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Abstract 

Accurate mechanical properties of materials, parts and assemblies are essential in the design phase of 

aerospace structures. To obtain design values, experiments are performed on a large number of configura-

tions, which tend to represent the actual solicitations for the various structure areas and flight phases. 

One of the greatest experimental challenges is then to select and obtain pertinent and accurate measure-

ments that will permit a precise sizing. The most common measurements are loads and displacements, 

giving mostly information on the mechanical strength of the specimen.  However, for complex materials 

and structures as composite ones, detailed information about the failure scenario is often needed. Acoustic 

emission can allow a deep investigation of the phenomena occurring during the test: material damaging 

(matrix cracking, delamination, fiber breakage…), fastener damaging (head failure, shank shearing)… This 

technique has been introduced on several tests on Carbon Fiber Reinforced Plastic (CFRP) assemblies. 

This paper presents the benefits of acoustic emission on two tests on assemblies: lap joint shear and pull-

through tests. This technique was used to detect the first highly energetic failure in a lap joint shear test to 

place a hysteresis loop, or to identify a first damage in the pull-through test. Acoustic emission is also use-

ful to perform interrupted tests at a given amount of damage. 
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1.  Introduction 
 

Composite materials are increasingly used in aerospace structures due to their high 

strength-to-mass ratio. For structural applications, pre-impregnated tapes or fabrics are 

most widely employed, leading to orthotropic laminated designs. Their highly aniso-

tropic properties offer a wide range of applications using specific designs. The challenge 

is then to take advantage of their great mechanical performance in the fibre direction, 

without being constrained by their poor transverse and out-of-plane properties. This 

anisotropy and the heterogeneity of the material must be accounted for within all the 

development phases, including the first level of the pyramid of tests, i.e. tests on coupons 

and elementary assemblies. 

A long-term research on metallic materials leaded to the establishment of widely recog-

nized and used test methods, developed and standardized within testing societies such 

as the American Society for Testing and Materials (ASTM). However, the advent of com-

posite materials is still recent and the standardization of the test methods on these ma-

terials is still incomplete. One reference in this domain is the Military Handbook vol. 17 

[1]. It covers the evaluation of the properties of a composite structure from its elemen-

tary components (matrix, fibre) to typical elements (plain and notched laminates) and 

joints. The mechanical properties of joint specimens depend on a large number of pa-

rameters such as matrix and fibre properties, stacking and bolt clamp-up [2]. 

The present study focuses on two tests on joints: Single-Lap Joint Shear and Cruciform 

tests. Shear joints (single- or double-lap) are widely used in aerospace structures to 

benefit from the friction between both parts of the assembly. Single-lap joints are more 

critical than double-lap ones as the geometry of the specimen induces a secondary bend-
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ing and associated additional stresses [3, 4]. The Cruciform Test presented in this paper 

is an improved version of a method proposed in the Military Handbook.  

Actual test standards only require the use of devices for the measurement of loads and 

displacements. However, additional information on the test performance can be brought 

by other techniques such as Digital Image Correlation [5], thermography [6] or Acoustic 

Emission (AE). Acoustic emission refers to a sudden release of energy, and the propaga-

tion of associated elastic waves within a structure. It also designates the method for the 

measurement of these elastic waves. It is widely used for the monitoring of mechanical 

tests in the aerospace industry [7, 8, 9], and even during test flights [10]. 

The aim of this paper is to show what can be the added value of AE during two typical 

tests on aerospace assemblies. 

 

2.  Description of the experiments 

 
All specimens are laminates made from carbon/epoxy pre-impregnated tapes. Actual 

material specifications, as well as load and strengths values will not be reported here for 

confidentiality reasons. 

 

2.1 Lap Joint Shear Tests 

 

2.1.1 Test specimens 

 

In order to benefit from the friction between assembled parts, most aerospace assem-

blies are designed in shear configurations (mostly either single or double shear). This 

test reproduces single-shear conditions, for which two half-specimens are jointed to-

gether with two fasteners (Figure 1). Half-specimens are carbon/epoxy laminates with a 

quasi-isotropic stacking of various thicknesses (t). The diameter of the fastener is d. The 

non-dimensional ratio t/d is usually used to compare several configurations. In this 

study it ranges from 0.4 to 1.6. 

 

 
Figure 1. Single Lap Joint Shear specimen 



One AE sensor is placed on each half-specimen, using silicone sealant (Figure 2). This 

configuration allows localizing acoustic events on the segment between both sensors. 

