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ABSTRACT 

This work presents the study of fracture mechanisms occurring in textile reinforced cementitious composite (TRC) 

specimens by using acoustic emission (AE). It will focus on the tensile behaviour. The main objective is to link specific 

AE parameters and indices to the different fracture mechanisms that are successively activated during the failure process 

of the complex TRC composite material. These mechanisms include multiple matrix cracking at low load and more 

complex failure including fibre pull-out and rupture, at higher loads.  

By using a modified model based on the Aveston, Cooper and Kelly (ACK) theory 1234the behaviour of the TRC in tension 

can be described. Theoretically, this model assumes no matrix damage in the first stage, multiple matrix cracking in the 

second stage and a more complex failure in the post cracking stage. However, when calibrating the modified ACK model, 

the matrix damage factor obtained from the average experimental tensile test data, was not zero.  

By adding acoustic emission measuring techniques, even at very low stresses, fracture initiation and propagation is 

observed, confirming the finding’s obtained from the model. According to acoustic emission knowledge, shifts in the 

obtained measurement patterns can be linked to the occurring failure, even from the start of the tensile loading. This in 

contrast with a tensile test, where only damage on macroscopic scale can be observed.  

 

Keywords: Inorganic Phosphate Cement, textile reinforced cement composites (TRC), matrix failure, tension, cracking, 

pull-out, Acoustic Emission 

1. INTRODUCTION 

With the increasing prevalence of composite materials, the structural and cost advantages of textile reinforced cementitious 

composites (TRC) are well established 5. The mechanical properties and production costs of TRCs are dependent on 

physical, chemical, and production properties and methods. TRCs differ from fibre reinforced cementitious composites 

(FRC) primarily in their fibre volume fraction. TRCs are defined by a high fibre volume fraction of approximately 20%, 

whereas FRCs have a much lower fraction of between 1% and 2%. Within TRC materials, the development of inorganic 

phosphate cement (IPC) composites at the Vrije Universiteit Brussels (VUB) has resulted in a novel material6 78. By using 

a high-volume fraction of E- glass fibre a relatively cheap strain hardening textile reinforced cementitious composite can 

be produced. In this work, the behaviour of straight beams is examined in tension by using acoustic emission. 

 

   
Figure 1a. Typical AE waveform Figure 1b. AE waveform “mode I” Figure 1c. AE waveform “mixed mode” 
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Acoustic emission (AE) is the result of irreversible processes in a material: mainly crack propagation, material fracture, 

and changes in the microstructure91. Any fracture incident, releases energy in the form of elastic waves and is captured by 
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piezoelectric sensors on the surface of the material. A typical AE waveform is seen in Figure. 1a. The important parameters 

include the amplitude A, the rise time RT, and the rise angle RA. The amplitude A, is the voltage of the maximum peak 

and is connected to the intensity of the cracking event. Rise time, RT is the delay between the onset and the maximum 

peak, and RA-1=RT/A is the inverse of the rise angle and is connected to the mode of fracture 910. Additionally, frequency 

is checked by the average frequency AF, defined as the number of threshold crossings over the waveform duration, and by 

the peak frequency PF, which is the frequency component with the highest magnitude in the frequency domain. Duration 

is the time, between the first and last threshold crossings. The threshold is selected by the user and should be high enough 

to exclude recording of ambient noise, but at the same time sensitive enough to allow recording of even small amplitude 

relevant waveforms. RT and RA are well related to the cracking mode and specifically obtain low values for tensile 

phenomena and higher for shearing either in the form of delamination and pull-out 1112 or cracking due to shear 

stresses1314. This is connected to the elastic wave modes that are excited by the direction of displacement of the crack 

sides15. On the other hand, frequency characteristics decrease for shearing mechanisms16. The energy as measured by the 

envelope of the waveform is also used for characterization of fracture events17. According to the moment tensor analysis 

1819, the identification of the fracture mode of the cracks emitting a signal is theoretically and experimentally possible. 

However, this requires at least six sensors recording each event, which is not practical in all cases, while in thin laminates 

it cannot be applied due to the dispersion of the waveform, which masks the original characteristics of the wave front. This 

is why a simpler characterization is attempted in cementitious media 20. It is based on a simple two-dimensional plot of 

the AE characteristics. Tensile-like signals, which exhibit higher frequency and lower RA values, are discriminated from 

the shearing ones16. Though the purpose of this study is not to directly separate classes through a strict pattern recognition 

procedure, the sensitivity of AE to the fracture mode is utilized in order to passively characterize the developed stress field 

and provide feedback to the material modelling. 

