, 
simulations using larger diameters have been performed concluding that 
it is not advisable the use of much larger diameters because failure could 
occur by crack opening in Mode I of fracture mechanics. Under these 

circumstances, a hole diameter of 5 mm was chosen in order to ease the 
specimens manufacturing, avoiding the use of very thin machining tools.

In the case of the ligament size h, its effect on the strain loading path 
was analysed by varying its dimensions of h = {5, 4, 3} mm, as pre
viously indicated in Table 2. The strain loading path resulted to be quite 
sensitive to the variation of the ligament size, as can be seen in Fig. 8b. 
Indeed, in the case of a 3 mm ligament, bending was found to be 
noticeably greater than shear, resulting in a strain ratio with a slope 
close to β = − 1/2 that corresponds to uniaxial strain, indicating that 
fracture might occur in mode I. Ligament sizes of 4 mm and 5 mm 
produced similar results, being the latter value selected.

Finally, the analysis of the effect of the orientation angle α on the 
strain loading path was carried out varying the values of α = { − 15∘, 0∘,

15∘, 30∘}, maintaining constant the values of d = 5 mm and h = 5 mm. 
The results of the numerical predictions shown in Fig. 9 show that the 
strain loading path for an angle of 0◦ had a slope very close to β = − 1 
(pure shear). In the case of increasing the angle to 15◦, the slope 
increased slightly, whereas for the case of the 30◦ angle of, the strain 
ratio was close to β = − 1/2 (uniaxial strain), which would imply frac
ture in mode I. Using the negative angle of − 15◦ had the same effect as 
the 30◦ angle, producing bending. Therefore, it was concluded that 
increasing the angle led to a combined mode between shear and uniaxial 
tension.

The overall numerical analysis conducted facilitated the identifica
tion of the sets of process parameter that made it feasible the estab
lishment of a limited experimental plan for performing the tube shear 
test under tension or STT test. Together with the selected set of pa
rameters for the STC test, the experimental plan for assessing the SFFL in 
tube is presented in the following section.

3. Experimentation

Section 3 presents the experimentation performed for assessing of 
the SFFL in thin-walled tubes: Section 3.1 concerning the tensile tests for 
the determination of the stress-strain curve in plastic regime, and Sec
tion 3.2 focusing on the shear test by compression (STC) and by tension 
(STT), including the experimental equipment utilised, the experimental 
plan, the strain measurement and the determination of failure strains.

3.1. Tensile tests

As explained in Section 2, the AA6061-T4 thin-walled tube used in 

Fig. 6. (a) Schematic representation of the shear test by tension or STT, (b) front view indicating the shear zone and clamping device and (c) numerical model of the 
STT carried out using DEFORM-3D™.

Table 2 
Selected values of the process parameters for the STT test.

d (mm) 5 / 4 / 3

h (mm) 5 / 4 / 3
α (mm) − 15◦ / 0◦ / 15◦ / 30◦

Fig. 7. Detail of shapes and dimensions of the shear zone for different hole 
diameters (α = 0∘, h = 5 mm).
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this research has an average external diameter of d0 = 38.1 mm (1.5 in)
and an average wall thickness of t = 1.25 mm (0.049 in) in the ‘as- 
received’ condition. The tensile specimens were machined along the 
axial tube direction at different angles along the circumferential direc
tion, as depicted in Fig. 10a, whereas the dimensions of the resulting 
specimens are also provided in this figure.

The tensile tests were carried out at room temperature on an Ins
tron™ SATEC 1190 Series (Model 1196) testing machine of 250 kN, 
following the ASTM standard [35]. The strain measurements were 
conducted using a 25 mm extensometer. In addition, the commercial 
digital image correlation (DIC) ARAMIS™ Professional 2020 system was 
used to obtain additional principal in-plain strain measurements. Six 
valid tests were performed with specimens cut at different angles along 
the circumferential direction. In all tests, true strain at failure was 

slightly below 0.2. The stress-strain curve was extrapolated, for the case 
of forming processes achieving higher levels of equivalent strain, by 
fitting the experimental stress-strain evolution and the measurements of 
thickness at fracture using optical microscopy, resulting in the true 
stress-strain curve depicted in Fig. 10b.

