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Abstract

This study was designed to analyze the load-carrying capacities of composite structures connected face-to-face by a butterfly coupling
component experimentally and numerically without adhesive. The results of the experimental studies were supported with numerical
analysis. In addition, the butterfly coupling component was developed geometrically with a view to the results of the numerical and ex-
perimental studies. The change in the load-carrying capacity of the improved butterfly coupling components was analyzed numerically
and experimentally to obtain new results. Half-specimens and butterfly-shaped lock components were cut with a water jet machine. Ex-
periments and analyses were conducted to analyze the effects of coupling geometry parameters, such as the ratio of the butterfly end
width to the specimen width (w/b), the ratio of the butterfly middle width to the butterfly end width (x/w), and the ratio of the butterfly
half height to the specimen width (y/b). It was intended to determine the damage in the butterfly before any damage to the composite
structure and to increase the service-life span of the composite structure with the repair of the butterfly lock. As a result of this study, it
was determined that the geometrical fixed ratios (w/b) and (x/w) were 0.4 and 0.2 at 0.4 of (y/b) according to the experimental and nu-

merical studies with basic and modified models.

Keywords: Butterfly joint; Failure load

1. Introduction

The use of composite materials in various fields of applica-
tion has rapidly increased due to their resistance to corrosion
and their lightness. These characteristics have led designers to
attempt to design proper joint types for these materials. The
most important problem with composite structure designs is
the strength weakness in the sites of the composite joint.
Therefore, studying the type, load, and starting direction of the
damage is important in designing joining sites of the compos-
ite structures. Load behaviors of the jointed composite struc-
tures, as well as the designs and ways of joining them, have
been investigated both numerically and experimentally by a
number of researchers.

Composite structures are usually jointed mechanically
and/or by adhesive. Mechanical joints are often made in the
shape of a single or double overlapping joint with a bolt or a
rivet. There are three different modes of damage in mechani-
cally jointed composite structures: net tension, shear out, and
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bearing [1, 2]. These types of damage can be seen simultane-
ously. In net-tension and shear-out damages, force suddenly
decreases when the damage occurs. In bearing damage, how-
ever, the force decreases slowly when the maximum load that
can be carried by the composite structure is reached. Therefore,
the designer should create the optimum geometric design to
prevent sudden damage. The joining of composite structures
by adhesive can be achieved with various designs, such as
lapping and butt [3-7]. The load-carrying capacity is affected
by factors such as whether the adhesive to be used can adapt
well to the composite structure, the type of the joining geome-
try, and thickness of adhesive. An adhesive joint can be sub-
jected to loadings such as net tension, shear out, or peeling.
The strength of the adhesives to the distributions of stress
caused by the effect of peeling is weak, while their strength to
the distributions of stress caused by the loads of tension and
shear-out is strong [8-10]. Bahei-El-Din and Dvorak [11] ex-
amined the strength of new joint designs for adhesive bonding
of thick multilayered composite adherents through finite-
element computations. Grassi et al. [12] presented a simple
and efficient computational approach for analyzing the bene-
fits of through-thickness pins for restricting debond failure in
joints. Aktas and Dirikolu [13] carried out an experimental
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and numerical study to investigate the strength of a pinned-
joint carbon epoxy composite plate. Zeng and Sun [14] inves-
tigated the performance of wavy-lap joint under cyclic ten-
sion-tension loading conditions. They performed geometri-
cally non-linear two-dimensional elastic analyses to obtain an
understanding of the experimental results using commercial
code Abaqus.

In this study, new mechanical butt joints made with a but-
terfly coupling component are used as an alternate to adhe-
sively bonded face-to-face or butt joints. The results of the
experimental studies are supported with numerical analysis.
Moreover, the butterfly coupling component has been devel-
oped geometrically in consideration of the results of numerical
and experimental studies. The change in load-carrying capac-
ity of the developed butterfly coupling components has been
analyzed numerically and experimentally, and the new results
obtained are presented. Butterfly-shaped coupling components
are used with the tight insertion method to connect the com-
posite plates face-to-face.

