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Abstract: This paper investigates the modal parameters such as the damping ratio, frequency
and shape of delaminated composite plates with contact properties. The contact damping is
analyzed using a viscoelastic Coulomb friction model with sliding phase, which combines
energy dissipation of sliding friction and sticky friction. Finite element method (FEM) based
models simulate the dynamic responses of delaminated composite plates, in which the constant
normal contact stiffness and contact damping are introduced via penalty stiffness method and
equivalent viscous damping, respectively. Relevant vibration experiments are set up to obtain
the modal parameters of delaminated composite plates. The results show that the modal
damping ratio of the composite laminated plates increases significantly with increase in the
delamination percentage, and the contact damping plays a major role in the increase of the
modal damping ratio. Furthermore, the contact stiffness also has a minor influence on the modal
frequency and shape of delaminated composite plates. The experimental data is consistent with
simulations, thereby establishing the accuracy of the FEM model.
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1 Introduction

A new generation of highly advanced composite materials are gradually replacing
traditional metals for structural applications. However, throughout their service life period,
composite material parts are subject to extreme work conditions such as impact, high-stress-
amplitude periodic load and high interface stress. As a result, various defects are inevitably
generated. One of the main failure modes is delamination, which causes a dramatic reduction
in the structural capability for compression and shear resistance. Since, these factors pose a
serious threat to the structural safety, early detection and diagnosis of delamination in composite
material structures is necessary to achieve long term operation.

The most mature and practical assessment method detects changes in the dynamic
parameters. Zou et al. [1] observed that showed that the structural dynamic response varied
significantly when delamination damage occurred in composite laminates, which was mainly
reflected in the change of modal parameters. Modal parameter analysis is an important approach
for delamination identification, mainly consisting of three components: modal shape, modal
frequency and modal damping. Early studies focused on building analytical dynamic models to
accurately calculate the modal frequencies of delaminated composite plates. Experimental and
theoretical results [2-5] showed that the change of frequencies of delaminated composite plates
in early and middle stages (delamination percentage <50%) has less practical usage on the
early diagnosis for delamination. Subsequently, Ju [6], Shen [7] and Luo [8] surveyed the modal
shape analysis and observed no significant difference between the shape of the delaminated
plates and the intact plates in the first 6-ordermodes. To circumvent the demerits of modal
frequencies and modal shape, more recent works have diverted their attention to modal damping.
Modal damping can provide relatively higher sensitivity in the early stage of delamination,
which is very suitable to serve as a detection parameter.

Calculations of the first several orders of modal damping performed by Saravanos [3], Luo
[4] and Yim [9] led to a constant forecast modal damping, which was inconsistent with
experiments and showed a significant increasing trend. A plausible explanation is that only the
material damping was considered in those works and they only considered the type of modal
damping related on the change of modal shape. Since these studies removed adverse
interference (e.g. boundary conditions and air damping), there could be an internal energy
dissipation mechanism in the delaminated structure, which is generally considered to be
interfacial friction. Generally, dry friction model is the primary option for calculating internal
friction behavior in delamination. Studies relating to dry friction model such as investigations
by Wang [10], Cameron [11], Bazan [12] and Menq [13] considered that the energy dissipation
only occurs in the sliding phase, and does not exist in the sticky phase (or pre-sliding phase).
Evidently, this hypothesis is not applicable for calculating interaction between two viscoelastic
media like resin matrix of composite material, since there would be part of energy consumed



by viscosity of interfacial material. To overcome this limitation, Polycarpou [14], Olsson [15],
Andersson [16] and Al-Bender [17] took the viscosity into account in the sticky phase,
establishing a viscous Coulomb friction model. However, they ignored the contact stiffness that
existed in sticky phase of original Coulomb friction.