3.2. Shear tests on tubes

This section focuses on the experimental setups used for the novel 
tests proposed, i.e. STC and STT, used for the accurate assessment of the 
SFFL of thin-walled tubes. To this purpose, the testing equipment and 
experimental plan, the strain measurement and the procedure for the 
determination of fracture strains are presented and explained.

3.2.1. Experimental equipment
In the case of the STC test, Suzpecar MEM102 electromechanical 

press of 50 tonnes was utilized (see Fig. 11a). For the STT test, the 
universal testing machine Instron™ SATEC Model 1196, equipped with 
control and data analysis software for static tests SCM3000, was 
employed together with the experimental setup depicted in Fig. 11b. In 
both cases, the equipment controllers were programmed to execute the 
appropriate test sequences, determining the moving element approach 
speed, preload, test speed, fracture detection, maximum displacement, 
and recording force and displacement data over time. For both tests, the 
ARAMIS™ Professional 2020 DIC system was used for obtaining the 
principal in-plain strain evolutions until the onset of failure in the 
different testing specimens. Thus, Fig. 11 provides a detailed view and a 
visual explanation of the experimental tests performed for the STC and 
STT tests, respectively.

3.2.2. Experimental plan
The experimental plan for the two innovative testing procedures, i.e. 

the STC and the STT tests proposed, is presented in Table 3. This 
experimental plan includes 4 testing conditions for each of them, 
labelled with a test name, corresponding to the sets of parameters 
selected for the STC test in Section 2.2 and for the STT test in Section 2.3, 
respectively. As provided in Table 3, only geometric parameters are 
considered in this experimental plan: width w and height h in the case of 
STC (see Fig. 2a), and the alignment angle α for the STT (see Fig. 6a), are 
employed. In addition, with the aim of ensuring the statistical meaning 
of the experiments, a minimum of three replicates were conducted for 
each testing geometry. Finally, it must be pointed out that the different 

Fig. 8. Numerical analysis of the effect of (a) the hole diameter d = {5, 4, 3} mm and (b) the ligament height h = {5,4, 3} mm on strain loading path.

Fig. 9. Effect of the orientation angle α on the strain loading path (d = 5 mm,

h = 5 mm).
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specimens were manufacturing using a variety of machine tools and 
conventional CNC machining operations. In the case of the STC speci
mens, the slots were obtained by means of side milling operations. After 
that, face milling was utilized to achieve the final shape of the longi
tudinal slot. The STT specimens were manufactured via drilling and 
milling in a CNC machining centre, being the grooves milled as the tube 
was rotating. Finally, it must be noted that all the slots, grooves and 
notches were polished in order to obtain good surface finishing of the 
corresponding geometries.

3.2.3. Strain measurement
As exposed above, the measurement of the in-plane principal strains 

for the STC and STT tests was conducted using the automated optical 
system ARAMIS™ Professional 2020 based on digital image correlation 
(DIC). This system consists of two cameras of 5 megapixel of resolution 
(2448 × 2050 pixels) set at a recording frame rate of 4 frames per second 
(4 Hz) within a predefined analysis area in order to reduce the pro
cessing time. In this case, the surface component required for the strain 
analysis was generated using a facet size of 12 pixels and a grid spacing 
of 6 pixels.

Initially, the analysis was performed on a larger area, as depicted in 
Fig. 12a, to account for the possibility of failure in other areas. However, 
as expected and later experimentally confirmed, the highest plastic 
strains occurred in the zone of the ligament. Based on this, the subse
quent analysis was focused exclusively on this ligament zone, as 
depicted in Fig. 12b. This applies to both test specimens, i.e. STC and 
STT.

3.2.4. Onset of failure
In the case of both novel test designs, it is crucial to establish a cri

terion that provides accurately the onset of material failure. This onset of 
failure can be determined by different methods such as the observation 
of a sudden decrease in the load or a significant increase in the strain rate 
at a specific point near the crack, among others. In this study, the second 
approach is used, as far as the tests were conducted using a displacement 
control in the testing machines. In all the tests, cracking is observed and 
then the failure instant assessed when a reference point RP, located in 
the lower zone of the ligament where the crack is initiated, as depicted in 
Fig. 13a, experiences a noticeable increase in its velocity, as shown in 
Fig. 13b. This increase can be also observed in a plot of the vertical 
displacement versus time of this reference point (Fig. 13b).