2. Manufacturing the material and its mechanical
properties

In this study, glass fiber-epoxy composite material was used
in the experiments. The glass fiber-epoxy composite material
used was manufactured by the firm Izoreel Composite Isolate
Materials through hot pressing. The order of the glass fiber
was chosen to be unidirectional. The epoxy resin used as the
material of matrix consisted of a mixture of 100/80 Ciba
Geigy, Bisphenol A, CY-225 epoxy, and Ciba Geigy, Anhy-
dride, HY-225 hardener. As seen in Fig. 1, the unidirectional
glass fiber with a weight of 270 g/m’, which can be obtained
from the market in the shape of roller, was cut to produce
1000x500 mm cloths that can be used to create the layers of
layered-composite plate. Glass fiber cloth of the same dimen-
sions was cut according to the number of layers of each com-
posite plate.

After the cutting of glass fibers in the shape of the cloth, the
mixture of epoxy resin, which is the matrix material, was pre-
pared. The prepared mixture of fluid epoxy resin and hardener
was saturated onto each 1000x500 mm piece glass fiber cloth.
The cloth was placed on the mould by means of a roller. In
this way, epoxy resin was applied to each glass fiber layer and
a 16-layer wet composite material was obtained in the mould.
The wet material was then hot-pressed so that it can be cured

Fig. 1. Unidirectional glass fiber.

and reach minimum thickness. Pressing was conducted to
better saturate the epoxy resin onto the glass fiber cloth and
eliminate air bubbles for the probable interface gaps. The glass
fiber-epoxy composite material was cured under 14 MPa pres-
sure at a temperature of 120° C. The material was pressed at
this temperature for 2 h. The composite plate with 16 layers
was removed from the press and left to cool to room tempera-
ture. The thickness of the composite plate was reduced to 3.5
mm after trimming. Composite plates of standard thickness
were also produced via the same treatment to determine the
mechanical properties of the composite material.

The mechanical properties of the glass fiber-epoxy compos-
ite material were determined according to ASTM standards
under the loads of tension, compression, and in-plane shear.
Experiments were conducted thrice, and their average values
were taken into consideration. As the composite plate is made
of unidirectional glass fiber cloth, its mechanical properties
changed in two different ways. The direction to the fiber was
accepted as Direction (1), while the one perpendicular to the
fiber as Direction (2). The mechanical properties of the com-
posite plate on the 1-2 planes were obtained using three
specimens for each mechanical property, and the average
properties were determined. Fig. 2 shows examples of the
specimens.

The experiments for the determination of the mechanical
properties were conducted at 23+1° C room temperature and
50%=10 relative humidity according to ASTM standards. The
experiments were conducted using the tension test machine
with 50 kN capacity. Tension properties such as longitudinal
modulus (E;), transversal modulus (E,), Poisson ratio (vy,),
longitudinal tension strength (X), and transversal tension
strength (Y,) were measured with static tension according to
ASTM D3039-76 [15] standard test method. Compression
properties such as longitudinal compression strength (X.) and
transversal compression strength (Y.) were measured from the
unidirectional specimens using static compression according
to ASTM D3410-75 [16] standard test method. An important
factor to consider in determining the in-plane shear strength
properties is that pure in-plane shear stress is enabled at the
measuring site of the specimen [17]. The Iosipescu in-plane

Fig. 2. Specimens for mechanical properties of the glass fiber-epoxy
composite material.
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Table 1. Mechanical properties of the glass fiber-epoxy composite
material.

E, E, Gi Xi Y, X Y. S
(MPa) | (MPa) | (MPa) | V' | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

44150 | 12300 | 4096 | 0.20 | 775 130 | 305 80 95

Fig. 3. losipescu loading apparatus.

shear test method was used to determine the in-plane shear
strength (S) according to ASTM D5379 [18] standard test
method. To detect the in-plane shear strength (S) in the com-
posite structures, losipescu loading apparatus was created
according to ASTM D 5379 standard (shown in Fig. 3).

Shear modulus (Gy,) was determined using the specimens
with a main axis as 45° according to ASTM D3518-76 [19]
standard test method. It was calculated by measuring the
strains in the direction of tension [20]. The mechanical proper-
ties of the composite material as determined from the experi-
ments are given in Table 1.

