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Abstract 

The paper presents the results of the authors' own research on the failure process of temporarily 
compressed self-compacting concrete, which was carried out using the acoustic emission method. The 
concrete was made with granite aggregate, both coarse and fine, with the addition of three different 
nanoparticles. The levels of crack initiation stresses σi and also the levels of critical stresses σcr, were 
determined for the investigated concretes. The determined levels distinguish the different stages of the 
investigated process. The obtained results were compared with the results of research of the failure 
process of self-compacting concrete that was made on the basis of quartz aggregate. 
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1  Introduction 

In the construction industry there has been an increase in the use of special concretes including, 

among others, self-compacting concrete (SCC). This concrete stands out among other cement 

composites due to its ability to seal formwork, to tightly cover reinforcements and to compact under 

self-weight [1]. When compared to ordinary concrete (OC), self-compacting concrete offers many 

advantages, which was noted, among others, in papers [2,3].  

An important issue related to the mechanical properties of concrete is the process of failure under the 

influence of compressive load. This issue has been discussed in many articles, among others, in 

papers [4,5], as it is important with regards to the durability and safety of concrete structures. It was 

proven that the failure process of concrete under a compressive load has three stages. These stages 

involve the stable initiation of microcracks, the stable development and propagation of microcracks 

and also the unstable propagation of microcracks [6-9]. The above-mentioned stages are separated by 

different levels of stresses, which are called crack initiation stresses σi and critical stresses σcr [10]. It 

was shown that there is a link between the aforementioned stress levels, some technological factors 

and the composition of a concrete mix [11-14].  

The acoustic emission (AE) method is one of the methods of testing the failure process of compressed 

concrete. This method is based on the phenomenon of elastic waves that form and propagate in a 

material due to the released elastic energy that was accumulated in it [15]. The elastic waves that 
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propagate in concrete, and that are caused by a load, are received by acoustic emission sensors, which 

transform them into electrical voltage. The recorded signals, after being electronically processed in 

measuring apparatus, take the form of acoustic emission descriptors, such as e.g. the average effective 

value of the acoustic emission signal (RMS), the rate of acoustic emission events and the sum of the 

acoustic emission events.  

There has recently been an increase in the interest of modifying concrete with the use of 

nanoparticles, such as e.g. SiO2, TiO2 or Al2O3 [16,17]. As a nano-filler of a structure, nanoparticles 

improve the physical properties of concrete by reducing, among others, porosity [18], absorption [19] 

and shrinkage [20]. The use of nanoparticles also improves mechanical properties, such as the 

compressive strength [21], bending [22] and hardness of concrete [23]. This is possible due to the 

high chemical reactivity of nanoparticles, which positively contribute to the formation of the C-S-H 

phase and the reduction of calcium hydroxide [24]. In turn, studies on the failure process of concrete 

made with the addition of nanoparticles are selective, e.g. paper [25], and concern concrete mortars 

and not concrete. 

Taking into account the above, the authors aimed to investigate the effect of the applied SiO2, TiO2 

and Al2O3 nano-additives on the failure process of compressed self-compacting concrete using the AE 

method. Concrete made from only granite aggregate, both coarse and fine, was tested due to there 

being a gap in literature in this area. The obtained results were then compared with the results of self-

compacting concrete made entirely of quartz pebble aggregate. 

2 Description of tests 

The following components were used for making the self-compacting concrete mixes that were used 

for tests: Portland cement CEM I 52.5R that is compliant with EN 197-1 [26], Glenium Sky 600 

superplasticizer (SP) that was used in the amount of 4% of the cement weight, tap water and also 

granite aggregate with fractions of 10-5, 5-2, 2-1, 1.2-0.5, 0.6-0.1 mm and with fractions <0.1 mm 

acting as a fine filler. Fine aggregate with fractions of up to 2 mm accounted for 48% of the total 

aggregate. The composition of the concrete mix was modified with three types of nano-additives in 

the form of a powder: SiO2 with a particle size of 10-20 nm, TiO2 with a particle size of <25 nm and a 

specific surface area of 50 m2/g and also Al 2O3 with a particle size of <50 nm and a specific surface 

area of 40 m2/g. Nanoparticles were used in the amount of 2.0% of the cement weight. For the 

designed concrete mixes, the W/C ratio was equal to 0.42. Four self-compacting concrete mixes were 

designed and made from the above components. One mix was prepared without a nano-additive as a 

reference. A summary of the compositions of all the designed mixes per 1 m3 is presented in Table 1. 

From each mix, with their designations and compositions given in Table 1, cubic specimens with 



15th Asia Pacific Conference for Non-Destructive Testing (APCNDT2017), Singapore. 

 [ID37]  3 

dimensions of 100 x 100 x 100 mm were made in order to test compressive strength, whereas beam 

specimens with dimensions of 40 x 40 x 160 mm were made in order to test bending tensile strength. 

The specimens matured in a climate chamber at an air temperature of 20°C (±1°C) and air relative 

humidity equal to 95% (± 5%). After a period of one year, specimens with dimensions of 50 x 50 x 

100 mm were cut from the previously prepared cubes in order to conduct tests using the acoustic 

emission method. 

Mix 

Components 

Cement [kg] Aggregate [kg] Water [kg] Nano-additive [kg] SP [kg] 

S1 460.0 1640.0 193.2 - 18.4 

S3 (SiO2) 450.8 1640.0 193.2 9.2 18.4 

S6 (TiO2) 450.8 1640.0 193.2 9.2 18.4 

S10 (Al2O3) 450.8 1640.0 193.2 9.2 18.4 

Table 1: Compositions of designed self-compacting concrete mixes per 1m3. 