With the aim of evaluating the major strain within the crack zone at 
the instant of failure, three sections spaced 0.2 mm and parallel to the 
cracking line were analyzed, providing the point where the major 
principal strain had the maximum value. This strain-based failure cri
terion was used, as it is assumed that it provides a fair approximation of 
the point PF where failure is initiated. The variation of ε1 along the 3 
parallel sections is depicted in Fig. 14. The starting point of the mea
surement starts at the top and finishes at the bottom of the sections, 
providing the location of point PF.

3.2.5. Fracture strains
The experimental procedure for determining fracture strains in

volves the measurement of the tube thickness along the crack after 
fracture to obtain the ‘gauge length’ strains. This procedure is explained 

Fig. 10. (a) Tensile specimens machined from the tube at different angles, (b) dimensions of the testing specimens, and (c) stress-strain curve obtained from ten
sile testing.

Fig. 11. Testing setup and equipment used for: (a) Shear test by compression 
STC and (b) Sher test by tension STC together with the DIC system ARAMIS™ 
Professional 2020.

Table 3 
Selected values of testing parameters for STC and STT tests.

Test w (mm) h (mm)

STC C5 × 3 5 3
C5 × 5 5 5
C10 × 3 10 3
C10 × 5 10 5

Test h (mm) α (◦)

STT T15 4 − 15
T00 4 0
T15 4 15
T30 4 30

C. Suntaxi et al.                                                                                                                                                                                                                                 Thin-Walled Structures 210 (2025) 113048 

7 



in detail in reference [36], and has been intensively used by the authors 
both in sheet metal [37–39] and tube [27]. The measurements were 
performed along the crack surface using a Nikon™ SMZ800 stereomi
croscope at × 15 magnification, and the data was processed using the 
Nikon™ NIS-Elements software. As shown in Fig. 15a, the zone of 
fracture initiation was evaluated, providing the thickness at fracture 
through the average of several values of tf in the zone of maximum 
thickness reduction.

Based on the determination of the thickness at fracture, a method 
was established to assess the fracture strains. The method is based on 
extrapolating the principal strain evolution until it intersects a line 
corresponding to the thickness reduction at fracture, which can be 
calculated using the equation ε3f = ln

(
tf /t0

)
. This procedure is 

explained graphically in Fig. 16.

4. Results and discussion

This section presents the main results of the investigation, discussing 

those concerning the STC test in Section 4.1, STT in section 4.2, and 
providing the actual experimental assessment of the SFFL in thin-walled 
tube in section 4.3.

4.1. Shear test by compression

Due to the symmetry of the STC specimens, plastic deformation de
velops almost simultaneously at both ends of the ligament. Indeed, the 
crack starts at the lower edges of the vertical notch and propagates to
wards the upper edges. It is noteworthy that fracture does not occur 
simultaneously at both sides. In this regard, the fracture strains were 
evaluated from the side on which fracture first occurred, which was 
identified using the DIC system. Fig. 17a depicts, for each set of pa
rameters, a STC specimen tested until fracture for each case, whereas 
Fig. 17b shows a detailed view of the failure zone of those specimens, 
indicating the location of the reference point RP.

The evolution of the principal strains until fracture was then ob
tained by using the system ARAMIS, providing the contour of major 

Fig. 12. Contour of major principal strain of ε1 in the case of a STC specimen evaluated (a) at a larger surface and (b) focusing on the ligament zone.

Fig. 13. (a) STC Testing specimen indicating the position of the reference point RP used for identifying the onset of failure and (b) vertical displacement versus time 
of the point RP.
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strains ε1 depicted in Fig. 18 for each STC test case. The processing of the 
in-plane principal strains along the test deformation stages allowed 
obtaining the point and instant at which fracture initiates for each case. 
To this regard, the contours of major strain shown in Fig. 18 correspond 
to the stage when the crack begins. In addition, those major strain 
contours clearly illustrate the shear effect in the lower part of the liga
ment, with higher major strain values observed in the corners, which is 
the location where fracture initiates.