All the specimens used in the experiments were taken from
the manufactured composite plate. The material of the com-
posite butterfly used in the experiments is the same as those of
the composite half-specimens.

3. Experimental and numerical method

In this study, butterfly-shaped coupling components were
used to join the composite plates face-to-face using the tight
insertion method. As shown in Fig. 4, specimens were taken
from the composite plates that were mechanically joined face-
to-face, and experiments were conducted. The effects of the
change in the geometric parameters of the butterfly-shaped
coupling components on the maximum load-carrying capacity
were analyzed, and several improvements were made in the
butterfly geometry.

All the specimens used in the experiments were cut with
water jet from the composite plates manufactured at the Ziim-
riit Glass firm according to the approved geometric parameters
and by ASTM standards. The error of cutting that may arise
due to the use of the water jet (as the method of cutting and
the amount of temperature that may occur during the process
of cutting) was either reduced to minimum levels or elimi-

Fig. 5. Cutting specimens using water jet.

nated. Fig. 5 shows an example of creating specimens using
water jet.

The dimensions of the specimen as seen in Fig. 6 are as fol-
lows: sample width (b) = 40 mm, specimen total length (L) =
180 mm, and sample thickness (t) = 3.5 mm. With the main
dimensions of the specimen jointed face-to-face (b, L, t) kept
fixed, the end width (w), middle width (x), and half-length (y)
of the butterfly lock were changed.

In a study by Topgu et al., a number of experiments were
conducted to observe the effects of the geometric parameters
of butterfly joints on the loads of damage. These experiments
were conducted by changing the ratio of butterfly end width to
the specimen width (w/b) and the ratio of butterfly middle
width to the butterfly end width (x/w) from 0.2 to 0.8. In their
experiments, the ratio of butterfly half-length to the specimen
width (y/b) was changed to 0.2, 0.4, and 0.6. From their ex-
perimental study, they determined that the ratio of butterfly
end width to specimen width (w/b) was 0.4, the ratio of butter-
fly middle width to the butterfly end width (x/w) was 0.2, and
the ratio of butterfly half-length to the specimen width (y/b)
was 0.4 [21]. In the present study, the numerical analysis of
the best butterfly joint determined by Topgu et al. was first
made using the software Abaqus 6.8, one of the finite-element
method package programs. To compare the distributions of
stress obtained from the numerical analyses with each other,
the analyses in this study was conducted under a fixed load
and similar conditions. Instead of conducting numerical analy-
ses of all the geometric changes, the numerical analysis of the
change in (w/b) ratio when (x/w) ratio was 0.2 was conducted
and the change in (x/w) ratio when (w/b) is 0.4 was analyzed
numerically in the determined butterfly half-length. Table II
presents the dimensions of butterfly coupling components to
be used in the numerical analysis.

In the present study, new joint systems were created with
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b =40 mm

Iy L=180 mm

Fig. 6. Dimensions of the specimen.

slight geometric changes by generally maintaining the best
butterfly joint geometry obtained with the finite-element
method. The butterfly end width (w) of the best butterfly cou-
pling component chosen here was 16 mm, the butterfly middle
width (x) was 3.2 mm, and the butterfly half-length (y) was 16
mm. The chosen and newly made butterfly joints are shown in
Fig. 7. The butterfly coupling component used in the coupling
shown in Fig. 7(a) was the best cornered butterfly coupling
component determined as a result of the experiments made by
Topgu and others. This type of butterfly was taken as the basic
model. In the joint shown in Fig. 7(b), the end corners of the
butterfly were rounded to have a 2 mm radius. This type of
butterfly was named the rounded model. The rounded butter-
fly coupling component shown in Fig. 7(c) was also rein-
forced with 2 mm-wide rods from its sides. This type of but-
terfly was named the reinforced model. Both the end corners
of the butterfly were rounded, and the sloping side surfaces of
the butterfly model shown in Fig. 7(d) were designed as para-
bolic. This type of butterfly was named the sandglass model.
Half-specimens were mechanically jointed using the tight
insertion method with the cut butterfly coupling components.
Load-carrying capacities of the improved joint specimens
were obtained from the tension test machine with 50 kN load
capacity. All the specimens were loaded at the fixed tension
speed of 1 mm/min. The experiments were repeated three
times for each value. Experiments with faulty results were
repeated. The experiment was ended when any amount of
decrease in the applied load was observed. The load of dam-
age in the specimen occurred in the first fall in the load ap-
plied. Thus, maximum damage loads for each model were
determined. When the applied load reached the specimen
damage load, damage fractures were observed to have begun
to occur either in the composite butterfly or in the composite
structure around the butterfly. To understand the shapes of the

Table 2. Dimensions of butterfly coupling components.

