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ABSTRACT 
Indentation loading monitored by acoustic emission can be considered a viable possibility for simulating falling weight 
impact testing, especially in cases where the acoustic emission technique can be applied for monitoring damage 
progression in real-time during load application. In this work, jute/hemp (50 wt. % total fibre content) hybrid laminates 
have been indented either to 50% of their ultimate load or to their failure. The variability of their properties was quite 
considerable, as measured both from the indentation load and the AE cumulative counts vs. displacement curves.  
The study of 3-D AE planar localisation plots vs. amplitude and time history vs. duration and counts was able to offer 
some indications on damage characterisation in the laminates. 
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1. Introduction 
 
In recent years, plant fibres are increasingly employed as reinforcement for panels and semi-
structural components, with the idea to improve materials biodegradability and end-of-life 
scenarios. Difficult damage evaluation on plant fibre composites may require the use of NDT for 
real time monitoring of mechanical degradation: acoustic emission (AE) has shown some potential 
on these materials, in particular an analysis of AE localisation plots enabled in some cases the size 
of the impact-damaged area to be determined accurately [1]. 
Static indentation has also been often used, as a simulation on a larger timescale, of falling weight 
impact tests of composite materials, offering information on damage characterisation and absorbed 
energy [2-3]. On jute fibre reinforced composites, AE monitoring has been carried out during post-
impact cyclical tests (static indentation and three-point flexural tests) by applying loading using 
step-like procedures, with AE acquisition also during periods at constant stress [4-5]. Planar 
localisation of AE events allowed predicting initiation and development of the phenomena leading 
to laminate failure and offering comparative evaluation on the different damage modes of different 
configurations of hybrid E-glass/jute laminates [6]. 
Planar AE localisation of damage produced by indentation in PP/hemp laminates allowed 
establishing local properties scattering in different parts of the laminate with a non-destructive 
approach, aimed at not producing substantial damage on the laminates [7]. 
In this work, real-time monitoring is applied to the whole progression of mechanical behaviour to 
failure on jute/hemp hybrid laminates, trying to assess their properties as they change during 
loading because of the occurrence of damage. Data can be also approximately compared with those 
obtained from falling weight impact tests. 
 
2. Experimental procedure 

The laminates tested in this work have been manufactured using jute hessian cloth (plain weave) of 
areal weight 250 g/m², obtained locally, and hemp fibres, supplied by AMCO (Egypt), decorticated 
and bleached using sodium chlorite in optimised conditions, impregnated with I-SX10 LEGNO 
epoxy resin by Mates Italiana with SX10 LEGNO 33% general purpose hardener, again by Mates 
Italiana.   
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The lay-up of the indented laminates included six inner layers of jute plain weave disposed at 
0°/0°/45°/45°/0°/0°) and sandwiched between two non woven mats of hemp. Within a reasonable 
approximation, it can be suggested that the composite includes 30 wt. % of jute fibre and 20 wt. % 
of hemp fibre. The four laminates to be tested were all produced using a hand lay-up procedure in a 
closed matching mould of dimensions 220x250x3.7 (± 0.2) mm by applying a slight pressure in the 
order of 0.02 MPa. 
 
Static indentation tests with hemispherical indenter of 12.7 mm diameter according to ASTM 
D6264-98 standard, simply supported, 110 mm side, were carried out on the four laminates. 
Loading has been applied in displacement control with 1 mm/minute cross-head speed. Test was 
considered concluded when the load come down to a 50% of the maximum load, not to account for 
the vibration effects, which take place in the final phase of the indentation process and usually 
produce oscillating load values and unrealistic values for displacements. In contrast with the others, 
laminate n.3 was first tested to 50% of its maximum load, then unloaded and subsequently reloaded 
to failure.  
Planar localisation has been carried out using a Vallen AMSY5 acoustic emission system, using 
four 150 kHz-resonant PZT sensors to form a square grid of 90 mm side. During signal acquisition 
a 40 dB threshold has been applied.  
 
3. Results 
 

The results from the indentation tests are summarised in Table 1, whilst the indentation curves for 
the four samples tested are shown in Figure 1. The normalised linear stiffness is measured, as 
already done for example in [8], considering the “quasi-elastic” part of the curve until the maximum 
load is reached and fitting all the points between 20 and 80% of the displacement corresponding to 
the maximum load: the value obtained is then normalised dividing it by the laminates average 
thickness, i.e. 3.7 mm. The standard deviation represented the oscillation of the slope of the curve 
between the measurement points. Linear stiffness represents a measurement of the elastic energy 
dissipated through impact in the laminate, as suggested already in a number of studies, e.g. [9]. 

