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Abstract

Progressive buckling model of bow
structural element due to axially impact
load was studied and compared with

numerical calculation results in the 1st
report. And the validity of formula of L
shape, T shape, and + shape are proved.
The purpose of this report is to present a
basis of the collision forces of simplified
aluminium and steel bow structures.

In this paper, the Yang & Caldwell's
technique as well as Hideomi Ohtsubo's
technique of deriving simplified
equation of mean crushing force based
on the Wierzbicki's collapse mechanism
is used and applied to the ship bow
structures. The ship bow structure is
divided into simple elements of L shape,
T shape, and + shape. The absorbed
energy of each elements are summed up
to be the total absorbed energy in the
crushing of the bow structure. The finite
element analysis using LS-DYNA is
applied to verify the validity of this
approach. The comparisons are made
with experiments by Hagiwara et al. But
there is no experiment data yet of
aluminium bow structures to compare
with our work. The good agreements are
met between the results of numerical
analysis and mathematical simplified

equations.
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Analysis of the Post-Buckling Behavior of Composite

Laminates Connected by Rivets

Y.J.Lee,H.J. Linand C. C. Lin
Department of Naval Architecture and Ocean Engineering,
National Taiwan University, Taipei , Taiwan, R.O.C.

ABSTRACT

In order to reduce the calculation time, the rivets are replaced with springs in the present
study, while the stiffness of the spring is induced from the analysis of the bending behavior
and the interaction between the rivet and the laminate. The validity of this method is verified
by experiments. Then the spring is applied on several cases, like the span between the
stiffeners and the curvature of the plate. In all these cases, springs can fully present the
behavior around the rivets.

KEY WORDS: Composite Materials, Post-Buckling, Rivet
1. INTRODUCTION

Composite material have been widely used in airplanes, ships, automobiles and various
industries for its high specific strength, rigidity and corrosion resistance. Welding is not
possible for composite laminates, so the rivets are the most frequently used to connect the
composite laminates. When the laminate is fastened by the rivets, the behavior around the
joint is rather complicated. The weakness of the connection usually results in total failure of
the structure.

Since 1970s, there have been several research studies reported regarding this subject,
however, most investigations restricted the analysis to 2D problem with a simple geometry.
Ref [1] 1s one of the few researches that investigated on 3D finite element analysis.

Ref. [2] investigated the failure process and pin-bearing strength of laminated composites.
However, in addition to planar tension, buckling caused by planar compression is even more
important. Therefore, 3D analysis is imperative because the inter-laminar strength has great
influence over the behavior. Few studies, like Ref. [3]~[5], analyze about the strength
behavior of composite laminates with hole under buckling. While Ref. [6]~[7] conducted
analysis on the buckling behavior of laminates jointed by several rivets. In these studies, the
rivets are only modeled as elastic nodes instead of an elastic body. However, studies
demonstrate that failure appears around the rivet. Modeling rivets with linear elastic spring is
not sufficient to modify the behavior around the rivet. Ref. [8] uses the finite element
software, ABAQUS, and modeled the rivets as an elastic body. Wherein the contact pressure
and the stress distribution of the structure can be obtained.

In order to investigate the post buckling behavior of the laminate jointed by rivets, the finite
element software ABAQUS is used in the present research. However, due to the complication
of the stress around the rivet, it requires a finer mesh to appropriately present the behavior,
which is time consuming and needs more calculation on the computer. In order to solve this
problem, rivets are replaced with springs to present the mechanic behavior around the rivets.




The stiffness of the springs is obtained from a precisely meshed local model as in .Ret[8], then
the spring is used in a roughly meshed global model. Thus, the calculation time and the

amount for the whole structure is reduced.
2. SIMULATION

2.1 Simulation Process Fig.l presents a
composite laminate is joined with metal ] l l I
—.?

L]

stiffener by rivets. The area surrounded by

dashed lines in Fig 1-2 is extracted as the —2¢€ o 4
local model to be analyzed. In the first step, . o .

the local model is meshed with 3D solid r— -1 _tw
element, as in Fig.2, contact and failure of L o o
material are considered to simulate the o o o o
nonlinear behavior around the rivets. s . . e
The second step, another local model o 4 s b oo
roughly meshed with shell element is

established, as shown in Fig.3, the rivet is I I I 1 I i I [ ] I {
replaced with 3 nonlinear springs in X, Y, l i
and Z direction. The dimension and

material of these two models are the same. Fig.1

Then nonlinear springs are located to make this model have the same rigidity as the former
(same deflection on one end under the same force), the procedure will be illustrated later. As
aresult, we can use the nonlinear spring to represent the mechanic behavior around the rivet.

Finally, the whole structure is meshed with shell element, thereafter rivets are replaced with
nonlinear springs, then the post-buckling behavior can be analyzed efficiently.