. . Change in (x/w) ratio when | Change in (w/b) ratio when
Dimension (w/b) ratio is 0.4 X/w) ratio is 0.2
(mm) 02 | 04 | 06 0.8 02 | 04 | 06 | 08
w 16 16 16 16 8 16 24 32
X 32 | 64 | 96 | 128 | 32 | 32 | 32 | 32
y 16 16 16 16 16 16 16 16

XX Be

(2 (b) © (@

Fig. 7. The improved butterfly geometry: (a) basic model; (b) rounded
model; (c) reinforced model; (d) sandglass model.

damage, experiments on some specimens were continued until
their last damage. In this way, the effects of the improved
butterfly geometry could be analyzed.

Load-carrying capacities of the same composite half-
specimens that may occur when they are jointed with two
butterfly coupling components positioned side by side were
also analyzed. Since the specimen width was fixed as 40 mm,
butterfly end width (w) of the basic butterfly model was re-
duced to half by keeping the butterfly middle width (x) as
fixed. Fig. 8 presents an example for the double butterfly joint.
Damage loads of the single and double joints made at the
same butterfly dimensions were experimentally found and
compared for different butterfly half-lengths.

Abaqus 6.8 package program was used in the numerical
analysis conducted with the finite-elements method. Three-
dimensional models of the specimens jointed with the butter-
fly coupling component were created. As the geometries of
the butterfly coupling components were altered, knowing the
stresses on the butterfly and determining the sites of probable
damage is crucial for the safety of the structure. Therefore, a
firmer network of solution was created for the butterfly cou-
pling components than the half-specimens. To compare the
distributions of stress in butterfly joints of various geometries,
as shown in Fig. 9, two stress distributions were tackled on the
same line, one being through the butterfly middle axis (Way
1) and the other from the site of the half-specimen near the
butterfly (Way 2).
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Fig. 8. Double butterfly joint.

§>§ Av4

<R
Way 2

Way 1

> | KR

Fig. 9. Ways of the stress distribution in the numerical analysis.

4. Results and discussions

Butterfly-shaped lock and half-specimens used in the ex-
periment specimens mechanically jointed face-to-face were
cut and taken from the [0];s orientation-composite plate. The
present study experimentally and numerically investigated the
occurrence of the change in the load-carrying capacities of the
specimens as well as the change in the geometric parameters
of the butterfly coupling components and model.

To determine the accuracy of the conducted stress analysis,
experimental and numerical study results were analyzed and
compared. Only the obtained numerical and experimental
butterfly displacements were compared. The load value used
in the finite element method program for determining the load
carrying capacity and the failure shapes from stress analysis
was chosen as 800 N. From the experiments, it was deter-
mined that butterfly damages do not occur at this load value.
The comparison of the total butterfly displacements obtained
from the experimental and numerical studies are shown in Fig.
10. The results obtained from the experimental and numerical
studies were very close; therefore, both of these studies were
found to support each other.

‘ —a— Numerical —a— Experimemal‘

Butterfly displacement (mm)

0 0.2 0.4 0.6 0.8 1

—4— Numerical —=— Experimental

0.8 1

0.6 4

Butterfly displacement (mm)

0.4 4

0.2 1

whb

Fig. 10. The comparison of the butterfly displacements with experi-
mental results and finite element method results.

Fig. 11(a) shows the changes in the load-carrying capacities
of the specimens made with the butterfly coupling compo-
nents at the fixed ratio of w/b= 0.4 for the butterfly half-length
(y) of 16 cm according to the (x/w) ratios. Fig. 11(b) shows
the change in the damage loads according to the (w/b) ratio of
the experiment specimens at the fixed ratio of x/w= 0.2. The
joint experiments determined that the damage occurs more on
the corners on the butterfly. This ensures that the damage oc-
curring on the butterfly can be seen before the composite
structure is totally damaged, and the service life of the com-
posite structure can be increased with the change in the butter-
fly coupling component [21]. The results obtained experimen-
tally were assessed with the stress distributions obtained with
the numerical analysis under the same conditions and the fixed
load.