When tensile fracture occurs, specimens will first fail in mode I, matrix cracking. In this case, the stress will be normal to 

the crack surface. When observing the AE waveform, short rise times (RT) in combination with a small value for RA will 

be seen, figure 1b. In case of dominant shear effects, the stress will be parallel to the fracture surface resulting in complex 

mixed fracture mode, figure 1c. When inter laminar shear is the primary damage mechanism, the AE waveform will show 

a long rise time RT and high value for RA. Similar will be the waveform emitted by the fibre pull-out events, which occurs 

due to shear fracture of the fibre-matrix bond. 

2. EXPERIMENTAL WORK 

2.1 Specimens  

All 8 layer laminates are made by hand lay-up, with an average matrix consumption of 800 g/m² for each layer, which 

results in an average fibre volume fraction (Vf) of 20%. Laminates are covered with plastic foil and cured under ambient 

conditions for 24 hours. Post-curing is performed at 60°C for 24 hours while both sides are covered with plastic to prevent 

early evaporation of water. After curing and post curing, the specimens were cut using a water-cooled diamond saw, into 

strips. After cutting, the specimens were dried in an oven at 60°C for 24h. Once dried, the specimens were stored at room 

temperature, before performing the mechanical tests. The storage period varied from 1 day to 1 week.  

2.2 Experimental setup  

Acoustic Emission  

For the experiments, miniature AE sensors of the “pico” type (Mistras Group) were used. They exhibit a broadband 

response and peak sensitivity at 450 kHz. Tape was used to attach them to the specimen’s surface. A layer of Vaseline was 

used between the sensors and the specimen’s surface for acoustic coupling. The signals that exceeded 35 dB were pre-

amplified by 40 dB and acquired in a PAC micro-II 8 channel board. AE monitoring was active, during the complete 

loading pattern of each specimen, while activities with “zero” energy were not recorded. AE event is the source of the 

emission and is connected to a crack propagation incident. In the specific case, one event leads to acquisition of one hit on 

each of the sensors in a short time window. Knowing the pulse velocity of the medium and the acquisition time on each 

sensor, linear location of the sources along the axis of the specimen is automatically conducted. The pulse velocity of the 

medium was measured along the longitudinal axis by pencil lead breaks, before the experiment and was found equal to 

2700 m/s in average.  

Tensile test  

The tensile test on the eight layers TRC specimens was executed on an INSTRON 5885H universal testing machine fitted 

with a load cell of 10kN. The test was displacement controlled, with a rate of 1 mm/min. During the test, the load was 

recorded. Strain was measured with a double averaging clip-on extensometer with a gauge length of 50 mm. In the middle 

of the specimens, on both edges, a notch of 2 by 2 mm was inserted with a diamond saw. To monitor the failure mechanism 

during the tensile test, two AE sensors were placed according to the longitudinal axis. Each sensor was placed at a distance 

of 25 mm from the notch. 
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3. RESULTS AND DISCUSSION  

Tensile test  
The tensile test was performed on specimens with a double notch. 

 

Figure 2. Stress strain curve, including time base and different intervals according ACK. 

The stress strain data was obtained from a displacement controlled tensile test. All measurements with acoustic emission 

are however, time based. Figure 2, shows the stress-strain curve combined with the corresponding time scale on top. The 

composite stiffness Ec1 and the post cracking stiffness Ec3 were derived from the tensile test data, figure 2. Two strain 

intervals were defined in order to define the composite stiffness Ec1 and the post cracking stiffness Ec3. The first strain 

interval between 0.01 and 0.05% was used to determine Ec1. The second interval defined between 0.2 and 0.6% was used 

to compute Ec3. These strain intervals are marked with continuous blue lines in figure 2. In the same figures, the occurring 

composite stress at these defined strains, and the corresponding time are shown.  

According to the tensile model proposed by Aveston, Cooper and Kelly, three distinctive stages can be defined: a linear 

elastic stage, a multiple cracking stage, and a post-cracking stage.  

The stress-strain curve in figure 2 shows for stresses below 2 MPa (about 4s) a linear behaviour. For stresses above this 

level however, a small deviation from the linear behaviour is observed, with a slightly lower composite stiffness. This 

might be caused by premature matrix cracking, as compared to the ACK model.  

The second stage is defined by the strain interval, between 0.05 and 0.2%, and shows a continuous transition between the 

first and third stage, figure 2. The average transition composite stress, σc* = 8 MPa, as derived from figure 2, is marked 

with a black dotted line.  

