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ABSTRACT 

 
In recent years, advanced composites have been widely applied to the fields of aerospace engineering due 

to their advantages such as high specific strength, high specific stiffness and designed material properties.  

However, composite structures are vulnerable to external low-velocity impact which will lead to barely 

visible impact damages (BVID). If these damages can not be detected in time, the safety and reliability of 

the aircraft will be seriously threatened. So identification and estimation of the impact energy on the 

composite structure has a crucial significance for determining the damage state and predicting the 

remaining life. However, the anisotropy of composite and the structural complexity with stiffeners and ribs 

challenes the analyis of stress wave propagation charateristics. In this paper, the low-velocity impact on 

the stiffened composite structure with a piezoelectric sensor network was carried out by PCB hammer. 

Then the signal of stress wave caused by the impact were acquired by the Passive Impact Monitoring 

System. The propagation characteristic of stress wave in stiffened composite structure is studied through 

analysing the signal obtained by piezoelectric sensors. The purpose is to find the attenuation law of stress 

wave energy and provide some guidance for sensors layout and impact identification with higher reliability.  

 

 

 

1. Introduction 
 
Advanced composite materials have been widely used in aerospace engineering and other fields due to their 

advantages such as high specific strength, high specific stiffness and designed material properties[1]. 

However, composite materials have weak in anti-impact performance and are susceptible to suffer from 

external impact. For example, they may collide with birds, hail or runway stones in service and maintenance 

tools during the process of maintenance. These impact may lead to barely visible impact damages (BVID) 

including crack, delamination, matrix cracking and fiber breakage. If these damages cannot be detected in 

time, the bearing capacity of the composite structure will be reduced and the strength and stability will be 

degraded. In particular, sometimes the structure will be sudden failure. Thus, it is very important to monitor 

the impact events of composite structures in real-time and on line for improving the safety, reliability and 

service life of composite structures and decreasing the maintenance cost. 

 

The impact monitoring of composite structure is one of the hotspots in current study. The common principle 

of impact monitoring is described as follows. The signal of stress wave caused by impact on the structural 

face is received through piezoelectric sensor network bonded on the structure. Then the stress wave signal 

is dealed with signal processing techniques and specific algorithms to identify impact position and 

reconstruct the history of impact load. But because of the anisotropy of composite materials and the 

complexity of composite structures, the propagation characteristics of stress waves in stiffened composite 

structures become very complex, which poses certain challenges to the subsequent impact identification in 

the stiffened composite structure. Yang et al.[2] applied the finite element simulation method to study the  
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propagation characteristics of lamb wave in stiffened aluminum. The results show that the height and 

thickness of the stiffeners have a great influence on the attenuation characteristics of Lamb wave in 

stiffened aluminum. And the attenuation of Lamb wave parallel to the stiffeners is much greater than that 

perpendicular to stiffeners. Parga-Landa et al.[3] used the analytical model to simulate the propagation of 

stress wave by slamming impact on a theoretical solid laminate consisting of six E-glass woven roving  

layers and five polyester resin layers and studied the influence of mesh resolution, number of time steps 

and wave elimination criterium on the propagation of stress wave. Sun et al.[4] studied the effects of arc-

shaped interface shape on stress wave propagation and attenuation in the SiC/Al composite using finite 

element method. Kedar et al.[5] researched on stress wave attenuation during ballistic impact for three kinds 

of composite laminate consisting of different materials. Wang et al.[6] studied the attenuation of stress wave 

in the membranous material of multilayer quartz cloth and multilayer quartz cloth + polyester aluminum 

film by using the device of split Hopkenson pressure bar. At present, there are few studies on the 

propagation characteristics of stress waves in stiffened composite plates.  

 

In this paper, the signal of stress wave caused by impact on the stiffened composite structure is acquired 

real-time by using the system of passive impact monitoring. The propagation characteristics and attenuation 

characteristics of stress wave in stiffened composite structure are studied to find the laws about the 

directional difference of the attenuation characteristic of stress wave and the influence of stiffeners on the 

propagation characteristic of stress wave.  