2.2 Failure Criteria Failure behavior is considered in the simulation model. A subroutine is
used to modify the values of the engineering constants and the stresses of the failed material,
and calculate the new stiffness matrix. Therefore, when the material is damaged, the
subroutine fixes the stiffness matrix to modify the failure.

In order to predict the final collapse behavior of the structure and make the springs contain
the failure behavior, the fiber and matrix failure is considered in local model. The Hashin [9]
Criterion is used to determine different types of failure. Four types of failure are considered in
the present study: fiber failure in tension/compression and matrix failure in
tension/compression.

When fiber breakage occurs, the longitudinal Young’s modulus E;, poison ratio vy, V1, Vi3,
V3, shear modulus Gy, G)3, and stresses oy , T2 , T3 are set to zero. When the matrix
cracking occurs, the transverse Young’s moduli E,, poisson’s ratio vy, V31, Vo3, V33, shear
moduli G2, Gy3, and stresses 677, 117 , T3 are set to zero. These types of failure leads to
property degradation and reduction of the global stiffness that can induce structure collapse.
Note that in 2D shell element, the Z-direction is not considered.

2.3 LOCAL ANALYSIS

2.3.1 3D Solid Element Model The material of the model is T300/976, the engineering
constants of the lamina are shown in Table 1. The rivets and the stiffeners are made of
aluminum alloy, the Young's modulus is 70 GPa and the Possion ratio is 0.32.

.



replacing the rivet is signed with springs.

7000
7000 . kx1=30866. 6000 kx1=30866.6
6000
- Z 5000
5000 <
2 4000 |
z 4000 8 : " interpolation
& 3000 g 3000 // s
Q. : S
2000 #2000 0 . /Wnaz
ot e _
1000 1000 // — o
O 0 ST . . - . N R B ~
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 04 0.
Ux(mm) spring stretch(mm)

Fig.5

The stiffness of the spring is determined by the following way. First, the stiffness of the
spring is given as k1. The right end of the model is forced to deflect, the displacement-force
curve is called as curve-I (shown in Fig.4), while the spring is stretched at the same time. The
spring force-stretch curve is called as curve-i (shown in Fig.5). Thereafter the stiffness is set
as k2, then again we have the displacement -force curve-II (shown in Fig.4) and the spring
force-stretch curve-ii (shown in Fig.5). According to the relation of the reference curve(the
solid line in Fig.4, obtained from 3D model), curve-I, and curve-II, interpolate curve-1 and
curve-ii to get the stiffness curve of the spring replacing rivets. The solid line in Fig.5 is the
force-stretch curve obtained from interpolation.

The force and the stretch of the spring are interpolated as follows:

£ RF — RF2 . RF1—RF
RF1-RF2 RF1- RF2
Wherein "f" 1s the spring force, and "e" is stretch of the spring replacing rivets. When the
deflection is "u" (as in Fig.4), the acting force in the reference curve is "RF" the acting force
in curve-I is "RF1", whereas the acting force in curve-II is "RF2". Under the same
displacement "u", the spring force in curve-i is "f1", the spring force in curve-ii is "f2",
whereas the stretch of spring in curve-i is "el", and the stretch of spring in curve-ii is "e2"

(fl-f2)+f2 (e2—el) +el (1)

The interpolation (or extrapolation ) is applied in 3000
XY +Z direction and get x, y, z three springs. By

replacing the rivet with the above spring in the 2500

local model, we have a deflection-force curve as 2000 - \
shown in Fig.6. The curve is very close to the £ 1500 ’
result of 3D solid model. The same interpolation & 000 -

1s done for Y ~ Z spring, the deflection-force sheli mode!

curve of simplified shell model is also very close 500 - solid model

to the result of 3D solid model. That indicates 0o %

this method works well for the local model, the 00 01 02 03 04 O
spring can replace the mechanic behavior near Ux(mm)

the rivet. Fig.6

Through the force-stretch curve of the spring, some behavior near the rivet can be seen. The
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curve is almost linear at first, that means the material around the rivet is not damaged. As the
stretch grows, the slop of the curve becomes smaller and smaller then the curve start to
decrease after the top point. The slop of the curve decreases because the material around the
rivet is damaged. This helps us to judge whether the laminate is damaged or not. If the stretch
of the spring is larger than the top point, then we know that the failure appears near the rivet.
It is useful when the rivets are replaced with the springs in the whole structure, the damage
around the rivets can be judged by checking the spring force.
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2.4 WHOLE STRUCTURE ANALYSIS Fig.7 presents the model of a whole structure,
where the rivets are replaced by the X + Y ~ Z-spring. The stiffener is replaced by the “rigid
bar” mentioned earlier. Compression force is applied on both the ends of the plate until the
plate buckles and fails. The failure around the rivets is presented by the springs, while the
failure other than the rivets is considered with Hashin criteria. Fig.8 shows the F/A-w/h curve
of the plate stacking sequence [0/45/90/-45],, and [90/45/0/-45],,, where ‘w’ represents the
deflection of the center point of the plate, ‘h’ is the thickness of the plate, ‘F’ is the acting
force, and ‘A’ is the section area of the plate. The plate of stacking sequence [0/45/90/-45],; is
discussed in this section.