The AE cumulative counts “knee” indicates the point, in time history during AE monitoring of a 
monotonic test, where cumulative counts curve (usually taken as a logarithmic plot) shows a sudden 
increase, often of orders of magnitude (Figure 2). This parameter indicates damage accumulation 
and has been used for the characterisation of mechanical behaviour in plant fibre composites in 
[10].  

Sample 
number 

Max. load 
(N) 

Displacement 
at maximum load 

(mm) 

Displacement  
at the end of the test  

(50% max. load) (mm) 

Normalised 
linear stiffness 
 (N/mm)/mm 

AE cumulative counts 
“knee” (N) 

1 1843 3.18 5.15 212 ± 43 1360 

2 2168 3.03 5.31 248 ± 43 1215 

3 2141 3.73 5.14 217 ± 35 965 

4 2339 3.88 5.25 189 ± 18 570 

 
Table 1 Results of indentation tests on the plates  

 
In general, it can be noticed as the values of the normalised linear stiffness are slightly higher than 
what reported in [8] for hemp loose quasi-unidirectional fibre (LU)/epoxy laminates. This may 
suggest that the combination of the two reinforcements (i.e., loose hemp fibres and jute hessian 
cloth) does reduce the dispersion of mechanical values: also in terms of indentation damage, the 



external presence of hemp fibres does not result in the extensive tearing of the laminates along the 
impact loading diameter line, which is a characteristic of impact damage on jute fibre reinforced 
laminates, as observed in [11-12]. Also, the lowest values of the AE cumulative counts “knee” 
correspond to samples n.3 being the previously loaded one and n.4, which has the lowest value of 
normalised linear stiffness, due to the highest displacement in the quasi-elastic phase.  
Most surface damage, as can be observed in Figure 3 for a sample indented up to failure and in 
Figure 4 for a sample indented to 1000 N is related to the insufficient control of fibre orientation: 
spalling i.e., loss of material at rear, although a frequent occurrence in plant fibre composites, is not 
much visible in both cases. 

 

Figure 1 Indentation curves 

 

Figure 2 Typical AE cumulative counts vs. time (s) curve (sample n.4) 



 

Figure 3 Indented (left) and rear (right) surface for a laminate tested to failure (sample n.2) 

Sample n.3 has also been subjected to a previous loading to 1000 N, corresponding approximately 
to a 50% of its ultimate stress value. This produced some damage, which can be observed from the 
pronounced load drop after the maximum load value is reached. In this case, the value of 
normalised linear stiffness measured is 400 ±43 (N/mm)/mm, which is considerably higher than the 
values for the samples when loaded to failure (values reported in Table 1). 

 
Figure 4 Indented (left) and rear (right) surface for a laminate tested to approximately 50% of ultimate load  

(Sample n.3) 
 

Acoustic emission analysis on the four samples shows that difference between indentation 
performance of the samples may be observed from the sooner or later occurrence of high counts 
and/or high duration events during the test (Figure 5). The sample which shows the appearance of 
such events at the highest load is sample n.1, which has also the highest AE “knee” load. 

In Figure 6, the characteristic presence of a “cone” can be observed, which indicates as high 
amplitude events tend to be concentrated on the centre of the damaged area. Above a given value of 
the amplitude, the events become sparse, representing isolate failure events, possibly connected 
with fibre fracture. Looking at differences between the laminates, sample n.3, which was already 
loaded up to 1000 N, does show a more concentrated distribution of events and in general lower 
amplitudes. 



 

Figure 5 3-D AE graph (Counts vs. Duration vs. Test time) for the four laminates 



 

Figure 6 3-D AE graph (X localisation vs. Y localisation vs. amplitude) for the four laminates 



4. Conclusions 
 
Indentation loading of jute/hemp hybrid laminates was usefully supported by acoustic emission 
monitoring during load application. The use of AE can be considered an interesting possibility to 
complete the analysis of the difference between the laminates, which is obviously quite high 
(dealing with plant fibre composites). In particular, analysis tools which were successfully used in 
this work are AE cumulative counts vs. displacement curves, 3-D AE planar localisation plots vs. 
amplitude and time history vs. duration and counts. 
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