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ABSTRACT  
 
Sandwich structures are frequently used in transport and civil infrastructure applications where high bending 
stiffness to weight ratio and excellent strength performance are required. One possible damage mode for 
sandwich components is moisture ingression creating pockets with liquid water or humid cores in the case of 
paper based honeycomb materials. Both variants may cause the sandwich structure to deteriorate and lose its 
stiffness and load carrying capacity. Different methods of non-destructive testing have been tried to detect and 
quantify moisture ingress. However, the development of a robust and simple measurement technique with the 
required sensitivity has not yet been achieved. This paper describes a non-destructive testing method using 
through-thickness resonant modes to detect moisture ingress into honeycomb sandwich structures by detecting 
changes in through-thickness resonant frequencies as a function of humidity levels. Results from analytical 
modelling, numerical simulation and experimental measurements show that there exists a downward 
relationship between resonant frequency and volume of moisture ingress. The major conclusion of the work is 
that the through-thickness resonant technique has the potential to be developed into a robust and simple 
measurement technique to detect and quantify moisture levels in sandwich structures.  
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INTRODUCTION  
 
Honeycomb sandwich structures are essential structural components in many engineering fields because of their 
high bending stiffness to weight and strength to weight ratio. Traditional designs are using aluminium 
honeycomb core adhesively bonded to aluminium or fibre-reinforced composite laminate face sheets. In the last 
decade materials with Nomex® honeycomb cores and carbon fibre-reinforced polymer skins have replaced the 
traditional materials for high-end applications in transport, sport and defence. Typical examples are the latest 
rotary wing platforms commencing service in the Australian Defence Force, The Tiger Armed Reconnaissance 
Helicopter (ARH) and the Multi-Role Helicopter 90 (MRH) with more than 55 w% of the aircrafts made from 
composite materials. 
 

 
Figure 1. Tiger ARH airframe construction materials (Defence Material Organisation 2008) 
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One possible damage mode for sandwich components is moisture ingression. In traditional designs this can 
result in the accumulation of liquid water in honeycomb cells, which can lead to corrosion damage of the core 
and/ or the face sheets or the weakening of the structural adhesive used to bond the face sheets to the aluminium 
core. For advanced Nomex® honeycomb-composite skin sandwich components it is an important issue as many 
of the polymers used in their manufacture are hydrophilic and consequently readily absorb moisture from their 
operating environment. (Cise 1997) (Kress 2001) In addition to the formation of pockets with liquid water, this 
may also result in humid cores in the case of paper based honeycomb materials. Both variants of moisture 
ingress have a negative effect on the basic material properties as well as the structural adhesives used to bond 
the face sheets to the core and the sandwich structure may lose its stiffness and load carrying capacity. (Crawley 
2006) (Ashcroft 2006) In addition, the moisture absorbed by the polymer based constituents of the composite 
material has an effect on the ability to repair the structure. (Bond 2004) 
 
With infrastructure applications using sandwich structures operating in a wide range of environments the ability 
to measure moisture ingress within a sandwich panel becomes an essential requirement for optimal 
infrastructure management. Different methods of non-destructive testing (NDT) have been developed to detect 
and quantify the volume of moisture ingression, e.g. (Geyer 1999) (Saarimaki 2008) (Hsu 2008) (Marble 2009). 
However the development of a robust and simple measurement technique with the required sensitivity has not 
yet been achieved. A NDT method with this ability would have immediate benefits in the operational safety, 
reliability and cost-effective management of a variety of critical, high value infrastructure components.  
 
This paper reports on the application of a through-thickness resonant technique to detect and quantify the 
volume of moisture ingression. The paper is structured as follows: The basic principle of the through-thickness 
resonant method is introduced in Section 2. Investigating the effect of liquid water on the thickness-resonance 
behaviour using finite element analysis (FEA) is discussed in Section 3. Experimental results for liquid water 
ingress as well as Nomex® cores at different humidity levels are presented in Section 4. Final conclusions are 
made in Section 5. 
 
THICKNESS-RESONANCE METHOD 
 
The principle of the thickness-resonance technique is to locally excite the through-thickness resonance condition 
of the honeycomb panel and to monitor changes in resonant frequency due to the presence of liquid water and/ 
or different humidity levels of the sandwich core. The basic methodology has previously been used in low 
frequency NDT applications to detect defects in structures, such as ‘membrane resonance’, ‘mechanical 
impedance’ and ‘velocimetric’ methods, which have been discussed in detail in (Cawley 1991), (Cawley 1988), 
(Cawley 1989) and (Nelson 2006).  
 