Furthermore, another aspect that needs improvement in order to obtain precise dynamic
simulation of delaminated composite material is modeling the contact interaction using the
finite element method (FEM). Luo and Hanagud [8] used spring connections to set constraints
on the upper and lower contact surfaces of the delamination. Their results showed that the spring
stiffness had a minor effect on the structural frequency response, and the calculated values were
generally higher than the experimental values. It indicates that the FEM modeling method may
impart unrealistic and excessive structural stiffness due to the unreleased constraint in the
opening phase. In order to release this superfluous constraint, Ju [18], Zak [19] and Singh [20]
used the penalty stiffness method for calculating the frequency response of the delaminated
composite plates. Results indicated that this method could accurately reflect the property of
delaminated contact. However, these studies did not provide guidelines for choosing the
appropriate penalty stiffness. As an important branch of vibration-based NDT methods, the
Poincaré¢ map method also receives increasing attention, owning to its sensitivity of detecting
system’s nonlinearity. Manoach [21] took advantage of Poincaré map to analysis the response
of damaged laminated beams, modeled by geometrically nonlinear version of Timoshenko
beam theory, under large vibration load and temperature change. The result showed that a
significant phase diagram divergence occurred, in spite of narrow natural frequencies between
damaged/nondamaged beams. An improved version of Poincaré map method was developed
[22], by which an excellent result obtained indicated its potential application in on-line SHM
because of its efficiency using lower-dimensional state space. This paper aims to establish a
theoretical model describing the contact damping mechanism of delaminated composite plates
undergoing dynamic movements. A 3D FEM modeling method with specific definitions of
contact damping and contact stiffness is developed using the ABAQUS software package to
precisely simulate contact interaction of delamination in dynamic condition. Based on the
established models, 1%-order modal damping ratios of delaminated composite plates are
calculated; various dynamic responses are simulated by the built FEM method, which are
compared with experimental results for verification. Finally, the effect of contact stiffness on
stimulated dynamic response results is discussed.

2 Modal damping of delaminated composite plates
2.1 Material damping

In order to obtain the damping of the overall structure, the material damping should be
first taken into account. The specific damping capacity model (SDC) and complex modulus
approach have been extensively used for prediction of damping at micromechanical,
macromechanical and structural levels in laminated composites [23-25]. So far, the complex
modulus approach subroutine can only be implemented in linear perturbation steps, which is
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ineffective for simulating the model containing contact interaction. Therefore, in this paper,
SDC is adopted. The main principle of SDC is that the total specific damping capacity y of
the structure can be characterized by the quotient obtained by dividing energy dissipation AU
by total conservative energy U in one cycle:
AU
=— 1
iy (1)
In FEM, Au and y can be calculated by summing the dissipated energy of every element
and strain energy. Eq. (1) can then be expressed as:
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Where, ¥, ..ia 1S the material specific damping capacity.

2.2 Contact damping

Contact damping is generated when two interfaces possess mechanical interaction. When
there is tangential relative motion, friction is typically the major energy dissipation mechanism.

Table 1 summarizes three current mainstream dry friction models: 1) classical Coulomb
friction model, 2) elastic Coulomb friction model (with tangential contact stiffness in sticky
stage) and 3) viscous Coulomb friction model (with tangential viscosity coefficient in sticky
stage). Coulomb friction model and its modified forms reflect the relationship between the
frictional force and tangential deformation in the sticky stage. Both sliding friction and static
friction exist when there is weak contact, which is the case for delamination. In such conditions,
normal and tangential contact stiffness act at the contact interface, so the models in Table 1 need
to be combined. Therefore, a viscoelastic Coulomb friction model is established in this section
(see Fig.1).

