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Finite-element analysis of SHPB tests on double-lap adhesive joints
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Adhesively bonded assemblies are in increasing use in multiple engineering applications. However,
they can endure impact loads. The measurement, of these assemblies mechanical behaviour, under
dynamic loads is of great concern. Several works used the split Hopkinson pressure bar (SHPB) method
to assess the strength of adhesive joints at high loading rates. In this paper, we investigated the
accuracy of SHPB tests on double-lap bonded joints by three-dimensional finite-element analysis. For
this analysis, an elastic behaviour is assumed for both adherends and adhesive. We were interested in

the influence of material, geometrical and dynamic parameters on the SHPB accuracy. From this study,
we can conclude that the SHPB bar method gives a good estimation of the mean adhesive stress value.
However, its estimation, to the mean adhesive strain and to the maximum adhesive stress and strain, is
rather bad. A unified parameter is therefore proposed to help designing specimens and to correct the

SHPB results.

1. Introduction

The interest in bonded assemblies is in a continuous increase
in recent years. This is partly due to lightening and cost
effectiveness. Furthermore, adhesives can be used to bond
together parts of structures that cannot be welded. This is the
case of dissimilar materials bonding. Many works were carried
out to understand and measure the strength of these joints under
quasi-static loads. Nevertheless, these joints may endure impact
loads as they are used for example in automobile and aircraft
structures. Less works were interested in the mechanical
behaviour of bonded joints submitted to impact loads. These
works investigated the impact response from an experimental
[1-21] and numerical [22-30] point of view. They were interested
either in the adhesive strength [2-20] or the stress distribution
and wave propagation in the joint [21,23-30].

The majority of experimental works were focused on the
measurement of the impact strength of adhesive joints. Several
kinds of loads were investigated, mainly tensile [4-7] and shear
[8-18]. Furthermore, some works interested in the strength of
electronic packages [19,20]. However, a variety of techniques and
sample shapes can be found in literature. This is due to the lack of
standards. Indeed, there are two standards for the dynamic
mechanical testing of adhesively bonded joints: the ASTM D950-
03 [31] and ISO EN 11343 adhesives [32]. The first standard deals
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with pendulum impact test whereas the second interests in the
wedge impact test. Unfortunately, these two tests have a major
problem: they can only give comparative results which are not
suitable for design. Furthermore, these standards do not deal with
the most used set-up: the split Hopkinson pressure bar (SHPB)
[12-17]. This set-up is the most accurate device for testing the
dynamic behaviour of materials at high strain rates. Its main asset
is the simple and accurate modelling of the wave propagation.
Indeed, this set-up is mainly made-up of two (visco)-elastic bars.
A one-dimensional wave propagation model, which takes into
consideration wave dispersion, gives highly good estimation. This
set-up was first used for adhesively bonded joints in Ref. [12].
Subsequently, this work was followed by Refs. [13-17]. Recently,
the SHPB set-up has become more interesting as it was extended
to intermediate strain-rate range [33,34] by applying a redun-
dant-measurement wave separation technique [35,36]. This
means that SHPB set-up can be used, for example, to measure
the adhesive joint strength at impact velocities ranging from 0.1
to 30m/s; which is a very wide and promising range of impact
velocities. However, there is no standard for this method.

In a SHPB set-up a strain gauge station is cemented on each
bar. The strain and the stress inside the specimen are recovered
from the analysis of the two gauge signals. However, this analysis
assumes that the strain and the stress fields are homogenous in
the tested sample, i.e., that a dynamic equilibrium state is reached
in the specimen for the most of the test duration. This assumption
allows recovering an estimation of the mean values of the stress
and the strain fields. However, the equilibrium state is reached
belatedly when testing soft materials or when tests are carried



out at very high strain rates (or impact velocities). If the time,
during which the tested sample is deformed heterogeneously,
becomes significant compared to the whole tested duration, the
conventional theory of the SHPB technique will be no more valid
and other solutions are needed [38-42]. The problem of hetero-
geneity of the strain and stress fields is not intrinsic to the SHPB
set-up. It can be found for all dynamic facilities wherever low
strength materials are considered. The dynamic-induced hetero-
geneity is influenced by the loading rise time and the wave
propagation time to go through the specimen. Therefore, pulse
load shaping induces faster dynamic equilibrium achievement
[16,43,44]. However, the material behaviour should be known
beforehand to design the pulse shaper.