Figure 2 shows the mechanical model used to analyse the through-thickness vibration behaviour of the 
honeycomb sandwich panel.  

 
Figure 2. Honeycomb sandwich plate model (Nelson 2006) 

 
The axisymmetric model comprises two thin plates set apart by a distance H corresponding to the thickness of 
the core. The plates have radius R with clamped edges and the core is treated as an acoustic loading of one side 
of the plates supporting the propagation of a wave through the air in the honeycomb channels and the 
propagation of an elastic wave through the cell walls. A typical frequency response result is shown in Figure 3, 
which plots the displacement of the upper and lower skin plates at the point of loading as a function of 
excitation frequency. In the example the panel has 2 mm-thick carbon fibre-reinforced skins separated by a 10 
mm-thick Nomex® honeycomb core.  
 



 
Figure 3. Upper and lower skin displacement response at r = 0 as a function of excitation frequency; carbon 

fibre-reinforced skins, thickness 2 mm; Nomex® honeycomb core, thickness 10 mm (Nelson 2006) 
 
The graph indicates that the forced skin exhibits an anti-resonance at approximately 11.6 kHz. At a frequency of 
approximately 16.6 kHz both plates exhibit a resonant condition with maximum displacement amplitudes. 
Similar behaviour is predicted for other panels with resonances and anti-resonances occurring at characteristic 
frequencies, which are a function of skin and core thicknesses and acoustic material properties. 
 
FINITE ELEMENT SIMULATION 
 

Model 
 
Accumulation of liquid water within the cells of the honeycomb core is not explicitly included in the analytical 
model of the thickness-resonance technique. But the mechanical model certainly suggests that the resonant 
frequency also depends on the volume of ingressed moisture in addition to the geometric and material 
characteristics of skins and core. 
 
To test and quantify the theory finite element (FE) models were generated and analysed. 3D FE models were 
created using CATIA V5R19 and analysed using the ANSYS 12.0 Harmonic Response Package. Two types of 
models were created. In the first model the Nomex® honeycomb core was represented by rectangular blocks. 
The second model represents the honeycomb core more accurately. In both models water ingress was added into 
the centre of the core in the form of seven moisture hexagons as shown in Figure 4. The thickness of the 
moisture pockets varied between 0 mm to 12 mm to simulate different volumes of moisture from completely dry 
to completely wet.  
 

  
Figure 4. FE block model and honeycomb model with moisture ingress cells added at the centre; dimensions in 

mm  
 
The block model consisted of 1,738 elements and solved in approximately 15 minutes; the honeycomb model 
had 8,245 elements and took approximately 2 hours to solve. A sinusoidal excitation force of 100 N was applied 
to the centre of the models either as a point force or a distributed pressure over a 10 mm-diameter area. The 
frequency of the excitation was varied over a range of frequencies, and the deflections of the upper and lower 
skin at the centre of the panel were recorded to identify the frequency response function of the sandwich 



structure. A variety of boundary conditions were applied to simulate different types of panels in the airframe, 
namely fixed edges in the upper and lower face sheets, fixed edges in only the lower face sheet and fixed 
corners in the lower skin. 
 
Results 
 
The major outputs of the FE analyses are the resonant frequencies of the first out-of-plane resonant mode of the 
panel. The resonant frequencies were collected for the models described in Table 1. The corresponding 
fundamental resonant frequencies are listed in Table 2. A plot of the resonance frequency vs. moisture volume 
data is shown in Figure 5. 

Table 1. Description of FE models 

Model 
No. 

Excitation 
Type * 

Boundary 
Condition ** 

Model 
Size 

[mm] 
1 PF BC 50 x 50 
2 PF BTC 50 x 50 
3 PF CSS 50 x 50 
4 AP BC 50 x 50 
5 AP BC 50 x 75 

* PF = point force; AP = 10 mm-diameter area pressure 
** BC = two bottom edges clamped; BTC = two bottom and top edges clamped; CSS = 
four corners simply supported 

 
Table 2. Fundamental out-of-plane resonant frequencies 

Moisture 
Thickness 

[mm] 

Total 
Volume 
[mm3] 

Model 
No. 1 
[Hz] 

Model 
No. 2 
[Hz] 

Model 
No. 3 
[Hz] 

Model 
No. 4 
[Hz] 

Model 
No. 5 
[Hz] 

