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Abstract:Composite honeycomb sandwich structure is widely used in aircraft wing leading edge,

rudder surface, engine fairing, etc. It is susceptible to strong aerodynamic noise and impact loads

from birds, hails and stones. Therefore, it is essential to evaluate the life of structure with sound

and collision load. In this paper, an acoustic fatigue life evaluation method based on vibro-acoustic

coupling with impact damage is proposed. A representative composite honeycomb sandwich

structure is built up to implement the proposed method. Firstly, the low-velocity impact process is

simulated by the finite element (FE) method. This analysis case is used to get the structure with

damage and material degradation. Secondly, the FE model is linked with the acoustic indirect

boundary element (BE) model. A white Gaussian noise load is applied to the coupled FE/indirect

BE model, and the power spectra density (PSD) curve of the structural dangerous point is obtained

by modal based vibro-acoustic coupling response case and random post-processing analysis case.

At last, the fatigue life of the honeycomb structure is computed by the PSD theory. The result

shows that with the increase of the impact energy, the structural life under the same acoustic load

decreases. This method reveals high computational efficiency and excellent feasibility. The

analytical result has reference value for the acoustic and mechanical properties design of

composite honeycomb sandwich structure.
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1. Introduction

Honeycomb structure [1] has advantages as a special composite material, such as light weight,

fatigue resistance, high strength, high rigidity and strong heat resistance. So, it has been widely

used in aircraft rudder surface, engine fairing, wing tip, floor and interior, etc. The aircraft has

been in a strong noise environment during take-off, landing and flight. Long-term high-intensity

noise excitation leads to dynamic response and then acoustic fatigue will occur in the structure[2-3].

During the flight, the aircraft is vulnerable to impact loads such as bird strikes, hail, gravel

impact, etc. The honeycomb sandwich panel made of composite material is very sensitive to

impact loads and its mechanical performance will change a lot under impact. After the low-

velocity impact, it is difficult to see the damage defects only on the surface of the laminate without

the aid of the inspection tool. However, complex damages are generated in the interior of the

laminate such as fiber breakage, matrix fracture and delamination. These internal damages

seriously degrade the structural properties of the laminate and the strength can be reduced by 35%-

40%. The reduction in strength will definitely affect the acoustic fatigue life of the structure.

At present, the methods of calculating acoustic fatigue life are mainly divided into two

methods: time domain method and frequency domain method. The main method in the time

domain is the rain flow counting method [4-6]. This method requires loop counting and the amount

of data processing is very large. Therefore, the current mainstream method is the random vibration

fatigue life assessment based on the stress probability density function and the power spectral

density method[7-8] in the frequency domain[9]. The frequency domain method can overcome this

shortcoming. Therefore, random vibration fatigue life assessment method in frequency domain is

popular which is based on the stress probability density function and the power spectral density

method. In the meanwhile, research on the low-velocity impact of composite materials has

gradually matured. Through the simulation by finite element software and the experiment

verification, the damage results of the structures with different materials and different layers after

low-velocity impact can be obtained. However, no research has been conducted on the acoustic

fatigue life of structures subjected to impact loads.

Aiming at this problem, this paper firstly obtains the stiffness degradation of the structure and

the deformed model by performing low-velocity impact simulation[13-14] on the honeycomb

sandwich structure. Then, the acoustic-vibration coupling[10-12] analysis of the honeycomb

sandwich panel is conducted under strong noise load. At last, the acoustic fatigue life can be

predicted by the power spectral density method.

2. Theoretical considerations

2.1 Hashin criterion & Stiffness degradation criterion

If the influence of the inter layer stress is neglected, the damage of the monolayer is

determined by the two-dimensional Hashin criterion, which can be described as followed:
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Where, Xt is the longitudinal tensile strength of a monolayer, Xc is the longitudinal

compressive strength of a monolayer, S12 is the shear strength of the monolayer 1-2 direction.

The material stiffness will be reduced when the failure mode of the above equation is

satisfied. According to Reifsnider K.L[15], if a point fails, the material stiffness reduction is only

limited to the vicinity of this point. The degradation model in this paper uses the Camanho

degradation model.

