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Abstract

:

This article presents the results of tests carried out to assess the condition of PP-modified concrete. The tests were carried out on samples previously stored at ambient temperature and exposed to temperatures corresponding to fire conditions—300 °C, 450 °C, and 600 °C. Axial compression tests of cube-shaped samples and three-point bending of beams were carried out. During strength tests, acoustic emission (AE) signals were recorded and the force and deformation were measured. Recorded AE events were clustered using the k-means algorithm. The analysis of the test results allowed for the identification of signals characteristic of the individual stages of the material destruction process. Differences in the methods of destruction of samples stored in ambient conditions and those exposed to fire temperatures were also indicated. While loading the samples, measurements were carried out using the digital image correlation (DIC) method, which enabled the determination of displacements. Based on the results of the laboratory tests, a numerical model was developed. The results obtained using different research methods (DIC and FEM) were compared. Tomographic examinations and observations of the microstructure of the tested materials were also carried out. The analyses carried out allowed for a reliable assessment of the possibility of using the acoustic emission method to detect destructive processes and assess the technical condition of PP-modified concrete. It was confirmed that the acoustic emission method, due to differences at low load levels, can be a useful technique for assessing the condition of PP-modified concrete after exposure to fire temperatures. So far, no research directions in a similar field have been identified.
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1. Introduction


Concrete is widely used in construction; however, this material is susceptible to damage in extreme conditions. Typical examples of exceptional events are fire and high temperatures [1,2].



Factors that have a major impact on the degree of concrete damage at high temperatures include the rate of temperature increase, the maximum heat level, exposure time, the rate of cooling from the maximum temperature, the conditions prevailing after cooling, and the level of load transferred [3,4,5]. Despite the large impact of the factors mentioned, in reality the surrounding conditions may be difficult to predict, or more precisely, difficult to control [2,6,7].



High temperature adversely affects the properties of most cement composites. In fire conditions, concrete structures with a high moisture content and those made of high-strength concrete (HSC) tend to experience thermal spalling. This phenomenon mainly concerns concrete with a low water–cement ratio (w/c), high compressive strength, and a compact cement matrix [8,9,10].



The detachment of large fragments of concrete from the structure reduces the strength of the structure. As a result, this may lead to its damage. The phenomenon of “spalling” also poses a significant threat to rescuers conducting rescue operations [11].



The most effective methods of protecting structures against high temperatures and thermal explosive spalling include



	
use of a thermal barrier (fireproof insulation—surface protection with boards or a layer of shotcrete);



	
using the addition of polypropylene to the concrete mix;



	
adding an air-entraining agent to the concrete mix, using an aggregate with low thermal expansion [10,11].






There have been many scientific and research works aimed at, among other things, studying the positive impact of the addition of polypropylene (PP) fibers and particles on reducing the spalling phenomenon. Thermal explosive spalling of concrete was the subject of, among other subjects, the research covered by the UPTUN project [1,2,6,7].



In order to reduce the spalling of concrete in fire conditions, PP fibers or particles are added to the concrete mixture, generally in an amount from 1 kg/m3 to 2 kg/m3. This amount corresponds to 0.4–0.8% of the volume of the cement slurry, assuming that the cement slurry occupies 30% of the volume of concrete. In order to obtain good dispersion during mixing, the fibers or particles are coated with an agent that reduces their hydrophobic properties. These may be agents such as fatty acid esters, glycerides, fatty acid amides, or cationic surfactants [2,6,7,8].



The most popular varieties of polypropylene plastics soften and begin to melt at a temperature of approximately 160 °C. Under such conditions, the volume of the additive decreases. In the spaces left by the filler, channels are formed through which water vapor escapes under high pressure. Thanks to this, internal stresses do not reach a critical point and explosive spalling of the concrete does not occur [10,11,12,13].



The technological procedure described above allows counteracting the phenomenon of explosive spalling, primarily by reducing the maximum values of water vapor pressure by increasing the permeability of concrete. The increase in permeability occurs due to the melting of fibers or particles and their pyrolysis [12,13].



As a result of fire impact on concrete structures, various damages may occur, the scope and intensity of which depend on the detailed construction and material solutions used in the facility, the type and size of the impacts, and the actual course of temperature changes during the fire. In order to properly assess the technical condition and safety level of a structure after a fire and decide on the scope of possible repair activities, it is necessary to analyze the impact of the identified damage on the load-bearing capacity of the structure, based on reduced material parameters determined taking into account the unfavorable effects of high fire temperature. Since the duration of an actual fire is limited and concrete structures are usually not completely destroyed during a fire, determining the technical condition and conducting an analysis of the safety level of the structure after the fire is necessary to make the right decision regarding the strategy for repairing/strengthening the structure as an alternative to demolition [14,15,16,17].



Diagnostic techniques used to assess the condition of concrete in structures damaged by high temperatures can be divided into tests performed in situ and tests conducted in laboratory conditions on specimens taken from the structure. In the case of local assessment of concrete quality, in situ tests are most often performed using non-destructive and semi-destructive methods, which are commonly used to control the properties of concrete in structures [18,19,20,21].



Among the methods for assessing fire damage to concrete, techniques that allow for a comprehensive assessment of a structural element occupy a special place. These methods use physical phenomena related to the propagation of electromagnetic waves (GPR) or phenomena related to the propagation of surface waves—analysis of surface waves (multichannel analysis of surface waves). Both techniques were taken from geotechnics and allow obtaining isoline maps of material properties for the analyzed elements; however, their use in assessing fire damage is still pioneering and requires further research and analysis [17,18,19,20,21,22].



Laboratory tests of concrete, aimed at assessing degradation and estimating the depth of damage, require collecting material from elements damaged during a fire, most often by drilling. Tests carried out on drilling holes concern the determination of the mechanical properties of concrete. Their purpose is also to determine the condition of the material’s interior. For this purpose, the following methods are used: X-ray, scanning microscopy, DTA and TGA tests, thermoluminescence, colorimetry, and chemical or petrographic analysis, as well as evaluation methods based on porosity measurements using mercury porosimetry or by assessing the density of micro-scratches [17,18,19,20,21,22,23,24,25,26].



The acoustic emission (AE) method has been used for a long time to monitor the condition of many engineering facilities. Acoustic emission is defined as transient elastic waves arising as a result of local internal micro-displacements in the material. The AE method is already a common NDT method used mainly for testing stationary equipment—tanks, pressure vessels, reactors, pipelines, bridges, etc. The AE method has been fully accepted and standardized for some applications. AE provides a large set of information about the response of materials to applied loads. It is effective for detecting and identifying increasing material defects. Thanks to its sensitivity, it can detect processes such as the formation and development of microcracks, the movement of dislocation groups, cracking, sliding, and separation of sediments [24,25,26,27].



An advantage of the AE method is the ability to examine the entire structure/element, locate any damage, and assess its threat to the integrity of the structure. AE application also brings significant economic benefits [27,28].