In addition to the dynamic-induced heterogeneity of the strain
and the stress fields discussed in the above paragraph, the
adhesive joint sample suffers heterogeneous stress and strain
distribution even in quasi-static tests. Indeed, there is a peak of
stress and strain near the joint edges whereas the two fields are
quasi-homogeneous elsewhere. This phenomenon was widely
investigated when joints are submitted to quasi-static loads (see
for example Refs. [45-47]).

Consequently, the heterogeneity of the stress or strain field in
adhesively bonded samples has two onsets: (i) the structural
effects of joints, which occur even under quasi-static conditions;
and (ii) the dynamic-induced heterogeneity which is originated
by the finite waves speeds. Both effects are a priori coupled.
Therefore, the stress distribution should be studied under
dynamic conditions.

Some works were interested in the stress distribution in the
case of impact loads. Zachary and Burger [21] studied the wave
propagation through a single-lap joint by photo-elasticity. The
other works analysed the problem by finite element method to
investigate the bending [24-26], tensile [27] and shear [28-30]
impacts. However, all the above cited works only interested in the
stress distribution. The strain distribution was not considered.
Furthermore, they did not correlate the stress distribution with
the accuracy of an experimental set-up to estimate the joint’s
strength. These works conclusions are helpful for engineering
design. However, they are insufficient to estimate the accuracy of
the dynamic facilities when measuring the strength of adhesive
joints. Only, Adams and Harris [23] investigated the accuracy of
the impact method by finite element analysis. However, they only
investigated impact angles effects with a quasi-static numerical
model.

Therefore, this paper aims at quantifying the accuracy of the
shear stress and strain measurements by the SHPB technique.
The double-lap joint is considered here as it reduces peel effects.
The analysis is carried out by commercial finite element software
(ABAQUS 6.6-2). Precisely, we study in this work the sensitivity of
the SHPB accuracy to several parameters. We are interested in
both stress and strain measurements. This study is limited to the
case of an elastic behaviour of the adhesive and adherends.

2. Method
2.1. Brief recall of the SHPB method

As we are interested in the accuracy of the SHPB, we will
briefly introduce this technique below. For an extended review of
this method, the reader is referred to Refs. [48-51].

The conventional configuration (Fig. 1) is due to Kolsky [52]
and was inspired from the work of Hopkinson [53]. This
configuration is dedicated to the compression testing. The SHPB
system is made of two elastic bars. Both have usually the same
diameter and are made of the same material. The tested sample is
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Fig. 1. Schematic of a SHPB set-up.

sandwiched between the two bars. The load is generated by the
impact of a projectile on the first bar, also called the input bar. The
projectile has usually the same diameter and material as the main
two bars. The impact of the projectile generates an incident
compressive wave, €;,, in the input bar. This wave propagates till
the specimen-input bar interface. A part of this wave is reflected
back as a tensile wave: g A second part is transmitted, through
the specimen, to the second bar as a transmitted compressive
wave €4 The second bar is also called the output bar.

On each bar a strain gauge station is cemented. The length of
the projectile is chosen to be short enough to separate incident
and reflected waves. On the other hand, the output bar strain
gauge measures directly the transmitted wave. However, the
three waves are actually measured long away from the tested
sample. Therefore, they should be shifted to the sample-bars
interfaces knowing the bars’ wave dispersion relations [54,55].