Fig. 19 shows the evolution of the principal strains for each case 
corresponding to the STC test. The evolution represented by black circles 
depicts the experimental strain measurements provided by the system 
ARAMIS at the point where the crack initiates. The blue dashed line is 
the trend line obtained by linear fitting of the experimental results, 
whereas the black line represents the geometric locus ε3 = ε3f , i.e. 
constant thickness of fracture. The intersection point of these two lines 
provides the in-plain fracture strains, as explained in Section 3.2.

As can be seen in the strain evolutions depicted in Fig. 19, the frac
ture points for the 4 test cases analyzed are concentrated in a small re
gion. Indeed, the major strains at fracture are within a range of 
0.57 < ε1 < 0.69, whereas the values of the minor strain at fracture are 
in a range between − 0.63 < ε2 < − 0.55. In addition, the values of the 
principal strain ratio are within the range − 0.94 < β < − 0.84, i.e. 
around 0.9 and close to pure shear conditions. Thus, the STC provides 
accurate results to assess the SFFL [34] close to β < − 1, as well as for 
the standard shear tests [40] utilized in [41], but in this case using the 
specific tube geometry.

At this point, a validation of the numerical model is crucial to ensure 
that the combined numerical and experimental procedure provides 
suitable results. As typically carried out by the authors [42–44], the 
numerical model was validated in terms of principal strains in a section 
parallel to the crack at the instant of the crack initiation, using identical 
conditions of the selected experimental test, including the exact geom
etry and the displacement of the sliding die at the precise instant of 
failure. To this regard, Fig. 20b provides the comparison of the in-plane 
principal strains of the selected section (see Fig. 20a) comparing the 
results provided by the DIC system and the numerical model. As can be 
seen in Fig. 20b, the correspondence between the numerical model and 

Fig. 14. Variation of ε1 along 3 sections parallel to the cracking line.

Fig. 15. Fracture strains: (a) fracture side evaluated and (b) thickness 
at fracture.

Fig. 16. Schema of the determination of the fracture in-plane principal strains 
using the average thickness at fracture.

Fig. 17. Resulting specimens of the STC test: (a) Specimens tested until frac
ture, and (b) detailed fracture zone depicting the reference points used for the 
assessment of failure. The label wxh within (b) represents the width and the 
height of the groove, respectively, whereas L and R indicate the side at which 
fracture occurred.
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Fig. 18. Contour plot of major strain provide by DIC system for each test case.

Fig. 19. Strain loading paths and fracture points for selected STC tests: (a) w = 5, h = 3, (b) w = 5; h = 3, (c) w = 10, h = 3, (d) w = 10, h = 5.
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the experimental results is fairly accurate along the whole section.
Additionally, it must be pointed out that the level of principal strains 

provided by the DIC system are slightly below the strains provided by 
the numerical model, as far as the ARAMIS system cannot provide strain 
values at the very notch edge. This is because the experimental strains at 
point B (see Fig. 20, below) are smaller than those predicted by the FE 
model. Nevertheless, up to this level of experimental strains attained by 
the point B, experimental and numerical predictions are almost coinci
dent. Finally, as can be also seen in Fig. 20b, the strain state remains 
close to pure shear along the entire fracture section, thereby confirming 
the validity of the STC for providing fracture points close to pure shear 
conditions.

4.2. Shear test by tension

In the case of the STT test, the specimen has a plane of symmetry 
along the length of the tube, as it has two equal ligaments, one in the 
frontal face (see Fig. 21a) and the other in the back. The tensile force 
produces fracture in the ligament zone beginning at any of the two faces, 
being the principal strain evolution similar in both, thus making the 
strain measurement reliable until the onset of failure. Fig. 21a depicts a 
STT specimen tested until fracture for each set of parameters. In addi
tion, Fig. 21b depicts a detailed view of the fracture zone at the precise 
instant of failure for the different testing specimens, indicating the 
location of the reference point for an alignment angle of − 15◦.