Acoustic emission is a technique capable of detecting, classifying, and locating damage in concrete by capturing and analyzing acoustic emission signals generated during compression, splitting, or other mechanical processes. The AE technique has been used to investigate damage to structural materials [29,30]. Suzuki et al. discovered the relationship between AE energy rate and physical properties and made a correlation between the parameters, and a qualitative assessment of concrete damage was made based on AE signals [30]. Suzuki et al. also used the AE technique and damage mechanisms to quantify the damage of concrete structures [27]. Wang et al. studied the acoustic emission characteristics and the failure process of mortars with polypropylene fibers and concrete reinforced with steel fibers at different strain rates [28]. Their study has important value for understanding the damage development characteristics of fiber-reinforced concrete. By comparing the AE performance characteristics of cementitious materials under bending and shear loading, Farhidzadeh et al. realized the fracture mode identification for tensile and shear fracture [31]. Kawasaki et al. used continuous acoustic emission monitoring to study the corrosion damage of reinforced concrete beams under wet–dry cycles and determined the occurrence of corrosion and the nucleation of corrosion cracks [32]. The results showed that the AE technique has great prospects for the quantitative assessment of concrete in the air-dry state and exposed to fire temperatures. It was concluded that the AE signal is sensitive to subtle damages inside the materials and is suitable for damage analysis of composite materials [33,34,35,36,37,38].



This article identified destructive processes in PP-modified concrete during compression and bending tests. For this purpose, a multi-criteria analysis of AE signals was used. Differences in the range of work under load were indicated for samples stored at room temperature and exposed to fire temperature. It was established that high temperatures lead not only to a decrease in the mechanical parameters of the material, but also to a change in the way it functions under load. It was confirmed that the acoustic emission method, due to differences at low load levels, can be a useful technique for assessing the condition of PP-modified concrete after exposure to fire temperatures. So far, no research directions in a similar field have been identified.




2. Materials and Methods


2.1. Materials


The tests were aimed at checking the behavior of the material under compressive and bending loads. Specimens for axial compression tests took the form of concrete cubes with dimensions of 150 × 150 × 150 mm. The structure of the material was concrete with the addition of dispersed PP particles. Specimens for three-point bending tests took the form of concrete beams with dimensions of 50 × 50 × 300 mm. The structure of the material was concrete with the addition of dispersed PP particles.



The research material was obtained from an entity offering the sale of modified concrete for industrial applications. The manufacturer of the research material was KAPIT s.r.o. (Žilina, Slovak Republic). Information regarding the exact composition of the material was not given, because the recipe is protected by patent law.



Four series of three specimens were tested in both compression and bending tests. Specimens from the first group (C1 for compression and B1 for bending) were stored at ambient room temperature (±20 °C). Specimens from the second test series (C2 for compression and B2 for bending) were fired in a laboratory furnace. The processing temperature was 300 °C. The heating time from the moment the set temperature was reached was 3 h. Specimens from the third test series (C3 for compression and B3 for bending) were fired in a laboratory furnace at a temperature of 450 °C. The heating time from the moment the set temperature was reached was 3 h. Specimens from the fourth test series (C4 for compression and B4 for bending) were fired in a laboratory furnace at a temperature of 600 °C. The heating time from the moment the set temperature was reached was 3 h.



The firing time used for the samples made it possible to obtain the same temperature throughout the entire volume of the conditioned elements. Samples cooled in air at room temperature were tested.




2.2. Methods


2.2.1. Acoustic Emission Method


As mentioned, acoustic emission (AE) is a non-destructive method for tracking the growth of cracks in the structure of a material subjected to deformation or internal stress. The method is based on monitoring the mechanical energy released in the form of elastic waves when the structure of a deformed material cracks. This energy passes through the material in the form of ultrasonic and audible sound waves and is measured on the surface of the object using a piezoelectric transducer (microphone). By digitally recording and processing individual AE events in real time, the method allows, not only constant monitoring of crack propagation, but also prediction of the macro damage that precedes a noticeable increase in the level of AE activity.



NOESIS 12.0 software is useful for classifying AE signals and is based primarily on the pattern recognition method. Programs from this group enable analyses with automated division into classes (unsupervised)—USPR and in the self-learning variant, in which division into classes is carried out using reference signals (supervised)—SPR.



The NOESIS program uses various grouping methods, but the instructions do not provide guidelines for choosing one of them. In the analyses discussed, the Fuzzy K-means algorithm was used.



Clustering is one of the unsupervised learning techniques. The clustering problem involves dividing data into groups (clusters) that contain elements that are similar to each other. First, an initial division of the data is performed. Then, the obtained division is modified in such a way that some elements are transferred to other groups, so as to obtain the minimum variance within each group. The aim is to ensure that the similarity of elements within each group is as high as possible, but at the same time ensuring the greatest possible difference between groups [38].



Data grouping methods can be divided into two categories: hierarchical methods and non-hierarchical methods. The k-means method is one of the non-hierarchical methods. The main difference between hierarchical and non-hierarchical methods is that in the case of non-hierarchical methods it is necessary to specify the number of groups in advance. Data grouping is widely used in many different areas (fields), such as biology, medicine, economics, and image processing [38].



An appropriate evaluation function is responsible for the homogeneity of the elements in each group. There are many different scoring functions that can be used to measure the quality of clustering. The most frequently used function is called the sum of squared error (SSE), which can be defined as the sum of the squared distances between the elements in the dataset and the centroids to which these elements are assigned. The most commonly used distance function is Euclidean distance [33,38].



A popular and widely used algorithm is the k-means algorithm. For a given dataset and initial solutions (centroids), in subsequent iterations, the algorithm generates better and better solutions in which the SSE value is smaller and smaller. The iteration of the algorithm can be divided into two main phases: the assignment phase and the centroid calculation phase. In the assignment phase, each element of the dataset is assigned to the nearest centroid. Then, in the centroid calculation phase, they are recalculated as the average value of the assigned training vectors. Individual phases of the algorithm are repeated until the appropriate stopping criterion is reached. The most common convergence criterion is a predetermined number of iterations or a step at which the affiliation of dataset elements to centroids has not changed [35,36].




2.2.2. Digital Image Correlation DIC


The development of non-invasive methods for evaluating the strain process of loaded components/specimens makes it possible to increase the amount and quality of information obtained from laboratory tests. One of the many methods used to measure material deformation is digital image correlation. The principle of using DIC in testing is based on analyzing the image of the strain of the specimen surface, over the entire load range. The area of the specimen to be recorded during the test should be properly prepared by applying the appropriate quality of points. The texture should be applied to the object before the measurements start. The method and technique of applying the texture to the surface of the specimen requires the experience of the person carrying out the tests using image registration. One of the recorded images is defined as the reference image for all subsequent analyses. Software using DIC analyzes changes in the position of each point registered on the reference image, over the entire load range [39,40,41,42,43,44,45]. The DIC analysis results in displacement values from which, in the next step, strains are determined from simple relationships. In the research considered in this article, a so-called videoexensometer and analysis using GOM Correlate software ver. 2023.3.0.969 were used [46]. Strain levels determined in the material using digital image capturing (DIC) methods for the loaded element become a natural way to verify obtained strain results from other sources—e.g., numerically determined [38,39,47].




2.2.3. Numerical Simulations


In order to determine the values of stresses and deformations in the modified concrete adopted for the analysis, load simulations of compression cubes and three-point-bending beams were carried out using the finite element method (FEM). Numerical models were developed and calculations were carried out in Abaqus ver. 2017 [48]. Numerical models were developed: three-dimensional models of the compression cubes, and two-dimensional models of the three-point-bending specimens. Dimensionally, the specimens were identical to those used in laboratory tests. The correctness of numerical results obtained is primarily determined from two aspects: the use of a suitably prepared material compound, and the discretization of the numerical model, which involves careful development of a high-quality finite element (FE) grid. Due to the nature of the material under consideration—concrete with polypropylene particles—the option available in Abaqus—concrete damage plasticity (CDP)—was used to define the material model [38,47,49,50,51,52,53,54,55]. Information on the material model used is presented in Table 1.



