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Abstract:  

Application of CFRP to the industrial field is expanding and acoustic emission testing (AT) is utilized 
for some applications. In this paper, possible problems that may cause when AE testing is applied to 
CFRP components with curved fibers are discussed based on the previous author’s paper about 
ultrasonic propagation in CFRPs.  It was concluded that the AE amplitude has a potential to be highly 
affected by the location of AE sensors on the components.   It is also noted that general AE source 
location algorithm cannot be applied for this kind of materials in some cases since shortest path from 
AE source to AE sensor are varied with the position on the components 

1. Introduction 

Carbon fiber reinforced plastics (CFRP) are widely used for structural components in 
industrial fields.  Acoustic emission testing (AT) is sometimes used for structural health 
assessment of CFRP components together with other inspection methods.  As CFRP is 
anisotropic material, AE propagation behavior is different from that in isotropic material.   
Figure 1 shows propagation direction of phase velocities and group velocities of AE in 
CFRPs when AE propagates as bulk waves.   Relationship between phase velocities and 
group velocities of bulk wave can be found in the basic acoustic textbook, such as reference 
1.   Rhee et al. [2] reported that this relationship could be applied for lamb waves when Fd 

(Frequency×Thickness) value is less than 0.7 for S0-mode, and between 0.2-0.7 for A0-

mode. The authors investigated amplitude of Lamb wave AE that propagates in CFRP 
according to this relationship [3].    

 

Figure 1  Propagation direction of phase velocities and group velocities in CFRPs.  Dotted arrow 
shows phase velocities direction, Solid arrow shows group velocities direction 
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Figure 2 shows normalized amplitude distributions of Lamb wave AE generated with dipole 
source in Cross-ply CFRP [0/90]2s  with Fd=0.64 for S0-mode and =0.32 for A0-mode.   Material 
properties used for the calculation are shown in Table 1.  As shown in the figures, amplitudes 
of Lamb wave AE highly change with propagation direction and this phenomenon is different 
from that in isotropic materials. 

 

Figure 2 Relationship between normalized amplitude and propagation direction of Lamb wave AE in 

cross-ply CFRP generated with dipole source.  (Left: Fd=0.64 for S0-mode,Right: Fd =0.32 for A0-

mode)[3] 

 
Table 1 Stiffness Matrix used for calculating amplitude distributions 

 C11 C22 C33 C23,C32 C31,C13 C12,C21 C44 C55,C66 

IM7/977-3 178.2 14.44 14.44 8.119 8.347 8.347 3.161 6.1 

T300/914 143.8 13.3 13.3 6.5 6.2 6.2 3.6 5.7 

T700GC/M21 123.44 11.54 11.54 6.35 5.55 5.55 2.6 4.6 

Unit: GPa 

On the other hand, there are curved structures made of CFRPs as shown in Figure 3.   There 
are several published papers discussing elastic wave propagation behavior in CFRP with 
curved fibers [4-6].  However, these studies focused on guided waves and the CFRP 
specimens are curved with curvature of structures.  Then the elastic waves are affected not 
only by curved fibers but also by curved boundaries of structures.   The authors investigated 
elastic wave behavior of thick CFRP with curved fiber by both the numerical analysis and by 
the experiment [7].   In this paper, the results from reference 7 are introduced and the effects 
for the AE testing are discussed. 

 

Figure 3 Thick CFRP component with curved carbon fibers 

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0 10 20 30 40 50 60 70 80 90

N
o

rm
al

iz
ed

 
am

p
lit

ud
e

Propagation direction [deg]

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0 10 20 30 40 50 60 70 80 90

N
o

rm
al

iz
ed

 
am

p
lit

ud
e

Propagation direction [deg]

AE sensor

AE

？？



 

 

3 

 

2. Numerical simulation in reference 7 

In the reference 7, 2D analyses of bulk elastic wave propagation in CFRP with curved fibers 
were conducted using the finite difference method.  A plane strain condition was assumed.  

The numerical simulations were performed in the cylindrical (r-θ) coordinate system to 

incorporate the curvature of the principal axis.  The fiber direction is correspond with theθ-

axis of the cylindrical coordinate system.   Figure 4 shows the analysis model.  r1, r2, △r, △

θ in the figure are 0.1[m], 1[m], 1.75×10-3[m] and 1.75×10-3[rad] respectively.  Figure 5 

shows description of AE source used for the simulation.  Detailed condition of the simulation 
is shown in reference 7. 