In the sticky phase, Kelvin viscoelasticity can be used to describe the relationship between

static friction equivalent tangential contact modulus G static friction equivalent tangential

contact »

viscous damping coefficient C . , interface tangential stress 7., and strain 7. .«

caused by static friction:
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and C
compared to interfacial material modulus and viscosity coefficient. Here, the effect of

In general, due to the surface roughness, G may be slightly different

contact contact

roughness is omitted for the sake of simplicity. Hence, it is acceptable to treat G, and
=891.30MPa,

2¢ i/ @ ) (Smarrix = 0.8%). In 7" order modes, micro slip in stick stage S, of

Coonaet @S Shear modulus and viscosity coefficient of resin matrix, or G,
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a certain contact pair is expressed as follows:
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Substituting Eq. (4) into Eq. (5):

T Gcontactsc + Ccontacta) \/: (6)

contact h h

Where, h=0.0056mm [26]. Eq. (6) can be transformed into quadratic form:

(thontact contact C ) (7)

Coontact OF'S. 52

contact a

Intuitively, this quadratic curve is a slanted elliptical hysteresis loop, which has been
presented by red solid line in Fig. 2. The surrounded area represents the energy dissipation of

this contact pair in a cycle:

Ccontacta) S T

AUcontact p T (8)

Eq. (8) does not contain sliding phase. When F; exceeds the maximum static frictional
force (assumed same as sliding frictional force), the hysteresis loop cannot maintain a complete
ellipse and tends to flatten at the top and bottom. The point of maximum stress in the hysteresis

loop is the beginning of flat top, the corresponding S, is:
SaGcontact (9)
+ o e
\/ contact contact

It is worth noting that C.uq®; | Gy » 50 Eq. (9) is approximately equal to S,, which

indicates that the point of maximum stress does not coincide with the point of maximum micro
slip. This has been exaggerated in Fig. 2 for visualization purpose. In a realistic situation, these
two points are extremely close. Hence, they are defaulted to coincide for simplification of
calculation. After the flattening effect is produced, the original hysteresis loop generates a
parallelogram region, and the new hysteresis loop becomes:
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The new expanded hysteresis loop is shown by black solid line in Fig. 2. After appending the

energy dissipation, the new AU becomes:

contact p

Conan @57, G

AUcontact_p — contacth r + 4 ct;r;tact (Sa + Sb) (1 1)

Integrating Eq. (11) over the contact domain (i.e. delamination) yields the total contact energy

dissipation:

c...ws’r G
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Referring to SDC, the contact specific damping capacity can also be written as follows:

AU

- contact 1 3
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Then, the total specific damping capacity is given as follows:
W = Wmaterial + l//contact (14)
Using the damping ratio form to represent  :

v
(=L (15)

3 FEM modeling for delaminated composite plates
3.1 Contact simulation

The complexity and difficulty of contact arises from its strong nonlinearity and
discontinuity. In order to overcome this difficulty, 3D implicit FEM modeling of contact issue
is processed in ABAQUS software, in which there is stable advanced control for contact
problem. A comprehensive method is used to introduce the contact in the 3D FEM model of
delaminated composite plate. This not only simulates the real contact boundary conditions, but
also provides good convergence performance to output sufficiently accurate results as fast as
possible. Therefore, a surface-to-surface-discretization constraint formation scheme is selected
because of its higher accuracy than node-to-surface-discretization, which avoids serious
enormous penetration of master surface into slave surface.

To set contact properties, hard contact is defined to formulate the pressure-overclosure
relationship in normal direction. Doing this can minimize the penetration of the slave surface

into the master surface, which will cost less time than softened contact in implicit algorithm

computationally. The relationship between pressure p and overclosure h,, is given in
software documentation as (Fig. 3):
=0,h, . <0;
p over (16)
p>0,h, >0;



The penalty method has been chosen to enforce constraints in this work. It involves a linear or

nonlinear relationship between p and h which represents a realistic physical meaning in

over >
contact issue: the relationship between p and normal deformation of contact layer (Fig. 4).

The linear penalty method is presented by the following equation:

p=Kh (17)

over

K has units of MPa/mm, which is different from the static friction equivalent contact modulus.
The detailed relationship between penalty stiffness and contact modulus will be discussed in
section 3.2.