Eight-node (type C3D8R for the compression specimen) and four-node (type CPS4 for the flexural specimen) finite elements were used in the discretization of the numerical models. The model of the compression specimen contained 8000 nodes, while the model of the three-point bending specimen contained 1820 nodes. The quality of the finite element mesh was verified using the built-in option in Abaqus. No low-quality elements were shown. When defining the boundary conditions in the compressed cube, the possibility of displacement of the bottom wall of the model was blocked, while displacement of the top wall was enforced (Figure 1a). The ability to move the two rollers, located at the bottom of the numerical specimen model, was disabled. The deflection of the numerical beam model was forced by applying the displacement of the upper roll (Figure 1b). In the case of the numerical models of both analyzed specimens, the displacement value declared in the numerical calculation program corresponded to the displacement value at the maximum force loading the element, recorded during the laboratory tests.




2.2.4. CT Computed Tomography


CT computed tomography is a type of X-ray spectroscopy, a diagnostic method that allows obtaining layered images of the examined object. It uses a composite of object projections made from different directions to create cross-sectional (2D) and spatial (3D) images [56,57,58].



Creating a tomographic image involves measuring the absorption of radiation passing through an object. The volume of the object is divided into small cells, called voxels, in which the linear radiation absorption coefficient is the same. The reconstructed cross-sectional image is a quantitative map of the linear radiation absorption coefficient in the voxels included in the scanned layer. The distribution of radiation absorption coefficients is calculated by a computer, which is why the method is called computed tomography [59,60].



Modern tomographic methods used in relation to building materials make it possible to obtain information regarding the diagnosis of the destruction process and the relationship between microstructure and functional properties. The development of tomographic methods is mainly aimed at detecting various types of defects in the tested material [61,62].



The research discussed in this manuscript used the Nikon XT H 225 ST (Nikon, Leuven, Belgium) computed tomography system, which allows the examination of details weighing up to 50 kg. This advanced computed tomography system equipped with a metrology package allows you to conduct research in accordance with the VDI 2630 standard [63] and obtain the same or more accurate measurements than coordinate measuring machines.



The Nikon XT H 225 ST system consists of the following components:




	
a high-energy X-ray tube generating radiation up to 225 kV at a power of 450 W;



	
Perkin Elmer 1620 digital detector with a pixel size of 200 μm;



	
five-axis object manipulator with an integrated rotary table;



	
granite manipulator base with an inspection table;



	
computer with dedicated software.








The tested specimens were exposed to ionizing radiation, as a result of which a series of 2D images were obtained at various angles of rotation; then, the images were reconstructed and a 3D model was obtained.



The test parameters for the tested specimens were determined experimentally and were assumed:




	
X-ray tube exposure parameters—215 kV, 355 μA;



	
distance between the lamp and the detector—600 mm;



	
exposure time—354 ms;



	
number of projections—4476;



	
image resolution—31 μm;



	
geometric magnification—5×;



	
voxel size—27 μm.








Data processing was carried out in the VG Studio Max program.






3. Results


3.1. Results of the Laboratory Tests


Two types of tests were to be carried out in the laboratory testing program: a compression test and a three-point bending test. For the compression test, the specimens were 150 × 150 × 150 cubes, while the three-point bending test used beams measuring 300 × 50 × 50. The test specimens were made of concrete together with PP-particle reinforcement, after heat exposure of the analyzed material (as introduced in the first part of the article). Laboratory tests were carried out on a Zwick testing machine. The following signals were recorded throughout the tests: test time, force applied to the specimen, and displacement of the machine traverse. In addition, an image of the deforming specimen was recorded during running time, for subsequent analysis using DIC. Graphs of specimen loading force as a function of traverse displacement are shown in Figure 2a for compression tests and Figure 2b for three-point bending tests.



For the compression case, the highest level of force loading of the specimen was recorded for the material designated as C1—without burning the concrete under fire conditions. This was a value of over 500 kN. As temperature was applied (increased) to the concrete material through annealing, a gradual decrease in the maximum force recorded during the compression tests was obtained. A significant decrease in the loading force on the specimen occurred when the annealing temperature of the concrete was increased above 300 °C—material C2. With the thermal effect on the concrete material, an increase in the recorded displacement of the traverse was obtained, i.e., the level of nominal strain increased (Figure 2a).



In the case of the three-point bending specimens, significantly higher values for the maximum specimen loading force were obtained for concrete material without baking (B1) and concrete subjected to baking at 300 °C (B2). A decrease in the specimen loading force to a value of 90–120 N was recorded for concrete annealed at the two highest temperatures analyzed: 450 °C (B3) and 600 °C (B4). As the firing temperature of the concrete containing PP particles increased, the material was able to sustain a higher value of traverse displacement (above 3 mm for materials designated B3 and B4) (Figure 2b).



The appearance of the specimens after the compression test and the three-point bending test is shown in Figure 3a–d. After the compression test, the specimen made of concrete without furnace baking showed no visible loss of material (Figure 3a). The same was true for the concrete annealed at 300 °C (Figure 3b), but in this case cracks and areas of partial material disintegration were already visible on the surface of the specimen. For concrete with PP particles annealed above 300 °C (material designations C3 and C4), the specimens were significantly crushed after the compression test, with material loss and with the polypropylene particles melted during annealing visible (Figure 3c,d).



For the concrete material designated B1 and B2, the specimens after the three-point bending test did not show any visible significant cracks or losses (splits) in the material (Figure 3a,b). From concrete annealing temperatures above 300 °C after the bending test, the occurrence of concrete cracks could be observed on the specimens, as visible in Figure 3c,d.



The information obtained from the laboratory compression and three-point bending tests on concrete specimens reinforced with PP particles, taking into account observations of the loading behavior of the specimens, formed the basis for developing numerical models and carrying out finite element method (FEM) simulations.




3.2. Results of Measurements and Analyses Using the Acoustic Emission Method


In order to create a database of reference signals for the destructive processes occurring in the material of concrete specimens modified with PP particles, 14 parameters of EA signals were used:




	
Duration;



	
Rise time;



	
Decay time;



	
RMS;



	
Counts;



	
Counts to peak;



	
Amplitude;



	
Energy;



	
Average frequency;



	
Reverberation frequency;



	
Initiation frequency;



	
Absolute energy;



	
Signal strength;



	
Average signal level (ASL).








The degree of matching of signals to individual classes was assessed based on the value of the R2 coefficient. The value of the indicator in each case was not less than 0.9.



3.2.1. Results of Acoustic Emission Analyses for Compressed PP-Modified Concrete Cubes


The development of the material crack sequence during compression was divided into seven stages, taking into account the level of micro- and macro-cracks. Characteristic processes were assigned to classes of acoustic emission signals isolated using the k-means algorithm:




	
elastic deformations in the linear range—class 1 (red);



	
crack initiation on a micro scale—class 2 (blue);



	
development of cracks on a micro scale—class 3 (black);



	
coalescence of cracks on a micro scale—class 4 (pink);



	
crack initiation on a macro scale—class 5 (green);



	
emergency condition—class 6 (orange).