However, several interfaces may lower the accuracy of the location (interface between 

plates and plate-fastener interfaces). A macro-extensometer is used to measure the rela-

tive displacement of both parts of the specimen. The test is performed at a fixed cross-

head displacement speed of 1 mm/min. 

 

 
Figure 2. Measurement means on the specimen 

 

2.1.2 Loading sequence 

 

In the considered configuration, the diameter of the holes is slightly larger than the di-

ameter of the shank of the fasteners. This introduces a gap between the fasteners and 

the specimens, and thus a degree of freedom at the beginning of the test. Consequently, 

the test begins with a “play-compensation phase”, which prevents from an accurate 

evaluation of the initial stiffness of the assembly. 

 

 
Figure 3. Graphical exploitation of a Lap Joint Shear load-displacement plot 

 

To ensure this play-compensation and a correct setup of the specimen, the loading se-

quence consists of the first loading phase until a “yield load” corresponding to the actual 

initiation of plastic deformation for metallic specimens. The load is then lowered to 

about 10% of this “yield load”, and test is finally performed until failure. The second 



loading creates a “hysteresis loop”, and allows the determination of the secondary mod-

ulus (i.e. actual stiffness of the assembly after play-compensation and initial accomoda-

tion). 

Several failure loads are evaluated during this test. The bearing strength is evaluated as 

shown on Figure 3, based on the “yield load” and the secondary modulus. The ultimate 

load is the maximal load obtained during the test. Test is stopped after a load drop of 

30% with respect to the ultimate load. 

As one can see on Figure 3, the definition of the “yield load” is not as clear as the initia-

tion of the plastic deformation in metallic structures. It is generally taken as a significant 

slope change on the load-displacement curve, which involves some engineering judg-

ment. A notion of “first audible crack” is sometimes used, which requires permanent 

human monitoring and can lead to imprecision in noisy environments. 

These methods require a preliminary test to obtain the load-displacement curve (and 

confirm the pertinence of the audible crack if used), thus increasing the cost of the test 

campaigns. 

 

2.2  Cruciform Test 

 

Due to complex loadings on structures, some assemblies can undergo out-of-plane load-

ings. As composite structures are highly anisotropic and have a limited out-of-plane 

strength, out-of-plane loadings must be carefully studied. The Cruciform Test (CT) is one 

of various test configurations used to assess the out-of-plane strength of an assembly. 

 

2.2.1 Test specimens 

 

The Cruciform Test consists of one specimen (CFRP) plate, jointed to a high-strength 

steel control plate thanks to a fastener (see Figure 4, left). The composite specimen can 

be either placed in contact of the head of the fastener, or on the opposite side.  

 

 

 

 

 

Figure 4. Cruciform Test specimen and holding apparatus 

 

The cruciform assembly is then placed into a dedicated self-aligning fixture, allowing the 

installation into the tensile machine (see Figure 4, right). Holding bolts are tightened fol-

lowing the same order and at the same predefined torque for all tests to minimize scat-



tering on preload effects. Smooth chamfers were machined on holding blocs to minimize 

stress concentrations at the contact points.  

Due to the limited access to the specimen, AE sensors were placed on the fixture itself, 

on the upper and lower holding parts. Hsu-Nielsen tests showed a very good propaga-

tion of elastic waves from the specimen to holding parts, and within holdings parts. The 

test is performed at a fixed crosshead displacement speed of 1 mm/min. 

 

2.2.2 Loading sequence 

 

Figure 5 shows the current graphical exploitation of a typical load-displacement graph 

for this test, without the use of AE. The ultimate strength is the maximal load reached 

during the test and is thus easy to evaluate. However, the determination of the structural 

strength is more complex. Using the “no crack growth” concept, there should be no 

propagation of a crack before structural failure. The structural strength is thus common-

ly defined as the first load drop. During Cruciform Tests, a close look on load-

displacement graphs showed load drops of a very low magnitude (a few Newtons). Some 

questions still exist on the pertinence of these load drops and whether they should be 

considered as structural failures. The aim of these tests is then to check if AE can con-

firm the pertinence of these load drops. 

 

 
 

Figure 5. Graphical exploitation of a Cruciform Test load-displacement plot 

 

2.3 Acoustic Emission equipment 

 

All tests were performed using a Mistras PCI-2 4-channel system and 2/4/6 wideband 

(20-1200 kHz) preamplifiers. Nano-30 sensors were used for Lap Joint Shear Tests, and 

Micro-80 for Cruciform Tests. These wideband miniature sensors are well suited for me-

chanical tests on small composite structures as in this study. 