Assuming that a kind of damage can occur in a element, it is necessary to calculate

cumulative damage, such as matrix and fiber tensile failure. However, if the matrix or fiber is

subjected to tensile failure, the compression failure cannot occur at same elements. If elements

have multiple failure modes at the same time, the corresponding degradation parameters are

accumulated. The specific methods for material degradation are as follows:

Matrix tensile or shear cracking:

1212121222 15.022.02.0   ，， GGEE (5)

Matrix compression or shear cracking：

1212121222 15.04.04.0   ，， GGEE (6)

Fiber tensile fracture：

12121212221 07.007.007.0107.0   ，，， GGEEEE (7)

Fiber compression fracture：
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12121212221 14.014.014.0114.0   ，，， GGEEEE (8)

Matrix stretching or shear cracking and fiber tensile fracture occur：

12121212221 15.022.02.0107.0   ，，， GGEEEE (9)

Matrix compression or shear cracking and fiber compression cracking occur：

12121212221 15.04.04.0114.0   ，，， GGEEEE (10)

Where Ei, υij, Gij is the current material parameters of the monolayer. E’i, υ’ij, G’ij is the

material parameter of the degradation of the monolayer after failure.

2.2 Metal material constitutive relationship & Failure mode

The plastic properties of the metal material is defined by the Johnson-Cook constitutive:
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Table 1 Nomenclature & Unit

Name Unit

σ Stress MPa

A Initial yield stress at reference temperature Mpa

B Strain hardening coefficient at reference temperature Mpa

C Strain rate sensitivity index -

n Strain hardening index at reference temperature -
pl Plastic strain -
pl Plastic strain rate -

0 Reference strain rate. -

m Thermal softening index at reference temperature -

T Current temperature K

Tr Reference temperature K

Tm Melting temperature K

Damage determination uses maximum failure plastic strain:
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Where d1-d5 are failure parameters and p is the three-dimensional average stress and σe is the

Von-Mises equivalent stress.
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In the above equations, the first bracket indicates that the strain at break decreases as the

hydrostatic tension increases, the second bracket indicates the effect of strain rate, the third bracket

indicates the effect of temperature.

2.3 Vibro-acoustic coupling

A coupling coefficient c can be used to determine whether coupling is needed:
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Where, ρ0 is the density of the fluid, c is the flow velocity of the sound in the fluid, ρt is the

density of the structure, T is the equivalent thickness of the structure, ω is the angular frequency.

While 1c , vibro-acoustic coupling analysis needs to be done. While 1c , coupling

condition could be neglected.

The coupling equation is:
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Where, Ks, Cs, Ms, Dij is the stiffness matrix, damping matrix, mass matrix and coefficient

matrix of the structure respectively. ui is the displacement of each node. μi1 is the sound pressure

difference between two sides of the mesh which sound field and structure is coupling, μi2 is the

sound pressure difference between two sides of the mesh which sound field and structure is not

coupling. Fs is the external force loading on the structure (excluding the sound pressure load). Fa1

is the sound pressure loading on the sound field-structure coupled mesh, Fa2 is the sound pressure

loading on the uncoupled mesh of the sound field. Lc is the coupling matrix.

2.4 Random acoustic

As for a random process, the PSD matrix SXX of the input load and the PSD matrix SYY of the

output response can be described by the transfer function matrix H:

T
XXYY HSHS  (15)

The input load SXX can be decomposied while principal component analysis via SVD

decomposition or Schur decomposition:

T
qqXX
~~ XSXS  (16)

Where, X~ is a matrix determined by each element named principal component. Sqq is a

cross-spectral matrix of a random participation factor q. It can be obtained by equation (15,16) .
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T
qq

TT~~ YSYHXSXHS qqYY
  (17)

In general, structural responses can be represented by modal superposition:

ΦpY ~ (18)

Where, Φ is the modal stress vector. p is the modal random participation factor.

Therefore, it can be written as:

T
pp

TT
qq ΦSΦΦpSpΦSYY

  (19)

T
qq

*
pp pSpS  (20)

2.5 Power spectral density method

The cross-power spectrum curves of each node of the structure are obtained by numerical

calculation. The PSD curve of the dangerous point can be obtained by superposition of stationary

stochastic processes. And it can be used as an input to calculate the life of acoustic fatigue by

power spectral density method.

Acoustic fatigue life can be expressed by equation (21).
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Where, T is the life of structural acoustic fatigue, b and C are the material constants of S-N

curve, E(MT) is the average incidence of stress cycles per unit time, P(s) is the probability density

function of stress, s is stress.

S-N curve can be fitted as a power function:

bNC s (22)

S-N curve used here has a range of 102-106 cycles.

If the random process is a narrowband random process, E(MT) is zero crossing rate E(0). If it

is a wideband random process, E(MT) is the peak occurrence rate E(p), as shown in equation (23).