3.2 Penalty stiffness

In previous reports, only a software generated default penalty stiffness has been considered
that influences the convergence mathematically. However, once it is given a physical meaning,
a precise value needs to be arrived at. Turning contact modulus into penalty stiffness is in fact
a dimensional transformation. This transaction can be started from the constitutive relation in

finite element:

¢° =QBa° (18)
Where, QB can be replaced by S :
S=0B (19)
Then, S can be expended as follows:
S=[QB, - QBy]=[S, - S] (20)

Where, B, and S, represent the N" submatrix of B and S , respectively. Each

n

submatrix of S contains the component in normal direction:

Sn,33: Econtact (1_Vcontact )(50 * é:)(no * 77) ’ (n — l, . ,8) (21)
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S,s: 1S a constant as it does not include any independent variable alone normal direction.
Assuming that the deformation of element in normal direction is Ah, the normal stress can be
obtained by the following equation:

Econtact (l B Vcoﬂtact ) Ah (22)

24’0 (1 +Voontact ) (1 - 2Vcontact )
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An intuitive constitutive relationship between normal stress and normal deformation has been

extracted out, and it can be assigned toK :

K = Econtact (1 — Veontact ) (23)

- 240 (1 *+ Veontact )(1 - 2Vcontact )




3.3 Introduction of tangential properties
For tangential property in FEM, the contact damping coefficient needs to be introduced.

The normal contact damping coefficient §, in FEM software is defined as follows:

QH:L (24)
AVep

The unit of this coefficient is MPa-S/mm. FEM software only has the direct access to the
normal damping coefficient. If a tangential contact damping coefficient §, is required to be
prominent, a large tangent fraction needs to be defined. Tangent fraction is the proportion of
8, to 4, which is typically set to 0 by default. In this paper, its value is taken to be 1000 in
order to highlight the effect of tangential damping. Actually, selection of tangent fraction is a
user-based decision, balancing the calculation efficiency and accuracy. Result of trial
calculation feedbacks an expected excessive-damping error when using a less value, due to
superabundance of normal damping. On the other hand, though setting a larger value seems to
be more realistic, the stability and convergence of calculation decrease, aborted in a worst

situation.

3.4 Damping calculation and dynamic analysis process based on FEM

In order to obtain material damping and contact damping of delaminated composite plates,
it is necessary to know stress, strain, volume of integration point, contact pressure and sliding
distance. For a linear system such as intact plate, damping can be readily solved and introduced
in models by Frequency step and Modal dynamics step (Italic characters represent software
jargons in ABAQUS). However, this approach cannot be employed in the contact problem.
Therefore, Dynamic, Implicit step is employed, which can effectively simulate the dynamic
response of the delaminated composite plates with contact setup. A detailed flowchart
concerning the procedure is presented in Fig. 5.

4 Dynamic experiment
4.1 Specimens and experimental method

Test material is carbon fiber/epoxy (T300/7901) prepreg supplied by Weihai Guangwei
Composite Materials Co., Ltd., China. The triple symmetric orthogonal layup [0/902/02/90,/0]s
is selected, which can ensure non-tension-shear coupling in upper and lower sub-plates of the
delaminated plates. The layups of delaminated composite plates are [0/902/0//0/90,/0]s and
[0/902/02/90,/0//]s for offset and central delaminated plates, respectively, where ““//”” represents
delamination. A Teflon film acts as the debonding layer laminated in the interlayers to form
offset/central delamination. The length of delamination is a constant at 40 mm. For comparing
the influence of different extents of delamination, 5 delaminated composite plates are chosen
with the following lengths: 90 mm (corresponding to 44.4% delamination percentage), 130 mm
(30.8%), 170 mm (23.5%), 210 mm (19.0%) and 250 mm (16.0%). Specimen geometry is
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shown in Fig. 6.

Free decay method is used to measure 1%-modal damping ratio, as shown in the schematic
in Fig. 6. Testing procedure involves the following: 1) exciting the structure by pulse, 2)
measuring the free decay curve of the structure in the first-order mode and 3) fitting the
extremums in the curve to obtain the damping ratio.

The fitting function is given as follow:

X = Aexp(—gmdt/\/1—§2)sin(a)dt+49) (25)

There is a monotonically increasing relationship between ¢ and 1%-modal frequency [29]:
§:cln(&]+d (26)
2

Where, ¢ and d are two unknown parameters that are identified by fitting experimental data.