Stress distributions of the butterfly joints at different ratios
of (x/w) and a fixed (w/b) ratio of 0.4 are shown in Fig. 12.
The value of load used in the analysis to determine the kinds
of damage that may occur and the load-carrying capacities by
means of the stress analysis was chosen from the load values
in which butterfly joints have not been damaged. Stress values
obtained from the stress analysis made under the same load
were obtained as being different due to the different butterfly
geometries. It was determined that ultimate stress obtained in
Fig. 12(a) was the lowest, while the one in Fig. 12(d) with the
increase in the (x/w) value with ultimate stress values was the
highest. Viewed generally, ultimate stresses were observed to
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Fig. 11. The ratios of geometrical parameters versus load-carrying
capacities.

occur on the butterfly coupling components. Any damage that
may occur on the damage loads is expected to occur where the
ultimate stress occurs. For that reason, butterfly coupling
components may be accepted as the initial sites of damage.
Since the stresses occurring on the butterfly coupling com-
ponent with the increase in the (x/w) ratio are concentrated
towards the corners, the butterfly cannot lock both half-
specimens exactly, and any probable damage should occur on
the butterfly corners. The load-carrying capacities of the
specimens with composite butterfly are thought to be at
maximum because they are locked more when (x/w) ratio is
equal to 0.2. The fall in the maximum load-carrying capacities
with the increase in (x/w) ratio points to the importance of the
butterfly middle width. With the increase in the butterfly mid-
dle width, the shape of the butterfly coupling component ap-
proaches square or rectangular. Therefore, there appears to be
a fall in its load-carrying capacity as the butterfly coupling
component begins to lose its capacity for locking. Due to the
fact that it becomes square or rectangular when (x/w) ratio is

equal to 1, the butterfly coupling component cannot carry load.

In this case, adhesive techniques should be used to make a
joint.

The stress values occurring at the fixed w/b ratio of 0.4 and
along the butterfly axis (Way 1) are shown in Fig. 13. Ulti-
mate stress values occurred on both ends due to the geometry

BT
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I Tt (]

S, Mises
(Ava: 75%)
+8.9708+01

(a) x/w=0.2

S, Mises
(Ava! 75%)
+1.133e+02

+9.8160-02

(b) x/w=0.4

2, Mizes
(Avg: 75%)
+1.6248+02

(c) x/w=0.6

5, Mises
(Ava: 75%)
+2 1660402

(d) x/w=0.8

Fig. 12. Stress analysis with Abaqus program at the different ratios of
(x/w) and at the fixed (w/b) ratio of 0.4.

of the butterfly. However, in the narrowing middle sites of the
butterfly coupling component, stress values were observed to
be much lower than in the end sites. The sites of ultimate
stress obtained under the same loads indicate probable dam-
aged sites. Therefore, this case showed that damage occurs
from the corners of the butterfly coupling component first.
When (x/w) ratio is 0.2, stress values obtained from the mid-
dle part of the butterfly coupling component are higher than
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Fig. 13. The stress values occurring at the fixed w/b ratio of 0.4 and
along the butterfly axis (Way 1).

the other values of the (x/w) ratio. This case shows that the
load transferred over half-specimens is conveyed not only
through the sloping side surfaces of the butterfly coupling
component, but also through the butterfly middle width. In
other words, when the ratio of butterfly end width to butterfly
middle width is 0.2, the specimens are locked in the best way
and maximum load transfer is realized.