 

Figure 4 Analysis model of elastic wave in the cylindrical coordinate system [7] 

 

 

Figure 5  Discription the quasi-point source of sound [7] 

3. Amplitude of AE 

Figure 6 and 7 shows simulation result from reference 7.  The figures show the absolute 
value of displacement in color.  Figure 6 shows results for isotropic aluminum specimen and 
7 for CFRP with curved fibers which explained in chapter 2.  Direction of continuous fibers 
are shown in the figure.  In the original our paper, only the wave propagation was focused 
and acoustic emission issue was not taken into account.   Then, in this paper, we assume 
the point sources in the figures as the source of AE and discuss the amplitude dependence 
to the location of AE sensors.    
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As shown in the figure 6, when the material is isotropic aluminum, AE propagate 
concentrically from the source.  As a result, when the AE is detected by AE sensors, AE 
amplitude (dBAE) is same when the distance between the source and AE sensor is constant. 

   

 
(a) 8000 steps, 26.6 μs       (b)  18000 steps, 59.8 μs 

Figure 6 The result of the numerical simulation for aluminum. The point sound source was applied at 
the center of the model [7] 

 

On the other hand, as shown in Fig. 7, when the material is CFRP with curved fibers, AE 

generated from the source propagates under the influence of the curved fiber and does not 

propagate concentrically.  Though, AE amplitude detected by AE sensor highly influenced by 

the location of AE sensor.   

 
(a) 8000 steps, 26.6 μs       (b) 18000 steps, 59.8 μs 

Figure 7 The result of the numerical simulation for CFRP, T700GC/M21. The point sound source was 
applied at the center of the model [7] 
 

When the material is an isotropic material as shown in Fig. 6, the AE signal amplitude 

depends only by the magnitude of the damage at the source and the distance from the 

source to the AE sensor, so the AE signal amplitude is used as an important AE parameter 

for evaluating scale of fractures at the source.  However, when the material is an anisotropic 

material as shown in Fig. 7, the AE signal amplitude varies greatly depending not only by the 
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propagation distance but also by the position of the AE sensor, so special caution must be 

taken when using the AE signal amplitude for evaluating the damage scale.  

 

It is also noted that, special care is required to detemine the location of AE sensor since AE 

is difficult to transmit in directions other than along the fibers.  For example, when 

considering a CFRP component having curved fibers with drilled hole as shown in Fig.8, it is 

reccomended to attache the AE sensor at position A or B rather than position C and D as AE 

propagates along fibers.  Such consideration is particularly necessary when the direction of 

the fiber does not follow the outer shape of the structure, and it is assumed that it will 

become more important issue in the future as the number of continious fiber CFRP products 

made with 3D printers increases [8]. 

Even the stacking sequence of CFRP components are quasi-isotropic, such as [0i/-

45i/90i/45i]sym., similar consideration may nesessary when the wavelengh of the AE is much 

smaller than the thickness of the components as AE propagates only the upper surface of 

the components. 

 

 

Figure 8 Suitable AE sensor locations (A and B) on CFRP with curved fibers 

 

4. Source location of AE 

Source location of AE is important issue for AE testing.  Even the fibers in CFRP are straight, 
special consideration is required for the accurate source location [9][10].  When the CFRP 
components includes curved fibers, propagation path for the minimum arrival time becomes 
not the straight line between AE source and AE sensors.  It makes difficult to conduct source 
location in such kind of the components. As in the previous chapter, consider a CFRP in 
which fibers are arranged concentrically around the origin. Figure 9 comes from reference 11 
from author’s research group and shows wave front of elastic waves when the waves are 
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generated not from the origin of the fibers.   AE sensor and path-A and –B in the figure are 
overwrapped with original figures.  In this paper, the source of the elastic waves (indicated as 
“Point source of sound” in the figure) is considered as the source of AE.   Dotted line in the 
figure shows shortest path of AE from the source of AE. 

When AE sensor is attached at the position in the figure and the material is isotropic, shortest 
path to arrive AE sensor is path-A in the figure.  In such case, it is easy to conduct the source 
location by traditional source location algorithm. However, in this case (material is CFRP with 
curved fibers), path-B becomes the shortest path for the AE.  Since the shortest path from 
the source to the AE sensor changes complicatedly depending on the combination of these 
two parameters, it is difficult to estimate the AE source accurately.   

 

Figure 9  Shortest path for the AE in the CFRP with curved fibers [11] 

5. Conclusion 

In this paper, based on the previous author’s paper of elastic wave propagation analysis in 
CFRP with curved fibers, we raised the potential problems when the AE testing is conducted 
for such kind of materials.  Followings are main possible problems for the AE testing. It may 
be required to solve these problems when we apply AE testing for CFRP with curved fibers 
adequately. 

1) AE signal amplitude depends not only by the magnitude of damage occurrence at the AE 
source but also by the positional relationship between the AE sensor and the source 

2) For an isotropic material, the shortest path that AE reaches from AE source to AE sensors 
is straight line connecting these two points, although, in a CFRP with curved fibers, shortest 
path becomes curved line and the pass changes in complicated manner by the position 
between the AE sensor and the AE source. Though, traditional source location algorism 
cannot be applied in this case. 
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