By assuming (i) one-dimensional stress-state and (ii) homo-
geneous stress and strain fields in the specimen, the mean
nominal stress and longitudinal strain rate, in the specimen, are
given by

ginc(t) + 8ref(t) + 8tra(t)

O'(t) = EbAb A ’ (1)
and
&) = co Sinc(t)—gre{(t)—gtm(t)’ .,

respectively. In Egs. (1) and (2), it E, holds for the bars Young’s
modulus, A, and A, hold for the bar and the sample cross-sectional
area, respectively, and cg holds for the sound speed in the bar. The
nominal mean strain in the specimen is given by

t
g(t) = /0 &(t)dr. 3

The behaviour of the tested material is therefore recovered
from the incident, reflected and transmitted waves by
Egs. (1)-(3).

2.2. Sample geometry

In the SHPB configuration presented above, the compressive
behaviour is considered. However, we are interested here in the
shear behaviour of the adhesively bonded joints. In this paper we
propose a double-lap bonded joint [17]. Indeed, peel stress, with
this geometry, is less important than in a single-lap joint [16].

The adopted geometry, in this paper, is presented in Fig. 2. The
adherends are three plates. The central adherend is shifted
horizontally to induce the shear stress. The lower and the upper
adherends have the same geometry and are made of the same
material. The adhesive layers are also assumed to be similar.
Below, the subscripts 0 and 1 hold for the adhesive layers and the
central adherend, respectively; whereas, the subscript 2 holds for
the lower and upper adherends.

The sample is sandwiched between the input and output bars
as presented in Fig. 3. The compressive load is transformed, due to
the sample geometry, to a shear stress in the adhesive joints. To
recover the stress and the strain in the adhesive layer, we

e consider the same assumption as in the conventional config-
uration;
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Fig. 2. Sample geometry.
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Fig. 3. New sample sandwiched between the two bars.

e assume that the adherends are sufficiently stiff and remain
non-deformed during the test.

Therefore, the shear stress, strain rate and strain in the adhesive
layer are written as follows:

Einc(t) + Eref () + Etra(t)

Oy ()= EyfAp Tow : 4)
. inct*re D —&tra(t
sxy(t):COS (®) 8}{0() & ()’ )
and

t
by (0) = /0 b0 dr, ®)

respectively. In Egs. (4)-(6), lo, w, hp hold for the overlap length,
sample width and adhesive thickness, respectively.

2.3. Numerical model

In order to measure the accuracy of the SHPB method while
testing a double-lap bonded joint, we developed a numerical
model of the whole set-up on commercial finite element software
(ABAQUS 6.6-2). The explicit integration module is used. In this
model, we considered the two bars and the sample. On the left
side of the input bar, we impose a velocity step as shown in Fig. 5.
7, and 14 are the rise- and drop-time, respectively. In addition, we
fix the right side of the output bar. The specimen-bars interfaces

are supposed frictionless. The bars, adherends and adhesive are
assumed to have an elastic behaviour. Ej, Eo, E; and E; are Young’s
modulii of the bars, adhesive, central adherend and lower
adherend, respectively. The upper adherend has the same
properties as the lower. Due to symmetry reasons, only a
quarter of the set-up is modelled. The bars, adherends and
adhesive layers are meshed with 8-node three-dimensional linear
elements. An example of the used mesh is presented in Fig. 4.

Each simulation is carried out during 0.5ms. Outputs are
stored at a step time of 1 ps. From the all possible outputs we are
interested in the following ones:

e the stress and strain fields in adhesive layer, and
e the longitudinal strains at two virtual gauge stations.

2.4. Stress measurement

In order to check the SHPB method accuracy, we define
multiple parameters to quantify the method error. In this
subsection, we are interested in the measurement of the mean
value of the stress field. With a numerical simulation, we
reproduce a SHPB test. Hence, we analyse the longitudinal strains
simulated at the virtual gauge stations, as they would be obtained

Fig. 4. A mesh example.
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Fig. 5. Imposed velocity at the input bar left side.



in a real experimental test. Indeed, the signal obtained on the
input bar gauge is cut into incident and reflected waves. The
output bar gauge gives the transmitted wave. Then the three
waves are shifted to the specimen-bars interfaces. Note that wave
shifting is based on wave dispersion relation which is computed
by Zhao and Gary method [54].