Stress analysis of the different (w/b) ratio changes at the
fixed (x/w) ratio of 0.2 is shown in Fig. 14. Different stress
values were obtained from the stress analysis under the same
load due to the different butterfly geometries. The joints in
which maximum stress sites were only on the butterfly were
obtained, as seen in Fig. 14 (a) and (b), when the (w/b) ratio
was 0.2 and 0.4. When the stress values were compared, it
was determined that stress values obtained with the w/b ratio
of 0.2 were higher than those with the w/b ratio of 0.4. Thus,
the joint with the w/b ratio of 0.4 is expected to be damaged
later than the one with the w/b ratio of 0.2. The joints in which
ultimate stress sites were on the butterfly coupling component
and the specimen were obtained, as seen in Fig. 14 (c) and (d),
when the w/b ratio was 0.6 and 0.8. Accordingly, ultimate
stress sites occurred in the butterfly end sites, in the sites on
the specimen near the butterfly end parts (Fig. 14 (c)), and in
the sites on the specimen near the butterfly end parts, as
shown in Fig. 14 (d). These account for the fall in damage
load obtained in the experiments. It was determined that half-
specimens can be damaged because the parts of the butterfly
coupling components that held the butterfly lock parted in the
half-specimens when w/b ratio is 0.6 and 0.8. If the x/w ratio
is 0.2, the load-carrying capacity of the composite butterfly
specimens will be the maximum when w/b ratio is 0.4. Thus,
it is apparent that the choice of the butterfly end width is rather
important for the load-carrying capacity.

The stress values along the specimen width near the end
side of the butterfly coupling component (Way 2) are given in
Fig. 15. The stress values in the zones on the half-specimens
near the butterfly end sides were much higher than the ones
obtained along Way 2. As the butterfly joint in which these
top maximum stress values are in the minimum values are
damaged later, its load-carrying capacity are higher than the
type of joint made with the w/b ratio of 0.4.

(a) w/b=0.2

s, Mises
(Ava: 75%)
+8.970e+01

+2.3426-02

(b) w/b=0.4

+1,2952-01

(c) w/b=0.6

+1,0970+01
+8.766a-01

(d) w/b=0.8

Fig. 14. Stress analysis with Abaqus program at the different ratios of
(w/b) and at the fixed (x/w) ratio of 0.2.

According to the data from the stress analysis and experi-
ments, the joint specimens made with the (x/w) ratio of 0.2
and (w/b) ratio of 0.4 had the maximum load-carrying capaci-
ties. Accordingly, the shape of the butterfly coupling compo-
nent at the fixed (x/w) ratio of 0.2 was improved to obtain
higher load-carrying capacities. The defined angled butterfly
coupling component was taken as the basic model. The sam-
ples whose geometry were developed from this basic model
were named rounded, reinforced, and sandglass models, re-
spectively. The changes in the load-carrying capacities of the
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Fig. 16. The changes in the load-carrying capacities of the improved
butterfly coupling components.

specimens made with the butterfly coupling components at the
(x/w) ratio of 0.2 according to the (w/b) ratios are shown in
Fig. 16. The load-carrying capacity depends on the (w/b) ratio,
and the load-carrying capacity of all the models was at the
maximum at a (w/b) ratio of 0.4. When (w/b) ratio is lower
than 0.4, damage occurs mostly on butterfly; however, when it
is higher than 0.4, damage occurs on the composite specimen.
The highest load-carrying capacity was obtained with the rein-
forced model. When the specimen was under load in the rein-
forced model, butterfly coupling component pushed the legs
of the specimen on its sides outwardly and by means of the
reinforcement rods, the motions of the legs of these specimens
were prevented and the load was mostly transmitted over the
butterfly. For this reason, maximum load capacity was at-
tained. Butterfly coupling components can be listed from high
to low in terms of their load-carrying capacities: reinforced,
rounded, sandglass, and basic models.

Fig. 15 illustrates that, according to the data obtained from
the experiments, maximum load-carrying capacity was ob-
served with the (x/w) ratio of 0.2 and (w/b) ratio of 0.4 for
each model. The stress analysis of the joints made with differ-
ent butterfly coupling components improved in these geomet-
ric ratios is shown in Fig. 17. The stress values from the stress
analysis made under the same load were different due to the
different butterfly geometries. Maximum stress values were

e L

1t
AmE ..

+9.116e-02

(a) Rounded model

S, Mises
(Avg: 75%)
+6.551e-+01

(b) Reinforced model

S, Mises
(Ava; 75%)

+8.097e-01

(c) Sandglass model

Fig. 17. Stress analysis of the improved butterfly models.

obtained from the joints made with sandglass, rounded, and
reinforced model. Thus, it is expected that the joints made
with the reinforced model will have the highest load-carrying
capacity. These results are in agreement with the results of the
experiments.