Table 2 shows the ranges of some acoustic emission parameters for each grouping class.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes in time for an exemplary specimen from the C1 series (Figure 4), it can be seen that in the time course from the beginning of the load application there were signals corresponding to the elastic work of the material. Shortly after the beginning of the study, signals related to the initiation of cracks in the microstructure and their development appeared. The increase in force led to a gradual coalescence of deformations. The occurrence of damage on a macro scale led to rapid destruction of the element. Subsequent processes were characterized by increasing energy.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes over time for an exemplary specimen from the C2 series (Figure 5), it can be seen that in the time course from the beginning of the load application there were signals corresponding to the elastic work of the material. Shortly after the beginning of the study, signals related to the initiation of cracks in the microstructure and their development appeared. The increase in force led to a gradual coalescence of deformations. The occurrence of damage on a macro scale led to rapid destruction of the element. It was noticed that for the samples from the discussed series there was a break in the development and coalescence of cracks on a micro scale. Subsequent processes were characterized by an increase in energy.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes over time for an exemplary specimen from the C3 series (Figure 6), it can be seen that signals of all classes appeared in the time course from the beginning of the test. The material destruction process proceeded at a faster pace compared to specimens in an air-dry state and fired at a temperature of 300 °C. Subsequent processes were characterized by signals of increasingly higher energy.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes over time for an exemplary specimen from the C4 series (Figure 7), it can be seen that signals of all classes appeared in the time course from the beginning of the test. The material destruction process proceeded at a faster pace compared to specimens in an air-dry state and fired at a temperature of 300 °C. Subsequent processes were characterized by signals of increasingly higher energy.




3.2.2. Results of Acoustic Emission Analyses for Bending Beams Made of PP-Modified Concrete


In the case of the bending specimens, the best matching of the signals was obtained by dividing the events into four classes. The acoustic emission signals were attributed to the following processes:




	
elastic work/micro crack initiation—class 1 (red);



	
formation and propagation of cracks—class 2 (blue);



	
development of cracks, crushing of concrete—class 3 (black);



	
plastic deformation, material damage—class 4 (purple).








Table 3 shows the ranges of some acoustic emission parameters for individual grouping classes.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes over time for an example specimen from the B1 series (Figure 8), it can be seen that in the time course from the beginning of the load application there were signals corresponding to the elastic work of the material and the formation of microcracks. Shortly after the beginning of the study, signals related to the formation and propagation of cracks appeared. The increase in force led to the gradual development of deformations and crumbling of the concrete. The occurrence of damage on a macro scale quickly led to the destruction of the element. Subsequent processes were characterized by signals of increasingly higher energy. Signals associated with significant deformation and crushing of concrete appeared when the breaking force reached 50%.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes over time for an exemplary specimen from the B2 series (Figure 9), shortly after the beginning of the study, signals related to the formation and propagation of cracks appeared. The increase in force led to the gradual development of deformations and crumbling of the concrete. The occurrence of damage on a macro scale quickly led to the destruction of the element. Subsequent processes were characterized by signals of increasingly higher energy. Signals associated with significant deformation and crushing of concrete appeared when the breaking force reached 50%.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes over time for an example specimen from the B3 series (Figure 10), it can be seen that in the time course from the beginning of the load application there were signals corresponding to the elastic work of the material and the formation of microcracks. The total number of recorded signals compared to the B1 and B2 series specimens was much lower. The material destruction process proceeded at a faster pace compared to specimens in an air-dry state and fired at a temperature of 300 °C. Shortly after the beginning of the test, there were signals related to the formation and propagation of cracks, as well as evidence of the development of deformations and the crumbling of concrete. The occurrence of damage on a macro scale quickly led to the destruction of the element. Subsequent processes were characterized by signals of increasingly higher energy. Signals associated with significant deformation and crushing of concrete appeared after reaching 10% of the destructive force.



Analyzing the graph of the energy parameter of acoustic emission signals of individual classes in time for an example specimen from the B4 series (Figure 11), it can be seen that in the time course from the beginning of the load application there were signals corresponding to the elastic work of the material and the formation of microcracks. The total number of recorded signals compared to the B1 and B2 series specimens was much lower. The material destruction process proceeded at a faster pace compared to specimens in an air-dry state and fired at a temperature of 300 °C. Shortly after the beginning of the test, there were signals related to the formation and propagation of cracks, as well as evidence of the development of deformations and crumbling of concrete. The occurrence of damage on a macro scale quickly led to the destruction of the element. Subsequent processes were characterized by signals of increasingly higher energy. Signals associated with significant deformation and crushing of the concrete appeared after reaching 10% of the destructive force.





3.3. Results of the Numerical Analyses


As a result of the numerical simulations, the stresses and strains occurring in the numerical models of the specimen geometries analyzed were determined. The purpose of this was to determine the characteristic magnitudes of the mechanical fields accompanying concrete with PP reinforcing particles after exposure to high fire temperatures. In the case of stresses, the magnitudes of Mises effective stresses and stresses in the direction of displacement action in the numerical model (σ22) were analyzed. These are the stress levels characteristic of when the maximum force is reached in laboratory tests (Figure 2). Maps of the effective stress distributions in the modelled specimens for different annealing temperatures are shown in Figure 12. The characteristic stress magnitudes are summarized in Table 4.



Concrete with polypropylene particles stored at room temperature (+20 °C) had the highest levels of Mises effective stresses and the component acting in the direction of the applied load, for both compression and three-point bending tests (Table 4). The maximum value of effective stress was approximately 27.5 MPa in bending, and almost twice as much at approximately 47 MPa in compression. As higher and higher annealing temperatures were applied to the material of the analyzed concrete, a significant reduction in stresses was achieved, so that at an annealing temperature of 450 °C and above, the effective stress level was within 3 MPa, with σ22 stresses of less than 1 MPa for three-point bending. When observing the stress maps obtained from the numerical simulations (Figure 12a,c) for the bending test, it can be seen that for concrete stored at room temperature and baked at 300 °C, the maximum stress levels occurred in the center of the specimen, at its top edge, in close proximity to the contact of the roll loading the material. For the high annealing temperatures of concrete with PP particles (450 °C and 600 °C), the zone of maximum stresses moved away from the top surface of the specimen. This effect was indirectly visible with the image of the beam annealed at 600 °C, while a significant shift of the area of maximum stress values was recorded for the specimen annealed at 450 °C (Figure 12e,g). The differences in the stress distributions in the analyzed material were due to the influence of the melting of PP particles in the concrete, which could be seen in the laboratory test results (Figure 2).



The strains occurring in the material due to loading were also determined numerically. The analysis was based on the magnitude of the effective strain. This was in order to be able to verify the numerical results obtained with digital image correlation of the specimen during laboratory testing. Maps of strain distributions obtained from the DIC: for compression and three-point bending specimens are shown in Figure 13. The numerical values of strains determined numerically and those obtained from the analysis using DIC are summarized in Table 5.



In the case of the numerical analysis of the compressed cube, the lowest level of effective strain occurred for concrete with PP particles without baking, in the range of 23.5%. With the implementation of concrete annealing in the fire temperature range, the material showed a high level of strain, well above 40%. The maximum strain occurred for the specimen annealed at 300 °C and was over 57%, a gentle decrease in strain was recorded for the material annealed at 450 °C and 600 °C—within 50% (Table 5).