Although the purpose of the test is the characterization of failure in 
mode II of fracture mechanics, the failure mode was found to be related 
to the alignment angle α. Indeed, mode II, i.e. in-plane shear, was the 
mode of failure for angles of 0◦ and 15◦. On the contrary, in the case of 
alignment angles of − 15◦ and 30◦, i.e. outside the range 0◦− 15◦, the 
crack opening occurred in a mix mode between mode I and mode II 
induced by an excessive bending at the ligament zone. A schematic view 
of the failure attained in the STT tested specimens is shown in Fig. 22. To 
this regard, the STT test was able to provide the characterization of a 
zone of the SFFL from mode II towards the transition to mode I.

The distributions of the principal strains in the ligament zone pro
vided by the DIC system ARAMIS for the STT tests with different 
orientation angle α are depicted in Fig. 23. For α = 0∘ and α = − 15∘, the 
highest levels of the major strain were located in the central part of the 

ligament, indicating that failure was dominated by in-plane shear. 
However, for α = − 15∘ and α = 30∘, the highest major strains were 
found on the upper left side of the notch, resulting in other modes of 
failure (mode III and mode I, respectively). Notice that the dotted shapes 
in Fig. 23 correspond to the undeformed initial state.

To this concern, Fig. 24 presents the evolution of the in-plane prin
cipal strains until fracture for the 4 cases of the angle α considered. The 
strain path is depicted using black circles corresponding to the pairs of 
in-plain principal strains provided by the DIC system until the onset of 
failure. The dashed blue lines represent the kink of the strain path until 
fracture, whereas the black solid lines represent the geometric locus of 
ε3 = ε3f , calculated using the thickness at fracture measured using 
optical microscopy. The intersection of the dashed blue line with the 
solid black line provides the fracture point, represented by a solid black 
circle.

As can be observed, the strain loading paths for α = − 15∘ (Fig. 24a) 
and α = 30∘ (Fig. 24d) have a strain ratio close to a uniaxial stress state 
(β = − 1/2), and thus they should not be reliable for the assessment of 
the SFFL. Although these configurations do not produce fracture in 
mode II, these two cases permit the establishment of a range of the 
alignment angle α in which the shear test is feasible. Indeed, in the cases 
of α = 0∘ (Fig. 24b) and α = 15∘ (Fig. 24c), proportional strain loading 
paths were obtained until almost the crack initiation. After that a 
localization process occurred resulting in the kink of the strain path 
shown, which was assessed assuming ε2 = ε2f = εmin, i.e. estimated to be 
within local plane strain conditions until reaching fracture defined by 
ε3 = ε3f , corresponding to the thickness at fracture evaluated using 
microscopy.

In relation to the paths with α = 0∘, a close to pure shear strain 
evolution is attained, while in the case of α = 15∘, the strain path was 
slightly upwards deviated from pure shear. Contrary to the results of the 
STC test, the range of variation of the principal strain ratio is wider for 
the case of the STT test, varying the minor strain at fracture in the range 
of − 0.61 < ε2 < − 0.50 and the major strain at fracture within a nar
rower range of 0.65 < ε1 < 0.70.

It must be also pointed out that, in the STT test plastic deformation 
occurs over the entire height h of the ligament, in some cases accom
panied by a significant distortion within this plastic deformation area (as 
depicted in Fig. 23). However, in all the cases the DIC system was able to 

Fig. 20. Validation of numerical modelling of STC: (a) Experimental and numerical major strain contours, and (b) comparison of numerical vs. experimental strains 
along the selected section.
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compute almost all facets up to a stage just prior to failure.
In addition, in the case of the STT test, the numerical results were 

validated using a similar procedure to the one used for STC, i.e. in terms 
of the principal strain field, in this case comparing numerical and 
experimental strains for a section parallel to the crack. To this regard, 

the results for the case of α = 0∘ are shown in Fig. 25. These results were 
obtained by using the exact geometry numerically and experimentally, 
with the same location of the crack initiation point, and an equal 
displacement corresponding to the instant of failure. Fig. 25a shows the 
contour of principal strains in this section parallel to the crack in both 
cases, i.e. provided by DIC and FE, respectively, whereas Fig. 25b pro
vides the comparison of numerical versus experimental principal strains 
along the selected section parallel to the crack. As can be seen, a good 
agreement in terms of strain distribution and the corresponding values 
can be observed from these results. Nevertheless, it can be noticed a 
certain difference in both edges of the section due to the incapacity of 
the DIC system to capture the strains at the notch boundaries. In any 

Fig. 21. STT shear test under tension: (a) Specimens until fracture, and (b) detailed fracture zone at the precise instant of failure.