0

2)0(
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mn is the nth order inertia moment of the stress power spectral density.

dffGfm n
n )( (24)

Where, f is the frequency and G(f) is the stress power spectral density function of the

dangerous point. The relationship between the acceleration power spectral density function Gg(f)

and the stress power spectral density function can be expressed as:
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Where, H is related to the material and structure form and the position of the action reference

and the response points. H can be expressed approximately by equation (26).

A
H 
 (26)

Where, σ is the stress at the response point, A is the displacement at the point of action.

In order to determine whether a stationary random process belongs to a wideband process or

a narrowband process, an irregular factor is introduced:
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While the irregularity factor is close to 0, the stationary stochastic process can be described

as a broadband random process. While the irregular factor is close to 1, it can be described as a

narrowband process.

If the random stress process is a narrowband process, the probability density function

satisfies Rayleigh distribution which is:
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The probability density function of a broadband random process is a kind of distribution

between Gauss distribution and Rayleigh distribution. It can be described as Dirlik[8] equation

which obtained by Monte Carlo method. It is a semi-empirical equation with good precision.

3. Numerical simulation

3.1 Technical route

The technical route of random vibration acoustic fatigue life assessment used in this paper is

shown in Figure 1.
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Figure 1 Technical road map

Firstly, the low-velocity impact simulation is carried out by finite element software. The

stiffness degradation model of the composite material and the geometric structure after

deformation of the material are obtained by Hashin failure criterion. Secondly, the structure should

be used the modal analysis and extracted sound field on the surface of the structure in order to get

boundary element mesh. Thirdly, the principal component analysis[16] is applied to the input

acoustic load in order to reduce the amount of calculation in the subsequent calculation process.

Fourthly, use vibro-acoustic coupling analysis[17]. Apply modal superposition method for modal-

based random sound field post-processing. So that the PSD curve of the dangerous point can be

obtained. Fifthly, select the appropriate probability density function by the value of the irregularity

factor. Combine S-N curve of the material to get the acoustic fatigue life of the structure.

In this paper, the damaged structures under different impact energy are obtained by different

initial velocity. Then the acoustic fatigue life of the structures under the same sound pressure level

is calculated.

3.2 Modeling

The overall size of the honeycomb sandwich structure is 300mm×207.846mm×20.6mm.

Upper and lower panels are 0.3mm thick. The honeycomb core height is 20mm, regular hexagonal

honeycomb structure side length L=15mm, wall thickness t=0.06mm. Punch is modeled by

analytical rigid body with a radius of 15mm and a mass of 100g. The geometric model is shown in

Figure 2. The detail of the honeycomb structure is shown in Figure 3.
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Figure 2 Geometric model Figure 3 The detail of the honeycomb

While acoustic software Virtual.lab Acoustic is used to simulate, the size of the mesh should

be consistent. Encryption of the local mesh can not improve the accuracy because the calculation

accuracy of the fluid model is controlled by most elements.

If the highest frequency maxf is known, all elements length L should satisfy:

max6 f
cL  (29)

However, in the structural analysis, the mesh should be refined in places where the stress and

displacement gradients are large, or in the vicinity of the sound source, the sharp corners, the

holes, etc.

The honeycomb sandwich structure is divided into the upper and lower panels and an

intermediate honeycomb core. The upper and lower panels are made of E-Glass/epoxy composite

material. The honeycomb cores are all made of LY12CZ aluminum alloy. The composite

properties and ply information are shown in Table 2. The properties of LY12CZ are shown in

Table 3. The properties of the air material are shown in Table 4. Due to the low-velocity impact,

the influence of temperature on the material can be neglected for the Johnson-Cook constitutive

used in aluminum alloy materials.

Table 2 E-Glass/epoxy composite material

Name Value

Density:ρ 1.5×103kg/m3

Ply information
Monolayer thickness 0.125mm

Lap angle [0/90]s

Monolayer
material properties

E11 42GPa

E22 11.3GPa

υ12 0.3

G12 4.5GPa

Monolayer
strength parameter

XT 900MPa

XC 900MPa

YT 50MPa

YC 140MPa

S12 72MPa

Fatigue parameter: C 1.87732×1010



10

b 1.98216

Table 3 LY12CZ material

Name Value

Density: ρ 2.7×103kg/m3

Elastic parameter
Young's modulus: E 70GPa

Poisson's ratio: υ 0.3

Plasticity parameter

Initial yield stress at reference
temperature: A 324MPa

Strain hardening coefficient: B 114MPa

Strain rate sensitivity index: C 0.0026

Strain hardening index: n 0.42

Quasi-static reference strain rate 0 1

Plastic failure parameter

No.1 fracture parameter: d1 -0.77

No.2 fracture parameter: d2 1.45

No.3 fracture parameter: d3 0.47

No.4 fracture parameter: d4 0

No.5 fracture parameter: d5 0

Fatigue parameter
Fatigue parameter: C 3.0218×1019

Fatigue parameter: b 6.447

Table 4 Air material

Name Value
Sound velocity: c 340m/s

Density: ρ 1.225kg/m3

The load is 163 dB Gaussian white noise applied on the band range of 10-2500 Hz which step