 

2. Stress Wave Theory  

 
According to the interaction theory of stress waves, when the incident stress wave spreads from material 1 

to material 2, the incident stress wave produces the reflected wave and the transmitted wave at the interface 

between material 1 and material 2 (Fig.1(a) and (b)).  

 

      
Figure 1. (a) The incident stress wave                 (b) The reflected wave and transmitted wave 

 

The recapitulation of the most important concepts and formulas is given as follows[3, 4, 7]. 

The propagation velocity of the stress wave in material is defined as: 
 

= /C E                                                                               (1) 
 

where C  is the wave velocity in the material,  E  and   are the elasticity modulus and density, 

respectively. 

 

In this study, the attenuation rate is used to characterize the attenuation level of the stress wave when it 

propagates in the stiffened composite laminate. The attenuation rate of stress wave in the stiffened 

composite laminate was defined as  
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where  is the attenuation rate; 1 2  A and A  are the maximum amplitude at the node 1 and 2, respectively. 

 

3. Experiment 

 
3.1 Experimental Facility 

 
In this paper, a passive impact monitoring system for composite structure was used, and the experiment 

equipment is shown in the Fig.2. The impact monitoring system consists of a stiffened composite laminate, 

a PCB hammer, a sensor network constituted 25 piezoelectric sensors (the distance between each sensor is 

200mm), NI data acquisition card and a laboratory computer including the AIM software. The function of 

the PCB hammer is to impact the structure. The signal of stress wave caused by impact on the structure 

with the PCB hammer is acquired by sensor network and data acquisition card during the experiment 

process. The AIM software is used for building the geometric model of monitoring structure and setting up 

the parameters about the channel of sensor network, sampling frequency and sampling points. In this paper, 

the sampling frequency is 25KHz and the number of sampling point is 300. 

 

 
Figure 2.  The constitutional diagram of passive impact monitoring system 

 

3.2 The Experimental Specimen 

 
In this paper, a 1000mm*1000mm*4mm stiffened composite laminate was selected as the experimental 

object, as shown in the Fig.3. The size of T stiffener is 650mm*40mm*40mm and its thickness is 4mm. 

Furthermore, the material of the stiffener is the same as that of the laminate. That is to say, both are T300 

carbon fiber reinforced composite materials. And the layer of stiffened composite laminate is 
0 0[0 / 90 ]

k
 , 

k is 20. 

 



 

 
Figure 3.  The layout diagram of sensor network on the T300 stiffened composite laminate 

 

3.3 The Experiment Process 

 
To study the propagation characteristic and attenuation characteristic of stress wave in stiffened composite 

laminate, the stiffened composite laminate was fixed by clamp at the position shown in the Fig.4. Then the 

impact experiments were carried by using the PCB hammer to impact the impact point shown in the Fig.4. 

The specific position of impact point are shown in the Table 1. All the impact load were perpendicular to 

the surface of stiffened composite laminate and there were no obvious damages to the structure after impact. 

Moreover, the data was acquired by utilizing the passive impact monitoring system. Finally, the acquired 

data was processed with the software of MATLAB. Now the Fig.5 give the stress wave diagrams which 

are acquired by sensor 1,sensor 6,sensor 11,sensor 16 and sensor 21 when impact point A on the stiffened 

composite laminate were impacted respectively by PCB hammer with a rubber head and a steel head. 

 

 
Figure 4. The position schematic diagram of impact point  

 



 

Table 1. The position coordinates of sensors and impact points on the stiffened composite laminate 

Sensor 

number 
(x,y) 

Sensor 

number 
(x,y) 

Sensor 

number 
(x,y) 

Sensor 

number 
(x,y) 

1 (85,90) 8 (65,50) 15 (45,10) 22 (5,70) 

2 (85,70) 9 (65,30) 16 (25,90) 23 (5,50) 

3 (85,50) 10 (65,10) 17 (25,70) 24 (5,30) 

4 (85,30) 11 (45,90) 18 (25,50) 25 (5,10) 

5 (85,10) 12 (45,70) 19 (25,30) 
Impact 

point 
(x,y) 

6 (65,90) 13 (45,50) 20 (25,10) A (87,90) 

7 (65,70) 14 (45,30) 21 (5,90) B (87,70) 

 

 

 
            (a)   A PCB hammer with rubber head                      (b)   A PCB hammer with steel head 

Figure 5. The signal waveform which was caused by impacting the stiffened composite laminate 

with a PCB hammer. 