The lowest level of effective strain for the three-point bending mode that was determined by numerical simulations was recorded for the specimen without annealing under fire conditions (storage temperature +20 °C). The deformation was almost 13%. As the annealing temperature of the material increased, the effective strains increased, to almost 24% at temperatures: 300 °C and 600 °C. The highest strain value of 42% occurred at an annealing temperature of 450 °C. The area of the highest strain values was located in the central part of the specimen, at the point of contact between the material and the loading roller (Figure 13f,h). The increase in numerically determined strains when the maximum force was recorded on the experimental curve was identified with the phenomenon of the melting of PP particles, which were components of the concrete analyzed. This allowed for greater deformation of the concrete material as a result of loading. For each of the cases analyzed, a higher level of effective strain occurred for the case of concrete compression, relative to three-point bending.



An important aspect of the analyses presented was the possibility to verify the numerical results obtained in terms of strain. A second source for determining effective strain levels in the loaded material was analyses based on image registration of the DIC specimen. In the results of the analyses carried out using GOM software ver. 2023.3.0.969, it was possible to compare strain levels. In the case of the four analyzed variants of thermal action on concrete, the maximum difference between the numerical results and those determined by using the DIC was 4.11% for the treatment variant designated C4 and B4 (Table 5). An important aspect from the point of view of DIC analysis is the appropriate application of contrasting dots on the recorded specimen surface and the use of a camera of sufficiently high quality to record images of the deforming specimen.




3.4. Computed Tomography Results


Research using computed tomography involved the analysis of image sections in the XY plane and 3D models, including porosity measurement.



Figure 14 shows the distribution of 2D cracks along the loading direction (Z axis) in the XY plane (perpendicular to the loading direction). Inside the material, there were primary pores and microcracks (Figure 14a), which most often occurred at the edge of unhydrated cement, aggregate grains, and PP particles. The distribution of PP particles was non-uniform, and their size in cross-section/plan was comparable to the aggregate grains. Firing at a temperature of 300 °C resulted in the formation of new cracks, most often connecting the components of the cement matrix (Figure 14b). It is clearly visible that the PP particles have spread. Their size compared to the air-dry material was several times larger. In the analyzed image section, it can be seen that the plasticized filler has penetrated some of the cracks and pores that have formed. As the temperature increased, further development of primary cracks and the gradual formation of new damage throughout the material cross-section were noted. The cracks increased in scale and had complex shapes and modes (Figure 14c,d).



During the observations, it was determined that the voids (pores, cracks) in the volume of individual specimens were as follows: 1.36%, 12.37%, 22.55%, 17.14%. The obtained values correlate with the previously discussed displacement results (Figure 15).



The results obtained using CT confirmed the authors’ assumptions as to the condition of the material after thermal conditioning and the influence of the structure on the emitted AE signals.





4. Discussion and Conclusions


Based on the analyses of the obtained research results regarding the destruction process of compressed cubes and bending beams made of modified PP concrete stored at ambient temperature and subjected to the influence of fire temperatures, performed using AE signal analyses, numerical analysis, DIC and computed tomography tests, certain generalizations were formulated.



	
Loading concrete modified with PP particles causes the occurrence of various mechanisms (processes) of material destruction, which include elastic deformations in the linear range, initiation of cracks on a micro scale, formation of cracks on a macro scale, crushing of concrete, and a state of destruction.



	
Similar destruction processes were found for materials stored at ambient temperature and exposed to fire temperatures.



	
The evolution of destructive processes in PP-modified concrete is associated with the emission of increasingly higher energy signals.



	
The destruction of materials stored at ambient temperature and exposed to fire temperatures involves the emission of signals of similar energy.



	
In the case of cubes and beams stored at ambient temperature and exposed to fire at 300 °C (series C1, C2, B1 and B2), the processes occurred sequentially until the elements had been destroyed. The course of signals of individual acoustic emission classes was close to linear.



	
In the case of compression samples exposed to a fire temperature of 300 °C (series C2), a break in the development and coalescence of cracks at the micro scale was observed. This fact was referred to the possibility of local strengthening of the material as a result of increasing the degree of compactness of the material structure by the melted PP material.



	
In the case of cubes and beams exposed to fire temperatures of 450 °C and 600 °C (series C3, C4, B3 and B4), a significantly smaller number of signals and a change in their distribution over time were observed.



	
In the case of cubes and beams exposed to fire temperatures of 450 °C and 600 °C (series C3, C4, B3 and B4), all destructive processes were found to occur in stages at specific time intervals. This fact was related to the increase in the degree of porosity of the material due to high temperatures.



	
As a result of numerical simulations, the highest levels of effective stresses and in the tensile direction (deflection) were determined for specimens stored at room temperatures. A significant decrease in stress values occurred with the concrete annealing temperature of 450 °C (from samples designated C3 and B3, respectively). The trend of the results was consistent with the recorded results of the laboratory tests. This relationship was present for both compression and three-point bending tests.



	
The impact of fire temperature conditions on the concrete material increased the values of deformations determined in the elements based on finite element calculations. For the compression test, the highest levels of effective deformation occurred for specimens annealed at 300 °C (C2), while for the three-point bending test, it was for the material after annealing under temperature conditions of 450 °C (B3).



	
The results of the numerical calculations were validated by comparing the obtained effective strain levels with the values determined using digital image correlation (DIC). The maximum difference was less than 5%.



	
After analyzing the research results, the following conclusions were drawn:



	
Fire temperatures of 300 °C, 450 °C, and 600 °C reduce the mechanical strength of PP-modified concrete under both compressive and bending loads.



	
Compression and bending of PP-modified concrete causes the emission of acoustic signals characteristic of various destructive processes occurring in the material.



	
Fire temperatures change the number and distribution of acoustic emission signals occurring during compression and bending of PP-modified concrete.



	
Differences in the number and distribution of acoustic emission signals occur at low load and strain values.



	
Analysis of acoustic emission signals according to the energy parameter over time allows drawing conclusions about the advancement of destructive processes taking place in the material structure and a preliminary assessment of the material’s technical condition.



	
The acoustic emission method can be effective for monitoring the condition of PP-modified concrete elements or structures under load. This applies to both materials operated at ambient temperatures and those exposed to fire temperatures.



	
The impact of high post-fire temperatures on concrete with PP particles affects the stress and effective strain distributions occurring in the material. Such a case occurs both for compression specimens and those subjected to three-point bending.



	
An important aspect at the stage of validation of the numerical model is the possibility of comparing the determined values of deformations with those obtained as a result of implementation at the level of laboratory tests of digital image correlation. The correctness of the application of DIC analysis is conditioned by the experience of the person handling the preparation of the surface of the specimen for testing and the use of equipment for recording the image of the specimen with sufficient quality.



	
The results of laboratory tests, registration and analysis of acoustic emission signals, numerical simulations, and DIC analyses complement each other, creating a universal method for evaluating the material of concrete with PP particles subjected to fire temperatures.