The stress values that occurred at the fixed ratios of w/b=
0.4 and x/w= 0.2 and along the butterfly axis (Way 1) are
shown in Fig. 18. The distribution of the stress occurring on
the reinforced butterfly model has a fixed stress value both on
the end sides and in the middle parts. In this case, it was de-
termined that the butterfly locked well and that it will have
higher damage load than the other models. It was also deter-
mined that there were rather low stress values in the end sides
of the butterfly coupling component in the sandglass model
due to its geometry. The stress values grew in the middle parts
of the butterfly coupling component made with the sandglass
model. It was determined that the difference between the
stress values in the end sides of the rounded butterfly model
and the stress values in the middle parts of the rounded butter-
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Fig. 18. The comparison of the improved butterfly models.
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Fig. 19. The comparison of the single and double basic butterfly joints
(x/w=0.2).

fly model was less than that of the basic butterfly model. Thus,
we can state that the load-carrying capacity obtained from the
rounded butterfly model will be much higher than the basic
butterfly model.

The changes in the maximum damage of double and single
composite basic butterfly model for the different butterfly
half-lengths (y/b) in the fixed (x/w) ratio of 0.2 are shown in
Fig. 19. Considering the width of the specimen in the double
composite basic butterfly model, the butterfly end width (w)
was chosen as 8 mm. To compare the load-carrying capacity
of the single butterfly joint with that of the double butterfly
joint, the end width (w) of butterfly was taken as the same in
the experiments. The load-carrying capacity of double butter-
fly joints was higher than that of single butterfly joints in all
the (y/b) ratios. The load-carrying capacities of single and
double butterfly joints were higher than those of the other
butterfly half-lengths when the ratio of (y/b) was 0.2.

Fig. 20 shows the stress analysis of the single and double
butterfly joints made with the half-length of butterfly (y) at 16
mm, butterfly end width (w) at 8 mm, and (x/w) ratio at 0.2.
Stress analysis was made under the same load. As seen in Fig.
20, maximum stresses only occurred on the butterfly. When
their stress values were compared, it was determined that the
stress values occurring on the single butterfly joint were
higher than the ones on the double butterfly joint. Thus, the
joint made with double butterfly is expected to be damaged

+412960-02

(a) Single butterfly joint

+1.3442-01

(b) Double butterfly joint

Fig. 20. Stress analysis of single and double butterfly joints.

later than the one with a single butterfly. This result has been
confirmed by the results of the experiment.

5. Conclusions

In this study, the effects of the geometric parameters of but-
terfly-shaped couplings (x/w, y/b and w/b) on their damage
loads were analyzed numerically and experimentally. More-
over, by improving the shape of the butterfly coupling com-
ponent, new load-carrying capacities were also investigated.
The following results have been obtained from the experimen-
tal and numerical study:

Load-carrying capacities determined from the numerical
analysis results conducted with the finite-elements method
were confirmed by the results obtained with the experimental
method.

It may be an advantage that the damage on the butterfly-
shaped couplings can be seen before the composite structure is
totally damaged. The service life of the composite structure
can be increased with the repair of the butterfly lock.

With the high values of (x/w) ratio, the ratio of butterfly
middle width to the butterfly end width, and when the joint
load falls and x/w is 1, adhesive joints should be preferred.

It was determined that as the (w/b) ratio increases, its load-
carrying capacity decreases. With the increase in the butterfly
end width in the specimen at a fixed ‘b’ width, it was proven
experimentally and numerically that load-carrying capacity
falls because the specimen was damaged with the weakening
of the site in either side of the butterfly coupling component.

It is possible to get different joint load-carrying capacities
by changing the shapes of the butterfly coupling components.
The models that improved according to the maximum load-
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carrying capacity are the reinforced butterfly, rounded butter-
fly, and sandglass models.

It was found out that the load-carrying capacities of the
double butterfly joints made by using the butterfly coupling
components of the same geometric properties as those of the
single joints are the highest.
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