4.2 Determination of basic parameters

When calculating the material modal damping of delaminated composite plates using SDC,
it is necessary to obtain the shear specific damping components ($;,, &, , &, )alongthe0° |
90° principal directions and in-plane direction by performing free decay experiment on the
0°, 90° and 45° unidirectional laminates, respectively (Fig. 7). Damping data at different
frequencies is obtained by measuring plates with different total lengths. Both the mechanical
parameters and specific damping components are listed in Table 2.

To verify the accuracy of specific damping components, the 1%-modal damping ratio of
intact laminated composite plates is calculated as described in Section 4.1 and the results are
compared with experimental values (Fig. 8). Overall, the analytical result is consistent with the
experimental results. Some significant errors between 60—80 Hz are attributed to coincident
resonance frequency of the holder.

5 Results and discussion
5.1 Contact damping and free decay time-domain response

Combining the contact information regarding contact stresses and contact relative
displacements, the 1%-order modal contact damping ratio is calculated using the raised
viscoelastic Coulomb friction model, as shown in Fig. 9. An increasing trend of the modal
damping ratio can be observed with increasing delamination percentage in both the offset and
central delaminated plates. This trend grows more significantly in central plates than offset
counterparts. In addition, the theoretical results of pure contact damping ratio (dashed line in
Fig. 9) is also presented. When comparing the data of the intact plates, the contact damping
effect can be considered to be the dominant factor for the increase in the modal damping ratio.
Most theoretical results exhibit a relatively precise match with experimental values compared
to previous reports, with the exception of the 44.4% central delamination case, which may be
due to the unstable experimental result due to higher error.



In order to visually reflect the influence of contact damping on the energy absorption
capacity of delaminated plates, the free decay time-domain responses of 30.8% and 44.4%
delamination plates and their corresponding intact plates are simulated by attaching the
damping properties in the nondamped FEM model. Fig. 10(a) and Fig. 10(b) show the results
of offset and central delaminated plates, respectively. Experimental and FEM results of the four
specimens indicate that a higher decay rate is observed for larger delamination percentages. For
the same delamination percentage, central delamination results in a faster decay rate than the

offset case.

5.2 Frequency-domain response

To discuss the effect of delamination on structural stiffness, experimental and FEM
frequency-domain results corresponding to Fig. 10 are shown in Fig. 11. In these frequency-
domain responses, the modal frequency is observed to shift with different delamination. The
following shifts are observed: 0.51 Hz (Exp.)/0.50 Hz (FEM) for 30.8% offset, 14.8 Hz
(Exp.)/16.02 Hz (FEM) for 44.4% offset, 1.27 Hz (Exp.)/3.00 Hz (FEM) for 30.8% central and
16.85 Hz (Exp.)/20.02 Hz (FEM) for 44.4% central.

From these results, it is evident that modal frequencies of all four samples decrease with
the increasing of delamination percentage, with the central delamination causing larger
frequency shifting.

Since the modal frequencies are related to the overall structural stiffness, the shifting
phenomenon embodies the effect of delamination on structural stiffness reduction. A lager
delamination can cause more obvious reduction in the structural stiffness, with the central

delamination exhibiting a significant structural stiffness reduction.

5.3 Vibration shapes

Under low frequency conditions, since the wavelength is larger than the geometry of
delamination region, the transmission directly crosses the delamination. Hence, only the overall
response is analyzed. For studying the local effect of delamination, a comparison is carried out
between the high-frequency simulations of intact plate and 44.4% delaminated plate. Table 3
shows the results of vibration shapes at three instances when a 100 kHz single sine wave is
transmitted into each specimen. The wave is transmitted from the right side (free side) to the
left side (fixed side). The scale remains the original setting on x/y axis, and is magnified 50
times in z axis for obvious display.