size is 10 Hz. The PSD curve can be obtained by the equation (30) and applied as a load on the

acoustic mesh surface of the entire model. The acoustic mesh is a two-dimensional boundary

element mesh extracted from the surface of the structure. The honeycomb sandwich structure is

modeled by the shell element, so the mesh of the acoustic and the structure is consistent. Reference

sound pressure p0 = 2 × 10 -5 Pa.

2
10

0

pdB 10 log ( )
p

  (30)
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4. Results and discussion

4.1 Impact simulated results

With low-velocity impact of different velocities, the stress & deformation cloud diagram is

shown in Figure4. In order to display the stress level and deformation of the impact point well, the

resulting cloud image only shows 1/4 of the structure.

5m/s 10m/s

15m/s 20m/s

Figure 4 Stress cloud diagram of structures at different impact velocities

It can be clearly seen that as the impact energy increases, the deformation becomes more and

more serious. Honeycomb sandwich made of aluminum alloy has been damaged at an impact

velocity of 20 m/s.

The damage of the panel is determined by Hashin criterion which can be divided into 6

damage modes are shown in Section 2.1. Figure 6 shows the damage cloud of each layer panel

when the impact velocity is 20m/s. The red area indicates that the structure is damaged, the blue

color indicates that the structure has not received damage. The ply of panel is named as shown in

Figure 5.

Figure 5 Lamination naming rules

Layer-1 Layer-2 Layer-3 Layer-4
Matrix stretching or shear cracking and fiber tensile fracture occur
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Figure 6 Damage cloud map of each layer under different damage modes

With an impact velocity of 20 m/s, there are only four failure modes in the honeycomb

sandwich structure: simultaneous tensile failure of the matrix and fibers, fiber tensile failure,

matrix tensile failure and the matrix compression failure. In the area affected by the impact, the

main performance is the simultaneous failure of the fiber and matrix, the cross-shaped area

centered on the impact point, the main failure mode is the matrix tensile failure, the direction of

the failure is perpendicular to the fiber layup direction.

4.2 Acoustic simulation results

4.2.1 Modal analysis

Boundary conditions used in the modal analysis are four-sided clamped. The modal and

natural frequencies are inherent properties of the structure. Each natural frequency corresponds to

a modality. While the frequency of the external excitation load is close to the natural frequency of

a certain order of the structure, the result will produce a corresponding deformation. Since the

structure only has different impact energies, the low-order modes of each model have similarities.

Only the first three-order modes with an impact velocity of 20m/s and the natural frequencies are

given.

1840.0Hz 2142.4Hz 2299.9Hz

First order mode Second order mode Third-order mode

Figure 7 First third mode

4.2.2 Principal component analysis

Principal component analysis is performed on the PSD matrix of the input load by using

Schur decomposition with a truncation error of 0.0001. The input power spectral density load can

Layer-1 Layer-2 Layer-3 Layer-4
Fiber tensile failure

Layer-1 Layer-2 Layer-3 Layer-4
Matrix tensile failure

Layer-1 Layer-2 Layer-3 Layer-4

Matrix compression failure
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be extracted as the 53 order principal component. Figure 8 is the main component number

increasing with frequency.

Figure 8 Number of principal components - frequency map

Since the influence of the first few principal components is great, only the auto

powerspectrum curve of the first five principal components is shown in Figure 9.

Figure 9 Auto power spectral density curve of the first five orders of principal components

As can be seen from Figure 9, the first-order principal component has a very significant

contribution at low and intermediate frequency and is slightly low at high frequency. The

remaining main components are lower in the low frequency and have a larger contribution in the

middle frequency band.