Author Contributions


Conceptualization, A.A.-B. and S.L.; methodology, A.A.-B.; software, J.A.; validation, P.K., F.B. and J.A.; formal analysis, S.L.; investigation, A.A.-B.; resources, J.A.; data curation, P.K.; writing—original draft preparation, A.A.-B. and S.L.; writing—review and editing, F.B.; visualization, A.A.-B.; supervision, P.K.; project administration, J.A.; funding acquisition, S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Research Projects No. 1/0321/24 of the Slovak Grant Agency.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Mindeguia, J.-C.; Pimienta, P.; Noumowé, A.; Kanema, M. Temperature, pore pressure and mass variation of concrete subjected to high temperature—Experimental and numerical discussion on spalling risk. Cem. Concr. Res. 2010, 40, 477–487. [Google Scholar] [CrossRef]

	



Liu, J.-C.; Tan, K.H.; Yao, Y. A new perspective on nature of fire-induced spalling in concrete. Constr. Build. Mater. 2018, 184, 581–590. [Google Scholar] [CrossRef]

	



Wang, X.; Li, L.; Xiang, Y.; Wu, Y.; Wei, M. The influence of basalt fiber on the mechanical performance of concrete-filled steel tube short columns under axial compression. Front. Mater. 2024, 10, 1332269. [Google Scholar] [CrossRef]

	



Huang, H.; Yuan, Y.; Zhang, W.; Zhu, L. Property Assessment of High-Performance Concrete Containing Three Types of Fibers. Int. J. Concr. Struct. Mater. 2021, 15, 39. [Google Scholar] [CrossRef]

	



Singh, A.; Wang, Y.; Zhou, Y.; Sun, J.; Xu, X.; Li, Y.; Liu, Z.; Chen, J.; Wang, X. Utilization of antimony tailings in fiber-reinforced 3D printed concrete: A sustainable approach for construction materials. Constr. Build. Mater. 2023, 408, 133689. [Google Scholar] [CrossRef]

	



Bilodeau, A.; Kodur, V.K.R.; Hoff, G.C. Optimization of the type and amount of polypropylene fibres for preventing the spalling of lightweight concrete subjected to hydrocarbon fire. Cem. Concr. Compos. 2004, 26, 163–174. [Google Scholar] [CrossRef]

	



Han, C.-G.; Hwang, Y.-S.; Yang, S.-H.; Gowripalan, N. Performance of spalling resistance of high performance concrete with polypropylene fiber contents and lateral confinement. Cem. Concr. Res. 2005, 35, 1747–1753. [Google Scholar] [CrossRef]

	



Heo, Y.-S.; Sanjayan, J.G.; Han, C.-G.; Han, M.-C. Relationship between inter-aggregate spacing and the optimum fiber length for spalling protection of concrete in fire. Cem. Concr. Res. 2012, 42, 549–557. [Google Scholar] [CrossRef]

	



Noumowe, A. Mechanical properties and microstructure of high strength concrete containing polypropylene fibres exposed to temperatures up to 200 °C. Cem. Concr. Res. 2005, 35, 2192–2198. [Google Scholar] [CrossRef]

	



Mazzucco, G.; Majorana, C.E.; Salomoni, V.A. Numerical simulation of polypropylene fibres in concrete materials under fire conditions. Comput. Struct. 2015, 154, 17–28. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, Y.; Yang, E.-H.; Tan, K.H. Effects of geometry and fraction of polypropylene fibers on permeability of ultra-high performance concrete after heat exposure. Cem. Concr. Res. 2019, 116, 168–178. [Google Scholar] [CrossRef]

	



Li, B.; Chen, Z.; Wang, S.; Xu, L. A review on the damage behavior and constitutive model of fiber reinforced concrete at ambient temperature. Constr. Build. Mater. 2024, 412, 134919. [Google Scholar] [CrossRef]

	



Li, Y.; Tan, K.H.; Yang, E.-H. Synergistic effects of hybrid polypropylene and steel fibers on explosive spalling prevention of ultra-high performance concrete at elevated temperature. Cem. Concr. Compos. 2019, 96, 174–181. [Google Scholar] [CrossRef]

	



George, C.; Senthil Selvan, S.; Sathish Kumar, V.; Murali, G.; Giri, J.; Makki, E.; Sathish, T. Enhancing the fire-resistant performance of concrete-filled steel tube columns with steel fiber-reinforced concrete. Case Stud. Constr. Mater. 2024, 20, e02741. [Google Scholar] [CrossRef]

	



Yu, Z.; Yang, Q.; Zhang, J.; Peng, S. Research on uniaxial mechanical performance of high-performance concrete after high temperature rapid cooling and damage mechanism analysis. J. Build. Eng. 2024, 86, 108921. [Google Scholar] [CrossRef]

	



Najafi, P.; Kohnehpooshi, O.; Hedayatnasab, A.; Parhizkar, T. Fire-resistance behavior of concrete columns produced with recycled ceramic and silica aggregates: An experimental and numerical approach. Constr. Build. Mater. 2023, 390, 131774. [Google Scholar] [CrossRef]

	



Molkens, T.; Van Coile, R.; Gernay, T. Assessment of damage and residual load bearing capacity of a concrete slab after fire: Applied reliability-based methodology. Eng. Struct. 2017, 150, 969–985. [Google Scholar] [CrossRef]

	



Kodur, V. Properties of Concrete at Elevated Temperatures. Int. Sch. Res. Not. 2014, 2014, e468510. [Google Scholar] [CrossRef]

	



Khouri, G.A.; Anderberg, Y.; Both, K.; Fellinger, J.; Majorana, C.; Høj, N.P. Fire Design of Concrete Structures–Materials, Structures and Modelling; fib Bulletin No. 38; The International Federation for Structural Concrete: Lausanne, Switzerland, 2007; ISBN 978-2-88394-078-9. [Google Scholar]

	



Li, Y.-H.; Franssen, J.-M. Test Results and Model for the Residual Compressive Strength of Concrete After a Fire. J. Struct. Fire Eng. 2011, 2, 29–44. [Google Scholar] [CrossRef]

	



Shahraki, M.; Hua, N.; Elhami-Khorasani, N.; Tessari, A.; Garlock, M. Residual compressive strength of concrete after exposure to high temperatures: A review and probabilistic models. Fire Saf. J. 2023, 135, 103698. [Google Scholar] [CrossRef]

	



Kodur, V.K.R.; Agrawal, A. Effect of temperature induced bond degradation on fire response of reinforced concrete beams. Eng. Struct. 2017, 142, 98–109. [Google Scholar] [CrossRef]

	



Khoury, G.A. Effect of fire on concrete and concrete structures. Prog. Struct. Eng. Mater. 2000, 2, 429–447. [Google Scholar] [CrossRef]

	



Adamczak-Bugno, A.; Krampikowska, A. The Acoustic Emission Method Implementation Proposition to Confirm the Presence and Assessment of Reinforcement Quality and Strength of Fiber–Cement Composites. Materials 2020, 13, 2966. [Google Scholar] [CrossRef]

	



Świt, G.; Adamczak, A.; Krampikowska, A. Bridge management system within the strategic roads as an element of smart city. IOP Conf. Ser. Earth Environ. Sci. 2019, 214, 012054. [Google Scholar] [CrossRef]

	



Adamczak-Bugno, A.; Świt, G.; Krampikowska, A. Fibre-Cement Panel Ventilated Façade Smart Control System. Materials 2021, 14, 5076. [Google Scholar] [CrossRef]

	



Suzuki, T.; Ohtsu, M.; Shigeishi, M. Relative damage evaluation of concrete in a road bridge by AE rate-process analysis. Mater. Struct. 2007, 40, 221–227. [Google Scholar] [CrossRef]

	