Based on the material and the geometry of the specimens, time parameters were defined 

as follows: 

• Peak Definition Time: 30 µs 

• Hit Definition Time: 100 µs 

• Hit Lockout Time: 300 µs. 

The use of an electro-mechanical tensile machine did not require specific high-pass fil-

ter, thus wideband hardware filters were selected (20 kHz – 1 MHz). 

 



3.  Benefits of Acoustic Emission 
 

Acoustic emission is a powerful measurement method and data processing can be per-

formed at several increasing complexity levels. The first step is the detection of the 

acoustic waves generated by the release of energy. This allows the quantification of the 

amount of damage occurring within the specimen. Then, the use of several sensors al-

lows the measurement of the difference in arrival times, and thus the location of the 

event in the covered area [11]. This section will present the actual and potential benefits 

of AE for both tests introduced in the previous section.  

 

3.1 Lap Joint Shear 

 

3.1.1 Preliminary observations 

 

Figure 6 shows the amplitude of the hits measured during the test of a thin specimen. A 

large number of hits are measured, almost from the beginning of the test, showing the 

very emissive properties of carbon/epoxy laminates. Some high-amplitude hits (up to 

100 dBAE) are present from 200 seconds, likely to be due to localized damages during 

the first plate/fasteners contact. 

 

 
Figure 6. Evolution of the amplitude of the Acoustic Emissions 

 

In order to have a sufficient confidence in quantitative AE results, the reproducibility of 

tests must be assessed. Care was taken to have a correct and reproducible coupling be-

tween the sensors and the structure, by the means of Hsu-Nielsen tests according to the 

NF-EN 1330-9 standard [12]. Figure 7 shows the cumulative energy versus the load for 

the thinnest Lap Joint Shear specimens. The evolution of the cumulative energy is very 

similar for the four configurations shown.  

 

3.1.1 Adding information to the understanding of the test 

 

The observation of the evolution of AE allows decomposing the test into several phases, 

and/or confirming trends obtained from the measurement of the load and the displace-

ment. A Lap Joint Shear test can be decomposed in several phases. On Figure 8, several 

particular points have been emphasized (A to D). The point A corresponds to a major 



change of the stiffness of the assembly. As it is not accompanied by AE, one can reasona-

bly conclude that this does not correspond to any damage within the assembly. It actual-

ly corresponds to the point, at which the applied force overcomes the friction force be-

tween the plates, leading to a decrease of the stiffness of the assembly. 

 

 
NB: The load is normalized 

Figure 7. Evolution of the AE Energy vs. Load 

 

The first AE are measured at the point B, corresponding to low energy emissions, with 

no influence on the load-displacement curve. It is likely to be localized damage due to 

bearing in the hole. The point C corresponds to the beginning of the actual damage phase 

(i.e. crack propagation), with high-amplitude, high-energy events, in a more generalized 

extent. It is accompanied by a slight slope change in the load-displacement curve and 

confirms the link between this slope change and actual damage. The unloading point for 

the hysteresis loop will be placed at this point. The point D corresponds to the ultimate 

failure, and is followed by the third damage stage. 

AE enables the classification of slope changes on the load-displacement curve either as 

actual damage (ex. Point C) or only as stiffness changes due to elastic alterations of the 

structure (ex. Point A). 

 
Figure 8. Using AE to determine the test sequence of the Lap Joint Shear Test 

 

3.1.2 Adding confidence on the placement of the hysteresis loop 

 

Load 

Energy 



The determination of the secondary modulus involves the performance of a hysteresis 

loop during the loading of Lap Joint Shear specimens. This hysteresis loop must begin at 

the “yield load”, which should correspond to the first damage in the specimen (based on 

the analogy with the beginning of plasticity for metallic specimens). This first damage 

does not always result in a clearly visible event on the load-displacement graph, and 

several slope changes may occur. The use of AE can help choose the best timing for the 

beginning of the hysteresis loop. In this study it was accomplished by determining an 

energy threshold for a single hit from a first test campaign, and then using this energy 

threshold for all other specimens, leading to accurate and reproducible results in bear-

ing strengths, without subjective interpretation of the load-displacement graph (see 

Figure 9). 