4.2.3 Acoustic vibration coupling analysis

According to the modal-based acoustic-vibration coupling analysis, the response of the

structure at each frequency can be obtained. Figure 10 shows the impact velocity of 20m/s, the

displacement cloud map of the first three natural frequency under the first-order principal

component. The cloud image shows only 1/4 of the structure.
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1840.0Hz 2142.4Hz 2299.9Hz

Figure 10 Displacement cloud map of the first three natural frequencies under the first-order

principal component

Since the structure is fixed on four sides and is impacted at the center, the portion with a large

displacement is located at the center of the plate. The displacement gradually decreases toward the

edge of the plate. The low-order mode contributes a lot to the displacement. It can be easily seen

that the displacement of the first-order natural frequency is about 100 times lager than the second-

order or third-order.

4.2.4 PSD curve

The PSD curve of the dangerous point with the impact velocity of 20m/s is obtained by

numerical analysis. Due to the different materials, the PSD curves of the dangerous points of the

panel and the honeycomb are respectively shown in Figure 11, 12.

Figure 11 PSD curve of dangerous point on the panel

Figure 12 PSD curve of dangerous point on the honeycomb
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The PSD curve of the panel and the honeycomb has the same trend. The PSD curve peak

value of the panel dangerous point is 721.44Pa2/Hz, while the honeycomb is 455.59Pa2/Hz. The

peak appears at the first-order natural frequency. The PSD curve shows small jitters in the natural

frequencies of the remaining steps. It can be seen that the first-order natural frequency of the

structure play an important role in the acoustic lifetime.

4.3 Acoustic fatigue life

4.3.1 Acoustic fatigue life

Table 5 and Figure 13 show the structural acoustic fatigue life at different impact velocities

under 163dB white noise loading.

Table 5 Lifetime at different velocities

Impact

velocity(m/s)

Impact energy(J) Panel life(cycle) Honeycomb life(cycle)

0 0 1616.451 36.410

5 1.25 1605.813 35.940

10 5 1587.377 34.552

15 11.25 1096.320 11.266

20 20 267.552 8.087

Panel life Honeycomb life

Figure 13 Lifetime
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Because the panel is made by composite material and the thickness is greater than the wall

thickness of the honeycomb, the life of the dangerous point on the panel is much longer than the

honeycomb. But the trend of the panel and the honeycomb is the same. While the impact velocity

is low, the influence on the acoustic fatigue life is very small. But when the impact velocity

exceeds 10 m/s, the acoustic fatigue life of the structure falls off. It can be seen that impact

damage has a very serious effect on the life of the structure.

4.3.2 Acoustic fatigue life of structures under different noise loads

In order to determine if the conclusions above are applicable under different load conditions,

the structural fatigue life at different loads of 154 dB-163 dB with increments of 3 dB is given

below. Table 6, 7 and Figure 14 show the acoustic fatigue life of the structure under different

sound loads and different impact velocities.The units not marked in the table are cycles

Table 6 Lifetime of panel under different velocities and different sound loads

Panel 0m/s 5m/s 10m/s 15m/s 20m/s

157dB 160123.579 160087.364 158421.148 123213.215 28915.124

160dB 17220.584 16989.294 16624.487 11842.218 3000.235

163dB 1616.451 1605.813 1587.377 1096.320 267.552

Table 7 Lifetime of honeycomb under different velocities and different sound loads

Honeycomb 0m/s 5m/s 10m/s 15m/s 20m/s

157dB 3710.125 3615.025 3582.215 1200.541 799.254

160dB 371.021 355.992 350.225 108.589 82.104

163dB 36.410 35.940 34.552 11.266 8.087

Panel life Honeycomb life

Figure 14 Life table in logarithmic coordinate system
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It can be seen from Figure 14 that the life curves of structures under different acoustic loads

have similarities. The structural life decreases by an order of magnitude with every 3 dB increment

of noise load at the same impact velocity.

5. Conclusions & Outlook

(1) The acoustic fatigue life of the honeycomb sandwich structure is insensitive to low energy

impacts. While the impact energy exceeds 5J, the life span decreases greatly.

(2) With every 3 dB increment of acoustic load, the life of the honeycomb sandwich structure is

reduced by an order of magnitude.

(3) Using the power spectral density method to calculate the structural acoustic fatigue life, only

need to obtain the response power spectral density curve of the structure and give the

corresponding probability density function of the broadband and narrowband, then calculate the

acoustic fatigue life of various forms of random processes. It is easily to be complied.

In the future research, the acoustic fatigue life assessment method can be verified and

improved by combining the acoustic fatigue experiment. The relationship between honeycomb

sandwich structure and acoustic fatigue life of different sizes and different layers can be discussed.
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