Wang, Y.; Chen, S.; Ge, L.; Zhou, L.; Hu, H. Analysis of Dynamic Tensile Process of Fiber Reinforced Concrete by Acoustic Emission Technique. J. Wuhan Univ. Technology-Mat. Sci. Edit. 2018, 33, 1129–1139. [Google Scholar] [CrossRef]

	



Jiao, Y.; Zhang, Y.; Guo, M.; Zhang, L.; Ning, H.; Liu, S. Mechanical and fracture properties of ultra-high performance concrete (UHPC) containing waste glass sand as partial replacement material. J. Clean. Prod. 2020, 277, 123501. [Google Scholar] [CrossRef]

	



Suzuki, T.; Nishimura, S.; Shimamoto, Y.; Shiotani, T.; Ohtsu, M. Damage estimation of concrete canal due to freeze and thawed effects by acoustic emission and X-ray CT methods. Constr. Build. Mater. 2020, 245, 118343. [Google Scholar] [CrossRef]

	



Farhidzadeh, A.; Mpalaskas, A.C.; Matikas, T.E.; Farhidzadeh, H.; Aggelis, D.G. Fracture mode identification in cementitious materials using supervised pattern recognition of acoustic emission features. Constr. Build. Mater. 2014, 67, 129–138. [Google Scholar] [CrossRef]

	



Kawasaki, Y.; Wakuda, T.; Kobarai, T.; Ohtsu, M. Corrosion mechanisms in reinforced concrete by acoustic emission. Constr. Build. Mater. 2013, 48, 1240–1247. [Google Scholar] [CrossRef]

	



Qi, F.; Yang, B.; Li, X.B. Research on Damage Evolution of Polypropylene Fiber Concrete under Splitting Load. Adv. Mater. Res. 2011, 261–263, 287–291. [Google Scholar] [CrossRef]

	



Xu, L.; Wei, C.; Li, B. Damage Evolution of Steel-Polypropylene Hybrid Fiber Reinforced Concrete: Experimental and Numerical Investigation. Adv. Mater. Sci. Eng. 2018, 2018, e1719427. [Google Scholar] [CrossRef]

	



Yang, X.; Liang, N.; Liu, X.; Zhong, Z. A study of test and statistical damage constitutive model of multi-size polypropylene fiber concrete under impact load. Int. J. Damage Mech. 2019, 28, 973–989. [Google Scholar] [CrossRef]

	



Hamdia, K.M.; Silani, M.; Zhuang, X.; He, P.; Rabczuk, T. Stochastic analysis of the fracture toughness of polymeric nanoparticle composites using polynomial chaos expansions. Int. J. Fract. 2017, 206, 215–227. [Google Scholar] [CrossRef]

	



Farhidzadeh, A.; Salamone, S.; Luna, B.; Whittaker, A. Acoustic emission monitoring of a reinforced concrete shear wall by b-value–based outlier analysis. Struct. Health Monit. 2013, 12, 3–13. [Google Scholar] [CrossRef]

	



Adamczak-Bugno, A.; Lipiec, S.; Vavruš, M.; Koteš, P. Non-Destructive Methods and Numerical Analysis Used for Monitoring and Analysis of Fibre Concrete Deformations. Materials 2022, 15, 7268. [Google Scholar] [CrossRef]

	



Walotek, K.; Bzówka, J.; Ciołczyk, A. Examples of the Use of the ARAMIS 3D Measurement System for the Susceptibility to Deformation Tests for the Selected Mixtures of Coal Mining Wastes. Sensors 2021, 21, 4600. [Google Scholar] [CrossRef]

	



Jorge, Z.; Ronny, P.; Sotomayor, O. On the Digital Image Correlation Technique. Mater. Today Proc. 2022, 49, 79–84. [Google Scholar] [CrossRef]

	



Narazaki, Y.; Gomez, F.; Hoskere, V.; Smith, M.D.; Spencer, B.F. Efficient development of vision-based dense three-dimensional displacement measurement algorithms using physics-based graphics models. Struct. Health Monit. 2021, 20, 1841–1863. [Google Scholar] [CrossRef]

	



Alawneh, M.; Soliman, H. Using Imaging Techniques to Analyze the Microstructure of Asphalt Concrete Mixtures: Literature Review. Appl. Sci. 2023, 13, 7813. [Google Scholar] [CrossRef]

	



Wu, Z.; Rong, H.; Zheng, J.; Xu, F.; Dong, W. An experimental investigation on the FPZ properties in concrete using digital image correlation technique. Eng. Fract. Mech. 2011, 78, 2978–2990. [Google Scholar] [CrossRef]

	



Corr, D.; Accardi, M.; Graham-Brady, L.; Shah, S. Digital image correlation analysis of interfacial debonding properties and fracture behavior in concrete. Eng. Fract. Mech. 2007, 74, 109–121. [Google Scholar] [CrossRef]

	



Alam, S.Y.; Saliba, J.; Loukili, A. Fracture examination in concrete through combined digital image correlation and acoustic emission techniques. Constr. Build. Mater. 2014, 69, 232–242. [Google Scholar] [CrossRef]

	



GOM Correlate Pro: Odkształcenia i Przemieszczenia w Nagraniu Wideo. Available online: https://www.gom.com/pl-pl/products/zeiss-quality-suite/gom-correlate-pro (accessed on 23 September 2023).

	



Adamczak-Bugno, A.; Lipiec, S.; Adamczak, J.; Vičan, J.; Bahleda, F. Identification of Destruction Processes and Assessment of Deformations in Compressed Concrete Modified with Polypropylene Fibers Exposed to Fire Temperatures Using Acoustic Emission Signal Analysis, Numerical Analysis, and Digital Image Correlation. Materials 2023, 16, 6786. [Google Scholar] [CrossRef] [PubMed]

	



ABAQUS 6.12. ABAQUS/Standard User’s Manual, Version 6.12; Dassault Systèmes Simulia Corp.: Providence, RI, USA, 2020. [Google Scholar]

	



Hafezolghorani Esfahani, M.; Hejazi, F.; Vaghei, R.; Jaafar, M.; Karimzadeh, K. Simplified Damage Plasticity Model for Concrete. Struct. Eng. Int. 2017, 27, 68–78. [Google Scholar] [CrossRef]

	



Al-Rifaie, H.; Mohammed, D. Comparative Assessment of Commonly Used Concrete Damage Plasticity Material Parameters. Eng. Trans. 2022, 70, 157–181. [Google Scholar] [CrossRef]

	



Jankowiak, T.; Łodygowski, T. Identification of parameters of concrete damage plasticity constitutive model. Found. Civ. Environ. Eng. 2005, 6, 53–69. [Google Scholar]

	



Cornelissen, H.; Hordijk, D.; Reinhardt, H. Experimental determination of crack softening characteristics of normalweight and lightweight concrete|TU Delft Repositories. Heron 1986, 31, 45–46. [Google Scholar]

	



Lubliner, J.; Oliver, J.; Oller, S.; Oñate, E. A plastic-damage model for concrete. Int. J. Solids Struct. 1989, 25, 299–326. [Google Scholar] [CrossRef]

	



Dzioba, I.; Lipiec, S. Calibration of the constitutive equations for materials with different levels of strength and plasticity characteristic based on the uniaxial tensile test data. IOP Conf. Ser. Mater. Sci. Eng. 2018, 461, 012018. [Google Scholar] [CrossRef]

	