 

 
NB: The bar indicates the energy threshold crossing 

Points indicate the energy of the hits 
 

Figure 9. Using AE to place the hysteresis loop 

 

Real time performance of the data processing allows a direct control of the tensile test 

machine to introduce the hysteresis loop as soon as the energy threshold is crossed 

(Figure 10). This enables completing the hysteresis loop and computing the secondary 

modulus even for the first test of a series, thus saving one sixth of the total number of 

specimens. 

 
 

Figure 10. Synopsis of a real-time control of the hysteresis loop using AE 



3.1.3 Evaluation of composite damage 

 

For the tests with the highest t/d ratio (i.e. thickest laminates), the failure is only due to 

a shear failure of the fasteners. A very limited bearing is observed at the plate-fastener 

contact point. The cumulated energy before ultimate failure is lower than for tests expe-

riencing extensive composite damage (see Figure 11). This shows that before ultimate 

failure, the shear deformation of fasteners does not induce highly energetic events. 

Therefore, an observation of the cumulated energy before the ultimate failure gives a 

correct indication on the amount of damage within the composite. 

 

 
NB: Load is normalized 

 

Figure 11. Evolution of the AE Energy vs. Load for various specimen thicknesses 

 

3.1.4 Location of the events 

 

Two AE sensors were used during Lap Joint Shear Tests. Based on the difference of the 

arrival times of hits on the sensors, events can be located on the segment between these 

two sensors. The location of the events has several advantages. The first one is the rejec-

tion of the events coming from the outside of the specimen (doublers, grips…). The se-

cond one is the location of the damage on the specimens, whether they are coming from 

the fasteners, the plate-fastener contact zones, or the plain areas of the specimens. Plate-

fasteners contact zones are most subjected to bearing, while plain areas are most likely 

to be the location for wear and friction events. This can be seen on Figure 12 where, as 

expected, most AE events come from the vicinity of the fasteners. 

 

 
 

Figure 12. Location of the events along the Lap Joint Shear specimen 
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Energy 



3.2 Cruciform Test 

 

A typical evolution of the load during a Cruciform Test can be found on Figure 13. First 

AE is measured at point A, and some low-energy hits can be seen until point B. First 

high-amplitude, high-energy hits are noticed at point B. They are accompanied by a very 

inconspicuous load drop of a magnitude of several Newtons, over a load of some thou-

sands of Newtons. The evolution of cumulated hits and energy are then exponential, un-

til the point C, which corresponds to ultimate strength, followed by very energetic hits. 

 

 
Figure 13. Using AE to determine the test sequence of the Cruciform Test 

 

AE allows an objective determination of the structural failure (at point B). The use of a 

single energy threshold for all specimens (of various thicknesses) allows an accurate in-

dication on this structural failure. These results are shown on Figure 14. The linearity of 

the structural failure (evaluated using AE) with the increasing thickness shows the ma-

jor role of transverse shear on the structural failure. Indeed, the transverse shear area is 

proportional to the thickness of the specimen. 

 

 
 

Figure 14. Evolution of the structural failure of the Cruciform Test with the specimen 

thickness 

 

4. Conclusion 
 

Acoustic emission has been successfully applied to two major tests on composite assem-

blies. Coupled to existing measurement methods, it brought additional knowledge on 

these tests. Slope changes and load drops noticed on the load-displacement graph were 

for instance correlated to AE to evaluate their severity. AE confirms the difference be-

Time (s) 



tween slope changes due to the achievement of friction forces or due to actual damage in 

the structure. 

Concerning Lap Joint Shear tests, following achievements were found: 

• AE due to the shear plastic deformation of fasteners prior to ultimate failure totalizes 

a very low amount of energy compared to AE due to composite damage. 

• The hysteresis loop can be accurately and objectively placed using AE and a prede-

termined threshold. This can save up to one sixth of the specimens, reduce needed 

human monitoring and improve reliability of the results. 

Concerning Cruciform Tests: 

• First damages were successfully detected, whereas only small load drops are visible 

on the load/displacement curve. As for Lap Joint Shear tests, AE can improve reliabil-

ity on the structural strength determination. 

• The critical behaviour of such assemblies was confirmed, as AE evolves in an expo-

nential way after the first damage. 

Additional information is then supplied to choose the best design values for further 

stress computations. 

The next step is to couple this technique to Digital Image Correlation to further under-

stand failure scenarios. Stopped tests at a predetermined level of AE energy can also 

supply additional knowledge on the relation between the energy and the actual amount 

of damage within the assembly. 
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