Once the three waves are shifted, the shear stress in the
adhesive, as measured by a SHPB set-up, is given by (Eq. (4))

8mc(t) +&ref () 4 &¢ra(t)

SHPB

)

o3FB is an approximation of the mean value of the shear stress

o%? which can be written as

Iy rho
Il OES lohow/ / / Oxy(x.y,Z,t)dxdy dz, €))

where oyy(x,y,2,t) is the shear stress field in the adhesive layer.

In order to quantify the error of the SHPB method, we measure
the ratio of the mean stress in the adhesive layer (Eq. (7)) to the
stress given by the SHPB method (Eq. (8)):

T3y (D)
(D)

Bs(t) = )]
Obviously, the SHPB has a good accuracy if this ratio is almost

equal to 1.

2.5. Strain measurement

The same work carried in Section 2.4 with the shear stress, can
be carried here with the shear strain. Indeed, by applying the
SHPB analysis to the three waves: incident, reflected and
transmitted, we can recover the shear strain, as measured by a
SHPB set-up (Egs. (5)-(6)):

t
SHPB(t) / Einc(T)— bre;jlféf) f'tra(T)dT (10)

e5PB(t) should be an approximation of the mean shear strain
value, &g,8(t). This mean value can be expressed as

lo rh
e B(t) = lohow/o/ 0/ &y(x.y.zt)dxdy dz, amn

where &,,(x,y,z,t) is the shear strain field in the adhesive layer.
Similar to Eq. (9), we define f,(t) as the ratio between strains
given by Eqgs. (10) and (11)

oS ()

B:(t) = W- 12)

2.6. Homogeneity of stress field

Firstly, we recall that one of this paper’s aims is to study the
homogeneity of the stress and strain. Similar to Meng and Li [37]
and Aloui et al. [42] the homogeneity of the stress field will be
measured by the following coefficient:

1 (b rhe Wig (xyzhP—|ong )2
s =4/ dx dy dz. 13
%0 \/lohow/o /0 /O low s () de 09

This coefficient measures the homogeneity of the stress field in
the adhesive layer. When this coefficient is insignificant o, < 1,
the stress field is quasi-homogeneous. In this case, the stress field
can be approximated by its mean value og®(t) [37,42].

On the other hand, the homogeneity of the stress field can also
be measured by the ratio of the maximum to the mean value, i.e.,

Oyt (t)
maxy [h%w f(',“’ Jo oxyxy.zt) dy dz]

Ao(O)= (14)

2.7. Homogeneity of strain field

In order to measure the homogeneity of the strain field, we
define homogeneity coefficients similar to those defined to
measure the homogeneity of the stress field. Precisely, we
consider the o, and y. which are defined by

1 b b (Wie(xyz t)\2—|«9ﬁ”g(t)|2
e |1 dxdydz. 15

50
maxy {h%w fho ¥ e (xy.z,t) dy dz}

1:(0 = (16)

It is worth to notice that s and Y. ratios can be used to
recover the maximum stress and strain in the joint from the mean
stress and strain, respectively.

2.8. Pure-shear assumption

In a single-lap joint, peel and shear may mix [18]. The
measured shear strengths with a single-lap joint is the contribu-
tion of these two stresses. Therefore, it is of much importance that
to check if the stress in a double-lap joint remains a pure shear.
Hence, we define the following coefficient to measure the pure-
shear stress assumption:

I hy
0 0 \ny(XyZ 3]
Po(h)= thOW/ / / [Oxy(X.Y,Z,0) dxdy dz. an

3. Results
3.1. Reference model

In order to investigate the influence of material, geometrical
and dynamic parameters, we define a reference model. Subse-
quently, only one parameter will be changed each time. In the
reference model, we consider the parameters given in Tables 1
and 2. Furthermore, the input and output virtual gauges are taken
as 500 and 200 mm from the specimen.