Fig. 22. Schematic view of the failure modes obtained in the STT tests 
depending on the angle α.

Fig. 23. Contour of the major principal strain ε1 provided by DIC system for the 
STT test cases. (a)α = − 15∘, (b) α = 0∘, (c) α = 15∘ and (d) α = 30∘.
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case, the numerical model has demonstrated that it provides an accurate 
strain field within the whole plastic deformation area, including the 
values at the edges. As can be also observed, the highest level of strains is 
within the central zone (point B in Fig. 25a), coinciding with a principal 
strain ratio β close to − 1 and thus confirming that fracture is produced in 
mode II. Point A, located at the upper edge, is also within a strain state 
close to pure shear, but at a lower strain level, whereas point C, located 
at the lower edge, is showing a certain trend towards the transition to 
uniaxial tension. This might be the reason of the onset of fracture in 
mode I produced under certain cases of α.

Finally, it must be pointed out that the validation of the numerical 
model, in this case for the STT test, serves also for the validation of the 
whole procedure presented for the determination of the SFFL. As in the 
case of the STC test, the validation is needed for the correct 

transformation of the resulting SFFL points from the principal strain 
space to the equivalent strain versus stress triaxiality space for non- 
proportional loading paths analysis, as carried out by Suntaxi et al. 
[30] in the case of SPIF of tubes.

4.3. Assessment of the SFFL

In previous studies, such as [33,34], the SFFL is defined theoretically 
as a line with a slope of 1, as the FFL is the fracture locus of mode I with a 
slope of − 1. However, the experimental results usually provide a 
different slope of the FFL, as well as it happens with the SFFL obtained 
using the average shear fracture strains calculated for each test geom
etry. To this regard, Table 4 summarizes the average results (for the 
successful test cases and using the denomination previously presented in 

Fig. 24. Strain loading paths and fracture points for selected STT tests: (a) α = − 15∘, (b) α = 0∘, (c) α = 15∘, and (d) α = 30∘.
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Table 3) of the major and minor strains at fracture, together with their 
standard deviation SD of the major strain, used for constructing the 
SFFL.

To this regard, Fig. 26 depicts the resulting experimental SFFL 
together with the average fracture points presented in Table 4, also 
depicting the corresponding standard deviation by using a scatter band 

for each case. The linear fitting of the resultant shear fracture forming 
limit or SFFL for the AA6061-T4 tube studied, is finally represented by 
the equation ε1 = 0.91ε2 + 1.1.

In contrast to the theoretical slope of 1 of the SFFL, the experimental 
results for this case provided a slightly different slope of 0.91, which is 
not significantly different of this ideal value. This discrepancy suggests 
that there might be some second order failure mechanism when fracture 
by in-plane shear occurs beyond those assumed in [33,34]. Nevertheless, 
as pointed out, a SFFL slope of 0.91 is not significantly far from the 
theoretical one of this fracture locus.

It can be also noticed in Fig. 26 that the lower extreme point of the 
SFFL corresponds to the STC configuration width w = 5 mm and h =

5 mm, whereas the upper extreme point corresponds to the STT 
configuration with an alignment angle of α = 15∘. This implies that by 
using only these two configurations, it would have been possible to 
obtain a relatively feasible SFFL. The other tests considered are not far 
from the lower extreme point, i.e. close to pure shear conditions. These 
tests provide, as can be observed in Fig. 26, a further confirmation of the 
validity of the SFFL obtained by the two novel test designs. In any case, 
the combination of all these configurations allows to assess a more 
reliable SFFL, as they have proven to provide consistent results.