 

4. Results and Discussion 
 

The signal acquired by the passive impact monitoring system was processed to extract data feature using 

MATLAB to study the following content about stress wave: 1. the attenuation characteristics of stress wave 

in the stiffened composite laminate in different directions.  2. the influence of the stiffener on the attenuation 

characteristic of stress wave. 

 

4.1 The Attenuation Characteristic of Stress Wave in Different Directions 
 
Due to the anisotropy of composites, whether the attenuation of stress waves is related to the anisotropy of 

composites was presented. Now the signal acquired by the sensor groups in different directions under the 

impact with the same energy at the same position was analysed to study the attenuation characteristic of 

stress wave in stiffened composite plate. According to the position of sensors and impact points as shown 

in Fig.4, the impact event on the stiffened composite plate was carried out at the impact point A with a 

rubber head PCB hammer. Then two sets of signal data acquired by the y-direction sensor group composed 

of sensor 1, sensor 2, sensor 3 and sensor 4 and the x-direction sensor group composed of sensor 1, sensor 

6, sensor 11 and sensor 16 were selected to analyze. So the results of the different direction attenuation 

characteristic of stress wave are shown in the Fig.6. 



 

 
Figure 6. The attenuation characteristic of stress wave in y-direction and x-direction 

 

It can be seen from Fig.6 that the amplitude of stress wave decreases along with the distance increase. And 

according to the amplitude of y-direction sensors group and x-direction sensors group, it is known that most 

of the energy of the stress wave has attenuated within 20cm from the impact point. As to the directional 

difference of attenuation characteristic of the stress wave in the stiffened composite plate in the x-direction 

and y-direction still needs further study. 

 

4.2  The Influence of Stiffener on Attenuation Characteristic of Stress Wave 

 
It is known that the stiffened composite laminates are made by composite stiffener and composite laminates 

through the co-curing process. Although the strength of composite laminates can be strengthened by the 

stiffener, but it is more difficult to monitor the structure after the structure adding the stiffener. So in order 

to reasonably arrange the network and improve the identification accuracy of impact load, the influence of 

the stiffener on the attenuation characteristic of stress wave was studied by analyzing the two kinds of 

signals acquired by the specific sensors. One kind of signals caused by impact with a steel head PCB 

hammer under the condition that the stress wave pass through the stiffener. The other kind of signals caused 

by impact with the same steel head PCB hammer under the condition that the stress wave don’t pass through 
the stiffener. To obtain two kinds of signals, the impact point A and B on the stiffened composite laminate 

was impacted  four times with the steel head PCB hammer, respectively. Then two groups of signal data, 

namely the group without  stiffener composed of sensor 1 and sensor 6, and the group with stiffener 

composed of sensor 2 and sensor 7, were analysed. The amplitude attenuation rate in that two kind of 

condition was shown in the Fig.7. 



 

 
Figure 7. The amplitude attenuation rate of stress wave 

 

In the Fig.7 it is shown that the amplitude attenuation rate of stress wave passing through the stiffener is 

greater than that of fail to pass through the stiffener. And it is found that all the amplitude rate of stress 

wave is above 80% when the stress wave passed through the stiffener. That is to say, most of energy of the 

stress wave is loss after the stress wave passed through the stiffener. 

 

5. Conclusions   

 
A series of  impact experiments were carried out to investigate the propagation characteristics of stress 

wave caused by low-velocity impact on stiffened composite structure. The following conclusions are 

obtained. 

1. As the distance from impact point increases, the amplitude of stress wave in the stiffened composite 

laminate gradually decreases.  

2. Most of the energy of stress wave in the stiffened composite laminate is loss within 20cm from the impact 

point. 

3. The amplitude attenuation rate of stress wave which passed through the stiffener in the stiffened 

composite laminate is greater than that of stress wave which was fail to pass through the stiffener. 
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