0 0 3374 3719 1843 3973 2332 
2 115 3369 3689 1862 3916 2323 
4 223 3311 3617 1838 3848 2293 
6 335 3244 3536 1816 3780 2266 
8 446 3179 3456 1792 3699 2233 
10 558 3107 3365 1767 3654 2205 
12 669 3001 3238 1682 3597 2157 

 

 
Figure 5. FE simulation results of fundamental resonant frequency vs. moisture volume  

 
The results show that the resonant frequencies of all models decrease linearly as a function of increased 
moisture content, regardless of boundary conditions or sample geometry. Changes in boundary conditions and 



sample size do not seem to have a distinct effect on the general trend. The major features of the plot are that the 
resonant frequencies for Model 3 with simply supported corners and for Model 5 with the larger rectangular 
shape are both overall lower and depict a more shallow trend line. This is somewhat anticipated considering that 
these two models are expected to be more flexible.  
 
EXPERIMENTS 
 

Liquid Water Detection 
 
In order to confirm the FE simulation results, carbon fibre Nomex® honeycomb sandwich panels were excited 
by adhesively bonded 10 mm-diameter piezoceramic transducers (Ferroperm, PZ27). The frequency of the 
excitation force was controlled by a function generator (Stanford Research, DS345) and power amplifier 
(Krohn-Hite, 7500). The vibrational response was detected by a fibre optic laser Doppler vibrometer (Polytec, 
OFV502). The peak-to-peak amplitude of the response signal was captured by an oscilloscope (Tektronix, 
TDS420) and transferred to a PC for analysis. A typical amplitude vs. excitation frequency graph is shown in 
Figure 6. 
 

 
Figure 6. Peak-to-peak response signal amplitude vs. excitation frequency, resonant peaks are circled in red 

 
The test samples were provided by Australian Aerospace and consisted of five 50 mm by 50 mm and two 50 
mm by 75 mm pieces, each comprised of 0.5 mm-thick plain weave carbon fibre/ epoxy face-sheets and 12 mm-
thick Nomex® honeycomb core. Sample number 4 with the piezoceramic transducer attached is shown in Figure 
7. 
 

Figure 7. Carbon fibre/ epoxy face-
sheets Nomex honeycomb core sample 
with attached piezoceramic transducer 

 

Figure 8. Thermal image after injecting 
0.42 g of water, 5 hours cold soak at -
10ºC and warming to room temperature 

 



Moisture ingression was simulated by injecting water into the centre of the sample through seven pin holes. 
Figure 8 shows a thermal image of sample number 3 after 0.42 g of water were injected, the sample was cold 
soaked for 5 hours at approximately -10ºC and then warmed to room temperature. The wet centre is clearly 
visible. 
 
Tables 3 and 4 show the results of the fundamental resonance frequencies as a function of water volume for the 
50 mm by 50 mm and the 50 mm by 75 mm samples, respectively. 
 

Table 3. Fundamental resonance frequencies vs. water volume of 50 mm by 50 mm samples 
Water 
Vol. 

[mm3] 

Sample 1 
Res. Fre. 

[Hz] 

Water 
Vol. 

[mm3] 

Sample 2 
Res. Fre. 

[Hz] 

Water 
Vol. 

[mm3] 

Sample 3 
Res. Fre. 

[Hz] 

Water 
Vol. 

[mm3] 

Sample 4 
Res. Fre. 

[Hz] 

Water 
Vol. 

[mm3] 

Sample 5 
Res. Fre. 

[Hz] 
0 6170 0 5710 0 5860 0 6060 0 5960 

370 5990 273 5580 387 5620 317 5790 333 5870 
663 5780 587 5200 907 5290 580 5730 577 5480 

1037 5300 903 5010 1433 4930 840 5330 840 5050 
1400 5250 1163 4780   1090 5460 1233 4310 
1737 5100 1427 4060     1577 3720 

 
Table 4. Fundamental resonance frequencies vs. water volume of 50 mm by 75 mm samples 

Water 
Vol. 

[mm3] 

Sample 6 
Res. Fre. 

[Hz] 

Water 
Vol. 

[mm3] 

Sample 7 
Res. Fre. 

[Hz] 
0 4170 0 4110 

383 4060 337 3980 
693 4010 700 3960 
947 3880 1043 3760 

1473 3830 1180 3730 
1570 3580   

 

 
Figure 9. Experimental results of fundamental resonant frequency vs. moisture volume 

 
The experimental results confirm the trends of the FE simulation results depicted in Figure 5. There exists an 
approximately linear decrease of the resonant frequencies as function of increased moisture content, and the 
decrease is smaller for the larger rectangular samples.  
 