In Fig. 6(a), we compare the mean value of the strain in the
adhesive layer (Eq. (11)) with the strain recovered by the SHPB
method (Eq. (10)). It comes from this plot that the SHPB method
can highly overestimate the strain in the adhesive. Indeed, in Eq.
(11), it is assumed that adherends are not deformed during the
test. This is not true. Precisely, the adherends are submitted to
compressive deformation near the bars. Furthermore, they are
submitted to shear deformation in the neighbourhood of the
adhesive layer. The adhesive mean strain to SHPB-recovered
strain ratio, i.e., B, is plotted in Fig. 7(b). This ratio varies at the
beginning of the test. After t,~17us, P. is approximately
constant and is about 25%. In Fig. 6(a), we plot also the
maximum strain in the adhesive layer. This maximum strain is
obtained near the adhesive extremities. The mean to maximum
strain ratio (%) is almost constant after t, ~ 17 us (Fig. 7(c)) and
the mean value is about 83% of the maximum value.

Similarly, we compare the mean and maximum Abaqus
stresses to the SHPB stress in Fig. 6(b). It comes that the SHPB
method gives an accurate estimation of the mean value. There-
fore, the mean stress to the SHPB stress ratio () is almost equal
to 1 (Fig. 7(b)). However, the specimen geometry concentrates the



Table 1
Material parameters.

Young’s modulus (GPa)

Poisson’s ratio Density (kg/m?>)

Adhesive 1 0.4 1200
Adherends 200 0.3 7800
Input and output bars 200 0.3 7800
Table 2
Geometrical parameters.
Length (mm) Width (mm) Thickness (mm) Diameter (mm)
Adhesive 14 12 0.1
Central adherend 16 12 4
Upper and lower adherends 16 12 4
Input bar 1000 16
Output bar 600 16
a 14 b 6 X 107
e SHPB —SHPE
1.2 = = = = Mean Abaqus value 1 = = = = \ean Abaqus value e e
----- = Max Abagus value sl m Max Abaqus value ,f’
."— —
- g 10 ’_a
g % s ‘
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Fig. 6. Comparison between stress and strain recovered by the SHPB method and the maximum and the mean strain and stress values, respectively: (a) strain curves and

(b) stress curves.

stress near the adhesive ends. Consequently, the mean to
maximum stress ratio (%) is not equal to 1 (Fig. 7(c)).

0 and %o are almost equal to o and Y., respectively. This
means that the homogeneity of the stress and strain field have
approximately the same behaviour. It is an intuitive result as
stress and strain are related with the elastic constants. On the
other hand, B, and Bs. These coefficients measure the accuracy of
the SHPB to recover the mean stress and strain in the adhesive.
The stress in the adhesive is computed from two forces applied at
adherends boundaries (Eq. (7)). The SHPB method assumes that
the boundary forces are integrally transmitted to the adhesive.
This seems to be valid as B is almost equal to 1. To compute the
strain, the SHPB method assumes that adherends are rigid and all
deformation happen in the adhesive only. Then, the strain is
computed from displacements recorded and adherends bound-
aries (Eq. (10)). As S, <1, the adherends seems not to be rigid.
That is why the SHPB method overestimates the strain in
adhesive.

It is remarkable that the above discussed ratios become almost
constant after t, ~ 17 us. This time can be interpreted by the
dynamic homogenisation of stress and strain fields. Indeed, the
stress and strain heterogeneity in adhesively bonded specimen is
induced by two effects:

e dynamic heterogeneity which is due to wave propagation and
inertia reasons, and

e structural heterogeneity which is rather due to the specimen
geometry.

The structural heterogeneity is intrinsic to the geometry. It will
be present during the test. The dynamic heterogeneity disappears
after some round trips of the waves in the bar. Therefore, the
stress and strain homogeneity coefficients, o and o, are
important at the beginning of the test (Fig. 7(a)). This means that
stress and strain fields are highly heterogeneous. The two
coefficients drop continuously till the time t, ~ 17 us. At this
time the dynamic heterogeneity disappears and only the
structural heterogeneity remains. After t,~ 17 us, the bonded
specimen is deformed under an almost quasi-static state. That is
why the above discussed ratios are almost constant.