When the wave propagates in intact plate, there is no waveform change, and the amplitude
is only decayed due to the influence of the material damping. However, when the same wave
propagates in the 44.4% delaminated plate, it is significantly distorted, especially on the thin
side. This result indicates that high frequency excitation is able to generate the wave containing
information about the location of delamination, because the wavelength of high frequency
excitation is shorter than the size of delamination, the high frequency wave cannot cross over

delamination as easily as the low frequency wave.
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5.4 Parameter discussion

There are two contact parameters influencing the dynamic responses of delaminated
composite plates: contact stiffness and the contact damping. The contact damping is related to
the precise modal shape, which further depends on correct structure stiffness. Hence, the effect
of contact stiffness on dynamic response of the delaminated plate needs to be explored in depth.

Several simulations are performed on the 44.4% delaminated plate where the effect of
three contact stiffness levels, 100% K, 10% K and 1% K on the frequency spectrum is studied,
as shown in Fig. 12. As the contact stiftness level is decreased, the frequency-shifting occurs.
A shift of 0.13 Hz is observed when 100% K to 10% K and 0.96 Hz when 10% K to 1%K .
From this result, we observe that a smaller contact stiffness would cause lower modal frequency,
since it weakens the overall structure stiffness. But overall, there is just slight changing in low
frequency domain. The modal frequency shifting rates are 0.05% and 0.38% for 10% K and 1%
K, respectively.

From the results in section 5.3, in high frequency domain, the locality of delamination
appears, which could also be affected by contact stiffness. Therefore, the time domain responses
of the three nodes with 100%K, 10%K and 1%K are simulated under identical excitations as
section 5.3. The location of three nodes has been pointed out in Fig. 13. Sampling nodes 1 and
3 are located on non-delaminated (Ndl) area 1 and 2, respectively. The sampling node 2 is
located on delaminated (DI) area.

Two significant results are summarized here. Firstly, compared with the data of the intact
plate, the time-domain responses of delaminated plate are similar in Ndl areas 1 and 2, whereas
a strong amplitude leap is observed in the DI Area. This again reflects the locality of
delamination under high frequency excitation. Secondly, the effect of contact stiffness also has
locality in this situation. Although, the three curves in Fig. 13 basically coincide on Ndl area 1
and 2, a large change happens on DI area. The curves of 100%K and 10%K are still narrow,
but 1% K one is magnified.

6 Conclusions

This paper discusses the effects of surface contact on the dynamic responses of
delaminated composite plates. A new friction model combining the Kelvin viscoelasticity
energy dissipation in sticky phase and sliding energy dissipation is developed to calculate the
contact damping in delaminated composite plates. A novel 3D delaminated composite plates
FEM modeling method with specific contact stiffness and contact damping coefficient is also
established. Conclusions based on the experiments and FEM predictions of the modal
parameters of delaminated composite plates are summarized as follows:

(1) Contact occurring between delamination interfaces during vibration produces energy
dissipation. The main source of energy dissipation is the internal friction containing
both viscoelastic sticky phase and sliding phase.

(2) The penalty method can effectively simulate the contact between delamination
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(3)

(4)

()

(6)

interfaces that are generally challenging to observe in experiments. Additionally, the
penalty stiffness value has a specific relationship with the actual contact layer modulus
in the FEM.

Experiments and theoretical results are consistent for 1%-order modal damping ratio
analysis. An increasing trend of 1%-order modal damping ratio with the delamination
percentage is observed in both offset and central delaminated composite plates.
Moreover, central delamination leads to a larger increase in the 1%-order modal
damping ratio.

Small frequency shifts are observed in delaminated composites plates with increasing
delamination percentage, with the central delamination exhibiting greater shifts. This
phenomenon also indicates that delamination causes a reduction in the structural
stiffness.

The locality of delamination can appear by high frequency excitation. If its
wavelength is shorter than delamination size, the wave is distorted when it passes
through delamination area. In time-domain responses, the strong amplitude leap
appears in delaminated area.