5. Conclusions

This research work has presented two novel test designs based on the 
specific thin-walled tube geometry that have demonstrated experimen
tally to provide an accurate characterization of the fracture locus in 
mode II of fracture mechanics, which is represented by the shear fracture 
forming limit (SFFL). The combined numerical and experimental pro
cedure has been applied to AA6061-T4 thin-wall tube, providing the 
SFFL by making use of 4 configurations of the test under compression or 
STC and 2 configurations of the tests under tension or STT.

The principal strain paths have been demonstrated to be primarily 
influenced by a number of geometrical parameters that are can be easily 
set for providing a suitable range of principal strain ratios allowing the 
accurate assessment of the SFFL. In this particular case, for the STC test, 
adjusting the width and the height provided principal strain ratios 
within the range − 0.93 to − 0.84. On the other hand, for the case of the 
STT test, a variation of the alignment angle between 0◦ and 15◦ allows 
attaining principal strain ratios up to approximately − 0.7. Nevertheless, 
it was demonstrated that values outside the specific range could induce 
bending, which might result in a fracture transitioning towards Mode I 
of fracture mechanics.

Fig. 25. Numerical and experimental results corresponding to the case of α = 0∘ along a section parallel to the crack: (a) Contour of principal strains provided 
experimentally by the DIC and numerically by the FE analysis, and (b) numerical versus experimental strains along the depicted section parallel to the crack.

Table 4 
Average values of the principal strains at fracture in the different STC and STT 
tests.

Case ε1f ε2f SD (ε1f )

C5 × 3 0.63 − 0.53 0.012
C5 × 5 0.63 − 0.59 0.090
C10 × 3 0.65 − 0.57 0.012
C10 × 5 0.66 − 0.58 0.020
T00 0.62 − 0.44 0.016
T15 0.69 − 0.51 0.014

Fig. 26. Resulting experimental SFFL obtained from the STC and STT new 
test designs.
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The results obtained, and the proposed overall methodology based 
on a combined numerical and experimental analysis, confirmed that the 
SFFL can be accurately evaluated in thin-walled tubes for specimens that 
in the case of both tests are based on the particular tube geometry. This 
provides a valuable tool for characterizing the SFFL of thin-walled tubes.

Finally, the validation of the whole procedure, including the proven 
accuracy of the numerical model, allows performing an accurate trans
formation of the SFFL locus obtained into the equivalent strain versus 
stress triaxiality state, which has demonstrated to be a valuable frame
work for the analysis of non-proportional forming processes, as it is for 
instance the particular case of single point incremental forming of tube 
ends.
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[44] J.A. López-Fernández, M. Borrego, G. Centeno, C. Vallellano, Fracture in stretch 
flanging by single point incremental forming, Int. J. Mech. Sci. (2024) 109438, 
https://doi.org/10.1016/J.IJMECSCI.2024.109438.

C. Suntaxi et al.                                                                                                                                                                                                                                 Thin-Walled Structures 210 (2025) 113048 

16 

https://doi.org/10.1016/j.matdes.2014.05.066
https://doi.org/10.1016/j.matdes.2014.05.066
https://doi.org/10.1016/j.tws.2020.107338
https://doi.org/10.1016/J.IJMECSCI.2024.109438
https://doi.org/10.1007/978-3-030-75381-8_9
https://doi.org/10.1007/978-3-030-75381-8_9
https://doi.org/10.1016/j.tws.2020.107338
https://doi.org/10.1016/J.IJMECSCI.2024.109438
https://doi.org/10.1016/J.IJMECSCI.2024.109438

	Novel test designs for assessing the shear fracture forming limit in thin-walled tubes
	1 Introduction
	2 Design of in-plane shear tests for tubes
	2.1 Design of shear tests for tubes
	2.2 Shear test by compression (STC)
	2.3 Shear test by tension (STT)

	3 Experimentation
	3.1 Tensile tests
	3.2 Shear tests on tubes
	3.2.1 Experimental equipment
	3.2.2 Experimental plan
	3.2.3 Strain measurement
	3.2.4 Onset of failure
	3.2.5 Fracture strains


	4 Results and discussion
	4.1 Shear test by compression
	4.2 Shear test by tension
	4.3 Assessment of the SFFL

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