Tests using the acoustic emission method were carried out with the use of a Vallen-Systeme Gmbh 

AMS3 apparatus set, two VS 150-M sensors with a transmission range of 100-450 kHz and also a 

hydraulic press. During compression of the specimens, the recorded acoustic emission descriptor was 

the effective value of the RMS signal as a function of time. Compression of the specimens was 

conducted with the elimination of friction at the contact between their surfaces and the pressure plates 

of the strength machine. For this purpose, the surfaces of the specimens were grounded until they 

were parallel with an accuracy of 0.05 mm and then covered with a thin layer of technical grease. 

Figure 1 shows a view of the test stand for measuring acoustic emission. 

 
(a) 

 
(b) 

Figure 1: The test stand for measuring AE: a) the set of apparatus, b) the specimen during testing. 
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3 Results of tests and their analysis 

Table 2 presents the results of tests of 90-day compressive strength and bending tensile strength. In 

turn, Figures 2 and 3 show the results of the course of the effective value of the acoustic emission 

RMS signal that was recorded as a function of the compression time of the tested concretes. 

Moreover, the graph of the increase in the relative value of the compressive stresses σc/fc as a function 

of failure time t, and also the levels of crack initiation stresses σi and critical stresses σcr, were shown. 

Series Compressive strength fc [MPa] Bending tensile strength fctm,fl [MPa] 

S1 77.8 10.0 

S3 (SiO2) 76.7 9.5 

S6 (TiO2) 79.1 9.4 

S10 (Al2O3) 77.4 9.2 

Table 2: 90-day bending tensile strength and compressive strength values of the tested concretes. 

 

Figure 2: Record of the effective value of the acoustic emission signal (RMS) and the increase in the relative 

value of compressive stress values σi/σc as a function of the failure time for self-compacting concrete S1. 
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(a) 

 
(b) 

 
(c) 

Figure 3: Record of the effective value of the acoustic emission signal (RMS) and the increase in the relative 

value of compressive stress values σi/σc as a function of failure time for self-compacting concrete modified with 

nanoparticles: a) S3, b) S6, c) S10. 
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The presented results of the acoustic emission tests show that the process of failure in all the tested 

concretes has three stages. This is proved by the course of the effective value of the signal (RMS) in a 

function of time. Initially, the values of the registered descriptor are small. Afterwards, two distinct 

increases in the signal value can be observed. The first increase corresponds to the level of crack 

initiation stresses σi, and the second increase refers to the level of critical stresses σcr. Depending on 

the used additive, the values of these stresses are different. They amout to 0.52 σc/fc and 0.78 σc/fc for 

the reference concrete (S1), 0.58 σc/fc and 0.83 σc/fc for the concrete with nano-SiO2 (S3), 0.52 σc/fc 

and 0.82 σc/fc for the concrete with nano-TiO2 (S6) and 0.52 σc/fc and 0.74 σc/fc for the concrete with 

nano-Al 2O3 (S10). In the case of concrete with nano-SiO2 (S3), it is difficult to precisely determine 

the crack initiation stress level, but it can be assumed that it is higher than for concrete S1. 

Figure 4 summarizes the set of achieved AE test results with the values obtained for the SCC made on 

the basis of quartz aggregate. 

  

Figure 4: Values of crack initiation stresses σi and critical stresses σcr in SCC made on the basis of quartz 

aggregate, granite aggregate and granite aggregate with the addition of SiO2, TiO2 and Al2O3 nanoparticles. 

When comparing the results of the tests for the S1 concrete series to the results presented in [27] 

concerning the SCC made with quartz aggregate, it should be noted that the obtained crack initiation 

stress levels of σi ≈ 0.52 are significantly higher than the corresponding stresses of σi = 0.34 obtained 

for the SCC made solely on the basis of quartz aggregate. The difference may be related to, among 

others, the grain shape of the used aggregate. The quartz pebble aggregate has a relatively smooth 

surface. Therefore, the process of its detachment due to the formation of compressive stresses occurs 

at a lower relative level of compressive stresses than is the case for the quartz aggregate with an 

irregular rugged surface. This is confirmed by the impact of the type of used aggregate on the failure 

process of temporarily compressed concrete [10]. In turn, the critical stress levels  
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of σcr ≈ 0,90 [27] obtained for SCC made solely on the basis of quartz aggregate are higher than the 

corresponding stress levels obtained for the SCC made on the basis of granite aggregate. 

4  Summary 

The paper presents the results of tests of self-compacting concrete made with granite aggregate and 

the addition of SiO2, TiO2 and Al2O3 nanoparticles that were carried out using the acoustic emission 

method. It was confirmed that the failure process of this concrete has three stages. The addition of 

nanoparticles does not cause a reduction of the levels of crack initiation stresses σi and critical stresses 

σcr (except for σcr for the S10 series). However, it causes an increase in the above-mentioned stresses 

in the case of nano-SiO2. When comparing the obtained results with the results of self-compacting 

concrete made on the basis of quartz aggregate, it should be noted that the crack initiation stress levels 

σi are higher, and the critical stress levels σcr are lower. In the case of the initiation stresses σi, this can 

be related to the shape of the grain of the used aggregate. 
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