Finally, we compare in Fig. 7(d), the shear and peel stresses.
The peel-to-shear-stresses ratio (p,) is almost 1%. Therefore, we
can assume that the adhesive layer is submitted to a pure-shear
stress state.

Below only the sensitivity of the steady-state mean values of the
above discussed ratios is analysed, i.e., the mean value of these ratios
for times t > ty,.

3.2. Influence of material parameters

3.2.1. Influence of adhesive Young’s modulus

Four values of the adhesive Young’s modulus are considered in
order to investigate the influence of this parameter. Besides the
reference model (Eo=1GPa), we studied the following cases:
Ep=0.5, 3 and 10 GPa. The steady-state mean value of the defined
ratios is plotted in Fig. 8(a).
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Firstly, the peel-to-shear-stresses ratio (p,) is about 1%. For all
configurations studied in this paper, p, remains between 0% and
2%. This ratio will no more be plotted in order to have clearer
figures.

Secondly, the stress and strain homogeneity coefficients
(ot and o, respectively) have almost the same values. They
increase when the adhesive Young’s modulus increases. The
homogeneity of the stress and strain fields is better for low-
Young-modulus adhesives. As o, and o have almost the same
values, only a5 will be analysed below.

The homogeneity of the stress and strain fields can also be
measured by ys and Y., respectively, i.e., the mean-to-maximum
ratios. }- and y. decrease when the adhesive Young's modulus
increases. This is in line with the conclusions obtained by o ratios
as for low Young’s modulus values, the stress and strain
homogeneity is better. Indeed, for low adhesive Young's modulus
values, the situation tends to the case of a deformable adhesive

between rigid adherends which yield to constant stress field.
Similar to the a ratios, only % will be analysed below.

Finally, we studied the influence of the adhesive Young’s
modulus on the f ratios. The B ratio remains almost equal to 1.
Therefore, the SHPB method gives a good approximation of the
mean stress value. However, B is far lower than 1. The SHPB
method overestimates the mean strain values. This point was
explained in Section 3.1 yet. B. decreases when the adhesive
Young’s modulus increases. This means that the accuracy on
strain measurement of the SHPB method is better for low values
of adhesive Young's modulus. In this case, the adherends are
much stiffer than the adhesive. The situation tends to the case of
deformable adhesive between rigid adherends. Therefore, the
adhesive strain can be computed from adherends displacements
as assumed by Eq. (10).

It is worth to notice that all ratios are almost linear in terms of
the logarithm of the adhesive Young’s modulus.



3.2.2. Influence of adherend Young’s modulus

Similar to Section 3.2.1, the sensitivities of the defined ratios,
to the adherend Young’s modulus, are investigated. In all
considered configurations, we assumed that the central adherend
is made of the same material as the lower and upper adherends.
Besides the reference model (E; = E; = 200 GPa), we studied the
following cases: E; = E; = 70 and 110 GPa. The influence of the
adherends Young’s modulus is opposite to the adhesive Young's
modulus (Fig. 8(b)). Precisely, the increase of the adherends
Young’s modulus, increases s, X and P and decreases o.; and
o. These five ratios are linear-dependent on the logarithm of the
adherends Young’s modulus. Bs remains almost constant.

In other words, the stress and strain fields are more
homogeneous for high values of adherends Young’s modulus.
In this situation, the strain measurement by the SHPB method is
also more accurate. Indeed, as the adherends Young’'s modulus
increases, the adhesive stiffness becomes insignificant compared
to the adherends stiffness. The situation tends to a deformable
adhesive between rigid adherends. In this case the stress and
strain become constants. Moreover, the adhesive strain can be
computed from adherends displacements as assumed by Eq. (10).

3.3. Influence of geometrical parameters

3.3.1. Influence of adhesive thickness

In this section, we analyse three adhesive thicknesses: hy=50,
100 and 200 pum. The dependence of all ratios on the logarithm of
this parameter is almost linear (Fig. 9(a)). Furthermore, 7y, ¥ and
Be grow while o and o, lower when the adhesive thickness
increases. However, B, remains almost constant.