According to the ACK model, the transition between the first and the third stage occurs at a constant multiple cracking 

composite stress. (σmc), during the propagation of the cracks over the whole specimen. This assumption is not valid, as a 

clear increase of the composite stress can be observed.  

The third, post cracking stage is shown in figure 9c. For the whole strain interval between 0.2 and 1.1%, a linear trend can 

be observed, as is predicted by the ACK model. At a tensile strain of 1.1%, the composite will fail reaching an ultimate 

composite stress of 55.3 MPa.  

By using acoustic emission, a study of the occurring phenomena can be performed, even from the early loading stages.  

According to the recommendation cited in RILEM TC 212-ACD 10, the increase of RA and decrease of the AF confirms 

the shift from mode I, matrix cracking to a more complex failure that is mainly mode II.  

To analyse the evolution of the RA measurements in detail, the total curve will be presented in three different time slots 

according to the previously defined time stages, figure 2.  

Due to the limited amount of available data points in the first two time slots, the moving average is reduced to 2 and 5 

respectively. In addition, the descending branch above 300 s is removed in figure 3 c, since it contains post failure data. 
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                   a                                                                             b                                                                             c 

 

Figure 3. Rescaled RA curves according the predefined time slots (figure 2) 

 

The first-time slot, figure 3a, shows the lowest average RA values (250 μs/V). This low RA value is an indication for matrix 

cracking (mode I). In the second-time slot, an increase of the average RA value can be observed around 30s. At that point, 

the RA values increase above 1500 μs/V, figure 3b. The last time slot shows, figure 3c, the RA values always above 500 

μs/s, which is an indication for mode II failure. The rises and drops in the RA curves can be addressed to the non-continuous 

development and progression of damage in the heterogeneous textile reinforced cementitious material.  

If only the value below 500 μs/V are taken in account a constant average RA value of 250 μs/v can be observed over the 

complete time interval of the tensile test, figure 4. 

 
a                                                                      b                                                          c 

 
Figure 4. RA curves below and above 500 µs/V according the predefined time slots. 

 

When the RA values above 500 μs/V are taken in account the initiation and propagation of the mode II failure are more 

clearly illustrated, figure 5. 

a                                                                      b                                                          c 
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Figure 5. RA curves above 500 µs/V according the predefined time slots. 

 

It is illustrated that mode I will be presented when a tensile load is applied and stresses exceeds 2 MPa, figure 5a. Additional 

mode II failure will occur when the composites stress exceeds 10 MPa (30s), figure 5b. The RA values will increase with 

the applied load, which significates the increasing amount of mode II failure, figure 5c.  

Apart from the RA value, the average frequency is an indicator to identify the occurring damage. When using the a similar 

methodology, the following conclusions can be drawn. In this case, a relatively high average frequency (AF) is an indication 

for matrix or mode I failure. A low AF will be an indication for mode II failure. 

4. CONCLUSION 

By combining all AE data with the data obtained from the tensile test, a relation between composite stresses and occurring 

failure can be observed, even from the early loading stages.  

The first stage can be defined within the time interval between 0 and 12 seconds. In this case, the strain will increase to 

0.05% with an according composite stress 5.9 MPa. By analysing the obtained AE data, it was clear that even at low stresses 

matrix cracking will occur. This is illustrated by the cumulative hits and the combination of a low RA and a high value, 

indicating matrix cracking due to mode I failure.  

The second-time slot, between 12 and 52 seconds, can be defined as a transition stage. The quantitative measurements, 

stress and cumulative hits, are increasing with a constant rate in this time slot. The qualitative measurements (RA&AF) 

used to identify the failure mode clearly show a shift. This shift can be observed when the composite stress exceeds 10 

MPa. The RA value will increase and an opposite trend can be observed for the average frequency. Both are a clear 

indication of the change in failure mode, which will not be dominated anymore by matrix cracking (Mode I), as other more 

complex failure mechanism, including sliding, friction and delamination is introduced (Mode II).  

The last time slot is defined as the post cracking stage. The stress strain curve shows a linear behaviour.  

In the last time slot, the acoustic emission activity is increasing much faster compared to the previous intervals. It can be 

assumed that additionally to the matrix cracking (mode I), other failure mechanisms are initiated and propagated through 

the specimens, when stresses increase. The shift to a failure which is more dominated by mode II phenomena (sliding 

friction, delamination, and shear) is clearly illustrated by the qualitative AE measurements, including RA an AF.  

In the final stage of this post-cracking stage, the highest acoustic emission activity is measured, indicating fibre pullout, 

fibre rupture and total failure. 
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