The contact stiffness has a slight effect in low frequency spectrum, where a smaller
contact stiffness leads to a larger frequency decrease. A significant influence in

delaminated area appears under high frequency excitation.
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Nomenclature
/g

AU

U

l//material

AU

material

e
oy

C

contact

G

contact

TCO ntact

7/ contact

gmatrix

@,

Total specific damping capacity
Energy dissipation in a cycle

Total conservative energy in a cycle
Material specific damping capacity

Material energy dissipation

h
Stress vector of the k' element

Material damping capacity matrix
) h
Strain vector and volume of the k' element
th
Volume of the K" element
Total amount of elements

Normal load
Tangential load

Frictional force
Friction coefficient

Micro slip in stick stage
Normal contact stiffness

Tangential contact stiffness

Static friction equivalent tangential viscous
damping coefficient

Static friction equivalent tangential contact
modulus

Interfacial tangential stress caused by static
friction

Interfacial tangential strain caused by static
friction

Damping ratio of matrix material

th
'™ order modal frequency

Maximum micro-slip deformation in the static
friction
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h Thickness of deforming contact layer

AU et p Energy dissipation of a contact pair in a cycle
Sy Half of macro slip deformation in sliding phase
AU et Total contact energy dissipation
A Delaminated area
W contact Contact specific damping capacity
g Damping ratio
p Pressure
Nover Overclosure
K Penalty stiffness
c° Stress vector of element
a‘ Displacement vector of element
Q Constitutive matrix
B Strain matrix of element
S Stress matrix of element
Eontact Elastic modulus of contact material
V contact Poisson's ratio of contact material
g Normal contact damping coefficient in FEM
software
fon Normal damping force of contact mode
A Node area
Ven Relative normal speed of contact node
3, Tangential contact damping coefficient
A Vibration amplitude
@y Circular frequency of damped structure
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Table and Figure Captions:

Fig. 1. Mechanism of modified Kelvin viscoelastic static friction with sliding phase.

Fig. 2. Hysteresis loops (===: Kelvin viscoelastic static friction; ==: modified Kelvin

viscoelastic static friction with sliding phase)

Fig. 3. Pressure-overclosure relationship in penalty method.

Fig. 4. Equivalent node overclosure quoted from deformation of contact layer.

Fig. 5. Solving procedure combined with FEM.

Fig. 6. Schematic diagram of (a) specimen geometry and (b) experimental setup of the procedure.

Fig. 7. Experimentally measured 1%-order frequency-dependent damping ratio for unidirectional laminates.

(==: Fitting, m: Exp.; Color pictures in e-edition, same thereinafter)

Fig. 8. Measured and fitted 1-order frequency-dependent damping ratio for cross-ply laminated plates.

Fig. 9. Experiment (Exp.) and theoretical (The.) results of 1st-order damping ratio for delaminated composite

plates: (a) Offset delaminated samples, (b) Central delaminated samples.

Fig. 10. Calculated and measured free decay time-domain responses of delaminated composite plates: (a)

Offset delaminated samples, (b) Central delaminated samples (m===: Del.; =: Intact)

Fig. 11 Calculated and measured frequency-domain responses of delaminated composite plates (Calculated

by Steady-state dynamics, Direct): (a) Offset delaminated samples, (b) Central delaminated samples.

Fig. 12. Calculated frequency-domain responses of 44.4% delaminated composite plates with different K .

Fig. 13. Calculated time-domain responses of 44.4% offset delaminated plate and corresponding intact plate

excited by one-cycle 100 kHz sine wave.

Table 1 Properties of different dry friction models.

Table 2 Material properties of T300/7901 Carbon/Epoxy composite material used in FEM simulation.
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Table 3 Calculated vibration shapes of 44.4% offset delaminated plate and corresponding intact plate excited

by one-cycle 100kHz sine wave.