3.3.2. Influence of adherends thicknesses
In order to investigate the influence of the adherends thick-
nesses, we consider first that h;=2h,, i.e., the central adherend
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Fig. 9. Influence of geometrical parameters:
(d) influence of overlap length.

thickness is equal to twice the lower (or upper) adherend thick-
ness. In this case, four values of the central adherend thickness
are considered. Precisely, h;=2, 4, 6 and 8 mm. The dependency of
the studied parameters on the central adherend thicknesses has
the same tendency as the dependency on the adhesive thickness
(Fig. 9(b)). Precisely, we obtain linear dependency on the
logarithm of the adherend thickness. Besides, the ratios Yo, e
and B are increasing, whereas the ratios o.; and o are decreasing.
Finally, s remains almost constant.

On the other hand, we compared the case where hy=2h;=
4 mm (called ‘242’) to the case where h;=h,=3 mm (called ‘333").
The results are plotted in (Fig. 9(c)). It comes from this plot that
SHPB method will have the same accuracy in both cases. Indeed,
Bs and B¢ are almost the same. Moreover, the stress and strain
fields are more homogeneous in the case of h;=2h, than the case
of hy=h,. It will be preferable to use the specimen geometry that
verifies h1=2h,.

3.3.3. Influence of the overlap length

In addition to the influence of the adhesive and adherends
thicknesses, we studied the influence of the overlap length. For
this purpose, we consider six overlap lengths: [=8, 10, 12, 14, 16
and 18 mm. The results are plotted in Fig. 9(d). The influence of
the overlap length is opposite to that of the adhesive and
adherends thicknesses.

3.4. Influence of dynamical parameters

3.4.1. Influence of the impact velocity

Generally, the striker impact velocity reached in a conven-
tional SHPB test ranges from 5 to 20 m/s. Therefore, three values
of the striker impact velocity are considered: V,=5, 10 and
20 m/s. The results are presented in Fig. 10(a). We can conclude
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that the above studied parameters are insensitive to the striker
velocity. This can be explained by the fact that the studied param-
eters are analysed for t > t;,. For these times, wave-propagation-
induced heterogeneity disappears. Only, the structure-induced
heterogeneity remains. We can expect that dynamic parameters
have no influence at these times of the test.

3.4.2. Influence of the rise-time

It is well known in literature that pulse-shaping can help the
establishment of the dynamic equilibrium [43,44]. On the other
hand, the pulse shaping modifies the rise time 7, (see Fig. 3).
Adamvalli and Parameswaran [16] studied experimentally three
configurations: a direct impact of the striker on the input bar (no
pulse shaper) and two loading pulse shaper. In the absence of
pulse shaper, the rise time was 14 ps. The used pulse shapers were
0.3 and 0.6 mm-thick annealed copper disks and yield rise times
of 35 and 65 ps, respectively. In this paper, we considered three
rise-time values: 74 = 10, 25 and 50 ps. It appears in Fig. 10(b) that
the rise time has no influence on the studied parameters. Indeed,
this parameter can influence the first part of the test, i.e., for t < t.
tp is lower than 20 ps for the considered rise times. However, once
the dynamic equilibrium is established, the strain and strain
heterogeneity is due only to structural effects.

4. Discussions

In this paper, we developed a numerical model for a SHPB test
on adhesively bonded joint. Furthermore, we investigated the
influence of geometrical, material and dynamic parameters on the
accuracy of such test. Seven parameters were studied in this work.
Dynamic parameters have almost no influence. It is worth to
notice that the study is focused on times t > ty, i.e., for the test
period when the dynamic heterogeneity disappears. This is
motivated by the fact that for all studied configurations, ¢, is
lower than 20 ps. On the other hand, the fracture occurs for brittle
adhesive after 50 us and later for the ductile ones. Therefore, the
fracture occurs once the dynamic heterogeneity disappears. As
the dynamic experiments on adhesive joints are usually inter-
ested in the fracture behaviour, the above defined ratios are
pertinent.