When the buckling occurs (the acting force F/A is about 70 MPa) the center point start to
raise out of plane. The force starts decreasing as F/A reaches about 140 MPa. Now we
observe the change of the spring force, we find that the spring force is decreasing at the same
time. The spring-force of some Z-springs decreases when the compression force decreases,
while the X, Y direction does not. These decreasing Z-springs are near the center of the plate
(numbered 2, 3, 4 in Fig.7) which indicates that the material around the rivets is damaged due
to the Z-direction deflection, the defection is caused by the buckling of the plate. No failure
occurs except the Z-spring force decreasing, that means that the failure around the rivet
causes the total acting force to decrease, and makes the structure collapse at last.

3. EXPERIMENT

3.1 Preparation A series of experiments were performed to verify the numerical analysis.
The dimension and the material of the specimens is the same as in numerical model. All the
specimens were cured under a standard cycle. The laminates were fastened with aluminum
stiffeners by rivets. The upper and the lower end of the plate are simply supported, the
compression is applied on the upper edge while the lower edge is not moved. The experiment
setup is shown in Fig.9, a laser displacement sensor is employed to measure the displacement
of the center of the plate.




starts decreasing. This indicates that the material is damaged only in the Z direction.
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4.2 Curvature of the Plate The spring is applied in laminates with curvature (as shown in
Fig.13), four cases are considered in this research. The chord length of the four cased are all
200mm, the curvature radius are 200mm (named as case I), 386mm (case II), 766mm (case
III), and 1638mm (case IV) respectively. The buckling modes of these four cases are
combining one semi-wave and three semi-waves , as shown in Fig.14), while the buckling
mode of the plates is only one semi-wave.

Fig.15 presents the results of these four cases, the dashed line indicates the compression load
versus the displacement of the center point (node a in Fig.14), while the solid line indicates
the compression load versus the displacement of the node b. When the buckling mode is one
semi-wave, the displacement of point a is higher than point b, while the displacement of point
b is higher than point a when the buckling mode is three semi-wave.
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Fig.14 Fig.15

In case I and case II, the displacement of node b is higher than that of node a, the buckling
mode is mostly three semi-waves. The higher the curvature, the smaller the displacement of
center point. The failure load is also higher as the curvature increase. The failure appears
around the rivet near the compressed edge, this can be seen from the decreasing force of the
spring.

In case III and case IV, the displacement of node a is higher than that of node b, the buckling
is mostly one semi-wave. The curvature of these two cases are small, their buckling behavior
is similar to plate. However, the buckling load of plate is obvious, can easily be determined
from the load-displacement curve, while the buckling load of case III and IV is not clear. This
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3.2 Results and Discussion Fig.10 and Fig.11 show the curves
of stacking sequence [0/45/90/-45],, and [90/45/0/-45],,
respectively. The results of the experiment is close to the
numerical result in both cases, the failure mechanism is also
similar. The main failure appears around the rivet near the forced
end (numbered 4, 5 in Fig.7). This rivet takes the most
compression force, so that the material around the rivet is
damaged most. In numerical analysis, the spring force of the

Y -spring near the forced end is the only one to decrease. This
indicates that the failure of the material is around that rivet. Thus,
the conclusion is exactly in accord with the result of the
experiment.

In both the experiment and the numerical analysis, the failure
load, failure mode, and the curve of the acting load are in
concordant. From the above discussion, the experiments verify

the validity of the numerical simulation. Fig.9
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4. APPLICATION

- Replacing the rivets with the springs makes it easier to analyze a whole plate. It is also
convenient to observe the mechanic behavior around the rivets by the force-stretch curve of
the spring. Through this method, the post buckling behavior of various composite plates can
be investigated. In the following discussion, two parameters are studied, the width of the plate,
and the curvature of the plate.

4.1 Width of the Plate Four cases are discussed, the span of the plate (as shown in Fig.1)
s=156mm, s=176 mm, s=196mm, and s=216mm, note that Lb is not changed in these four
cases. The ratio of length to width greatly influences the buckling behavior of the plate. The
more the ratio, the higher the buckling load, this trend can be seen from Fig.12. The buckling
modes of these four laminate are all one semi-wave.

In numerical analysis, the failure does not appear on the plate except the rivets. The breakage
near rivets can be seen from the spring force. The X-, and Y-spring force of all these cases
does not decrease, while the Z spring 2, 3, 4 (numbered in Fig.7) reaches the top and then