—
—

i

Fig. 1. Mechanism of modified Kelvin viscoelastic static friction with sliding phase

Stress

0.0
Macro slip
Fig. 2. Hysteresis loops (==: Kelvin viscoelastic static friction; ==: modified Kelvin
viscoelastic static friction with sliding phase)
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Open:
hover < 0,[) =0

Upper surface Contact:

hover>0,p>0

Critical state:
hover =0, = 0

Lower surface

Fig. 3. Pressure-overclosure relationship in penalty method.

Upper elemen

contactyh/

layel‘ h/ losul'e = hover

Lower elemen

Fig. 4. Equivalent node overclosure quoted from deformation of contact layer.

DYNAMIC. IMPLICIT
without Damping:
Calculate 1* modal

Start

\ 4 v
Input: damping Output: STRESS, Output: CPRESS,
components STRAIN CSLIP

tatic-sliding
-integrated friction

Calculate 1% modal
material damping

v

Calculate 1* modal
contact damping

v

Introduce material

DYNAMIC. IMPLICIT

Introduce contact

damping into FEM with damping: damping into
as Rayleigh calculate dynamic FEM as interface
damping response viscous damping

v
End

Fig. 5. Solving procedure combined with FEM.
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Fig. 6. Schematic diagram of (a) specimen geometry and (b) experimental setup of the procedure.
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Fig. 7. Experimentally measured 1%-order frequency-dependent damping ratio for unidirectional laminates.
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Fig. 8. Measured and fitted 1%-order frequency-dependent damping ratio for cross-ply laminated plates.
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Fig. 9. Experiment (Exp.) and theoretical (The.) results of 1st-order damping ratio for delaminated

composite plates: (a) Offset delaminated samples, (b) Central delaminated samples.
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Fig. 10. Calculated and measured free decay time-domain responses of delaminated composite plates: (a)

Offset delaminated samples, (b) Central delaminated samples (mm==: Del.; =m: Intact)
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Fig. 11 Calculated and measured frequency-domain responses of delaminated composite plates (Calculated

by Steady-state dynamics, Direct): (a) Offset delaminated samples, (b) Central delaminated samples.
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Fig. 12. Calculated frequency-domain responses of 44.4% delaminated composite plates with different K .
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Fig. 13. Calculated time-domain responses of 44.4% offset delaminated plate and corresponding intact

plate excited by one-cycle 100 kHz sine wave.
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Table 1 Properties of different dry friction models.

Dry friction model Mechanism F; -S relationship Hysteresis loop
.
Classical Coulomb I fo {IUFN » Fr 2 by, o}
- T .
friction model 12 e F.,s. =0, F <uF; :
Py, 1 i
. — > -
.E.lastlc Coulomb A Y e Po { P71 SN S 7] SN o -
friction model [1%- 11, 13] kw:: Ki oS, =F, B < uFy; :
)
Fr. 1Fy ;
Viscous Coulomb |_.°°Lm0_fT o HFy, |Ccontactsc| > uky; :.:.-
. = T . . )
friction model (¢! by o= Ccontact Sc' |Ccontact Sc| <u I:N ,

,’*

Table 2 Material properties of T300/7901 Carbon/Epoxy composite material used in FEM simulation.

Mechanical parameters

Specific damping components

E,, (GPa) 130.0
E,, & E;; (GPa) 7.64
G, &G, (GPa) 3.7

G,; (GPa) 3.0

Vi, &V, 0.32
Vys 0.45
£ (kg/m3) 1690

S

§22 & 533

512 & 513

2

é:le & §v13

§v23

2.318x10°+1.559 x10*(In(f, )
7.867 x10™* +7.065x107*(1n ( ff‘.order)
-5.003x10°° +2.418x101In(f,,_ )
S
2
0
0
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Table 3 Calculated vibration shapes of 44.4% offset delaminated plate and corresponding intact plate

excited by one-cycle 100kHz sine wave.

z
Time /s Intact plate Offset delaminated plate I
X
2><10-5 I \ !Ai - 0.1
N T N W E
~
C
4X10_5~ x 2 T e — h/\l/\h__ g 0
- e’ 7]
S
2
Bx107° oy ——— /_—/\ (=)

I
(i
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