The influence of adherends Young’s modulus and, adhesive and
adherends thicknesses have the same tendency. Furthermore, the
influence of the adhesive Young’s modulus is the same as that of
the overlap length. Therefore, we define a unified parameter:

_ Eyhohy
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Fig. 11. Influence of the A = E hohy /Eoly parameter.

which has the dimension of a length. Subsequently, we studied its
influence on the above defined ratios. In Fig. 11, we plot the
sensitivity of oy, , and f, to the logarithm of A. The relationships
are almost linear and can be approximated by the following
equations:

oy ~ —0.121log(1)+0.3, (19)
%s ~0.1510g(1)+0.53, (20
B. ~0.14log()+0.04. 21

Egs. (19) and (20) are valid for A ranging from 0.5 to 10 mm
and Eq. (21) is valid for A between 1 and 10 mm. Furthermore, we
can assume, for the same ranges of A, that o ~ag, ¥, ~ x, and
Bs~1.

It is worth to notice, the increase of the ratio E;/Ey tends to
increase A and subsequently improve homogeneity and accuracy
of the SHPB method. Indeed, when E;/Eq is high, the adhesive
stiffness tends to be much lower than the adherends stiffness. In
this case, the strain and stress in the adhesive are almost constant.
Furthermore, the adhesive shear strain is simply expressed by
adherends displacements as assumed in Eq. (10).

Eqgs. (19)-(21) can be used for two applications. Firstly, they
can be used to calculate the specimen geometry. Precisely,
when 4> 10mm, we can assume that the stress distribution is



homogeneous. Indeed, for this range of A, we have y, > 0.9 and
o, < 0.03. This means that the difference between the maximum
and mean stress is less than 10%. Furthermore, the stress
deviation is less than 3% of the mean stress. Knowing the adhesive
and adherends Young’s modulii, a criterion to calculate specimen
dimensions is

% > 105—?. (22)
Note that the used unit for hg, h; and Iy is mm.

Nevertheless, the optimal geometry design by Eq. (22) is not
always possible. Furthermore, there will be always problem
on the strain measurement. Indeed, i, <0.5 for the considered
range of /, i.e., the mean strain in adhesive layer is less than 50%
of the strain recovered by the SHPB method. In these cases,
Egs. (19)-(21) can be used as correction coefficients.

Experimentally, we can recover the stress and strain by
the SHPB method, i.e., o> and £5F®, respectively. As 8, ~1,
the actual mean stress and strain in adhesive layer can be
recovered by

V8 ~ O.SHPB (23)
and
cV8 ~ [3885””3, (24)

respectively. We recall that f, can be computed by Eq. (21).
Similarly the maximum stress and strain in the adhesive layer can
be calculated by

Gmax ~ ;GSHPB (25)
g

and

M~ &USHP& (26)

13

respectively. We recall that ¥ = ¥ and ¥ is given by Eq. (20).

5. Conclusions

SHPB tests, on double-lap bonded joints, were simulated using
a three-dimensional finite element method. Subsequently, several
ratios were defined in order to measure the accuracy of the SHPB
method. Furthermore, we investigated the influence of several
material, geometrical and dynamic parameters on the accuracy
ratios. It was concluded that the SHPB method is accurate when
recovering the mean value of the stress in the adhesive layer.
Nevertheless, the conventional SHPB recovery inaccurately esti-
mates the mean value of adhesive strain field and the maximum
values of the adhesive stress and strain fields. Therefore, we
defined a unified parameter, in order to help designing of the
tested specimens. This parameter is the product of the adherend
Young’s modulus and the adhesive and adherends thicknesses
divided by the product of the adhesive Young’s modulus and the
overlap length. We showed that the accuracy defined ratios are
almost linear in terms of the logarithm of this unified parameter.
This linear relationship can be used in order to correct the stress
and strain recovered by the SHPB method.
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