The quantitative comparison between the FE and experimental results shows that the FE results are lower than 
the experimental results, i.e. the experimental samples behave somewhat stiffer than the samples modelled in the 



FE simulations. A major factor for this discrepancy is the difference in boundary conditions. In the experiments 
strips of approximately 3 mm-width of two edges of the bottom face of the samples were fixed to the support. In 
the FE models, by contrast, the fixed boundary condition only applied to the outer edge of the sample. Hence, 
the experimental sample nominally had a smaller width and should have been modelled as a 44 mm by 50 mm 
panel to bring experimental measurement and FE simulation results closer together.   
 
Humid Core Detection 
 
The through thickness resonant technique was also used to detect humid Nomex® honeycomb cores in carbon-
epoxy sandwich panels.  
 
The first challenge for these measurements is to produce samples with controlled, homogeneous humidity levels. 
To achieve this samples were conditioned in an environmental chamber. Identical samples with acrylic skins 
were used to monitor the ingress of humidity into the sample using humidity indicator paper (Silica Gel 
Australia). Figure 10 shows an example of the data for samples exposed to 65% humidity. The small indicator 
paper pieces put into the honeycomb cells in Figure 10a) change from blue to pink at a nominal value of 55% 
humidity, the ones in Figure 10 b) at 75% an the ones in Figure 10 c) at 95%. The photos show that none of the 
closed honeycomb cells has reached 95% and only a few at the outer edges of the sample may have reached 
75%. But all cells have reached at least a humidity level of 55%. These sample conditioning experiments were 
automated using a flat-bed scanner set-up and image analysis software. 
 

   
 a) b) c) 
Figure 10. Monitoring humidity ingress using indicator paper; a) indicator value 55%; b) indicator value 75%; c) 

indicator value 95% 
 
In addition to the indicator paper experiments for honeycomb samples with acrylic face sheets, which show 
progress and distribution of humidity ingress throughout the sample, weight gain measurements were used to 
identify the overall ingress level into samples with acrylic and carbon epoxy skins, which were conditioned at 
the same time.  
 
Through-thickness resonant measurements were done for the conditioned samples with carbon epoxy skins. 
Compared to the previous measurements to detect water ingress, a different method of excitation had to be 
chosen, since environmental conditioning also effects the performance of the adhesively bonded piezoceramic 
transducers and any frequency shift could be the result of changes in the excitation rather than changes in the 
physical (density) and mechanical (stiffness) characteristics of the Nomex® honeycomb core due to humidity 
ingress. 
 
Instead of the adhesively bonded piezoceramic transducers a half inch-diameter ultrasonic horn (Branson, 
9655S20) was used as excitation device. A small pre-load was used to guarantee contact between horn and 
sample during operation. The DS345 function generator was used to generate the sinusoidal excitation 
frequency. The power amplifier for these experiments was a ENI 2100L RF amplifier. 
 
Figure 11 shows the measured frequency response graph around the first resonant peak for sample number 8, in 
its fully dry condition and after it has been conditioned to 25% relative humidity using the method described 
above. The results show that the resonant peak is shifted to lower frequencies by approximately 80 Hz. The 



experiment was repeated for a total of 10 samples, which show frequency shifts between -10 Hz to -90 Hz with 
an average of -30 Hz. 
 
At the time of preparing the manuscript only the data for 25% relative humidity was available due to the 
extended time required to condition the samples. But the results presented here for the smallest humidity level 
are very encouraging considering that it is expected to be the most difficult condition to identify. By the time of 
SHMII-6 in December results will be available for other humidity levels, which will allow to make more 
detailed quantitative and statistically relevant statements about the relation between through thickness resonant 
frequencies and the humidity level of the Nomex® honeycomb core of carbon fibre-reinforced sandwich panels. 
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Figure 11. Frequency response around first resonant peak for sample number 8, fully dry and conditioned to 
25% relative humidity 

 
CONCLUSIONS 
 
This paper has described a non-destructive testing method using through-thickness resonant modes to detect 
moisture ingress into honeycomb sandwich structures by detecting changes in through-thickness resonant 
frequencies as a function of humidity levels. Results from analytical modelling, numerical simulation and 
experimental measurements show that there exists a downward relationship between resonant frequency and 
volume of moisture ingress. The major conclusion of the work is that the through-thickness resonant technique 
has the potential to be developed into a robust and simple measurement technique to detect and quantify 
moisture levels in sandwich structures. 
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