Wciślik, W.; Lipiec, S. Voids Development in Metals: Numerical Modelling. Materials 2023, 16, 4998. [Google Scholar] [CrossRef] [PubMed]

	



Nitka, M.; Tejchman, J. A three-dimensional meso-scale approach to concrete fracture based on combined DEM with X-ray μCT images. Cem. Concr. Res. 2018, 107, 11–29. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, C.; You, Z.; Yang, X.; Huang, Z. Characterising the asphalt concrete fracture performance from X-ray CT Imaging and finite element modelling. Int. J. Pavement Eng. 2018, 19, 307–318. [Google Scholar] [CrossRef]

	



Bordelon, A.C.; Roesler, J.R. Spatial distribution of synthetic fibers in concrete with X-ray computed tomography. Cem. Concr. Compos. 2014, 53, 35–43. [Google Scholar] [CrossRef]

	



Mishurova, T.; Rachmatulin, N.; Fontana, P.; Oesch, T.; Bruno, G.; Radi, E.; Sevostianov, I. Evaluation of the probability density of inhomogeneous fiber orientations by computed tomography and its application to the calculation of the effective properties of a fiber-reinforced composite. Int. J. Eng. Sci. 2018, 122, 14–29. [Google Scholar] [CrossRef]

	



Zhou, B.; Uchida, Y. Relationship between fiber orientation/distribution and post-cracking behaviour in ultra-high-performance fiber-reinforced concrete (UHPFRC). Cem. Concr. Compos. 2017, 83, 66–75. [Google Scholar] [CrossRef]

	



Snoeck, D.; Dewanckele, J.; Cnudde, V.; De Belie, N. X-ray computed microtomography to study autogenous healing of cementitious materials promoted by superabsorbent polymers. Cem. Concr. Compos. 2016, 65, 83–93. [Google Scholar] [CrossRef]

	



Vicente, M.A.; Ruiz, G.; González, D.C.; Mínguez, J.; Tarifa, M.; Zhang, X. CT-Scan study of crack patterns of fiber-reinforced concrete loaded monotonically and under low-cycle fatigue. Int. J. Fatigue 2018, 114, 138–147. [Google Scholar] [CrossRef]

	



VDI 2630 Standard; Computed tomography in dimensional measurement. Fundamentals and definitions: Düsseldorf, Germany, 2016.








[image: Polymers 16 01161 g001a][image: Polymers 16 01161 g001b] 





Figure 1. Numerical models developed in Abaqus for (a) compression, (b) three-point bend specimens. 
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Figure 2. Force–displacement relationships recorded during laboratory tests: (a) compression, (b) three-point bending of the analyzed concrete. 






Figure 2. Force–displacement relationships recorded during laboratory tests: (a) compression, (b) three-point bending of the analyzed concrete.



[image: Polymers 16 01161 g002]







[image: Polymers 16 01161 g003] 





Figure 3. Images of the condition of the specimens after laboratory tests for concrete designated as (a) C1, B1, (b) C2, B2, (c) C3, B3, (d) C4, B4. 
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Figure 4. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the C1 series. 
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Figure 5. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the C2 series. 
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Figure 6. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the C3 series. 
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Figure 7. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the C4 series. 
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Figure 8. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the B1 series. 
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Figure 9. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the B2 series. 
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Figure 10. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the B3 series. 
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Figure 11. Time course of individual classes of AE signals for the energy parameter for an exemplary specimen from the B4 series. 
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Figure 12. Numerically determined effective stress maps in specimens: three-point bending for materials: (a) B1, (c) B2, (e) B3, (g) B4 and compression for materials: (b) C1, (d) C2, (f) C3, (h) C4. 
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Figure 13. Strain maps obtained on the specimens during the application of digital image correlation (DIC) analysis for concrete designated as (a) C1, (b) B1, (c) C2, (d) B2, (e) C3, (f) B3, (g) C4, (h) B4. 
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Figure 14. Computed tomography images obtained from the analyzed specimens: (a) B1, (b) B2, (c) B3, (d) B4. 
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Figure 15. Three-dimensional models of tested specimens with porosity analysis. 
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Table 1. Details of the material model (CDP) used in the numerical simulation program.






Table 1. Details of the material model (CDP) used in the numerical simulation program.





	Material Characterics/Specimen
	B1, C1
	B2, C2
	B3, C3
	B4, C4





	E, GPa
	24
	16
	8
	7



	ν
	0.2
	0.2
	0.2
	0.2



	Dilation angle
	30
	30
	30
	30



	Eccentricity
	0.1
	0.1
	0.1
	0.1



	fb0/fc0 (i.e., σb0/σc0)
	1.16
	1.16
	1.16
	1.16



	 K 
	0.67
	0.67
	0.67
	0.67



	Viscosity parameter
	0
	0
	0
	0



	σcu, MPa
	23.87
	10.08
	2.6
	2.47



	σtu, MPa
	5.12
	3.47
	1.44
	1.4










 





Table 2. Characteristics of AE signals for individual grouping classes (series C).






Table 2. Characteristics of AE signals for individual grouping classes (series C).





	Class
	1
	2
	3
	4
	5
	6
	7





	Signal strength (pV∙s)
	5.40 × 105–

2.92 × 106
	1.97 × 106–

1.35 × 107
	8.17 × 107–

2.03 × 108
	3.60 × 107–

8.41 × 107
	3.60 × 107–

4.38 × 105
	1.20 × 108–

4.26 × 108
	5.03 × 108–

8.63 × 109



	Max amplitude (V)
	88
	94
	95
	96
	96
	96
	97



	Max FFT Real (V)
	±180
	±2000
	±20
	±250
	±8
	±180
	±2000



	Frequency [kHz]
	12–87
	13–70
	24–54
	15–58
	22–56
	3–52
	0–35



	Max energy (eu)
	445
	2167
	32,473
	6812
	13,475
	65,535
	61,535



	Max duration (µs)
	18,679
	57,367
	419,761
	101,569
	169,780
	925,479
	1 × 107










 





Table 3. Characteristics of AE signals for individual grouping classes (series B).






Table 3. Characteristics of AE signals for individual grouping classes (series B).





	Class
	1
	2
	3
	4





	Signal strength (pV∙s)
	5.40 × 105–

2.92 × 106
	1.97 × 106–

1.35 × 107
	8.17 × 107–

2.03 × 108
	3.60 × 107–

8.41 × 107



	Max Amplitude (V)
	88
	94
	95
	96



	Max FFT Real (V)
	±180
	±2000
	±20
	±250



	Frequency [kHz]
	12–87
	13–70
	24–54
	15–58



	Max Energy (eu)
	445
	2167
	32,473
	6812



	Max duration (µs)
	18,679
	57,367
	419,761
	101,569










 





Table 4. Maximum stress values determined by numerical calculations.
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Compression Test






	
Material

	
C1

	
C2

	
C3

	
C4




	
Mises stress [MPa]

	
47.28

	
28.32

	
6.26

	
5.65




	
σ22 [MPa]

	
50.38

	
30.45

	
6.69

	
6.10




	
Bending test




	
Material

	
B1

	
B2

	
B3

	
B4




	
Mises stress [MPa]

	
27.47

	
11.47

	
3.01

	
2.91




	
σ22 [MPa]

	
12.70

	
7.78

	
0.87

	
0.86











 





Table 5. Comparison of the strain results obtained for the analyzed concrete annealing cases with numerical calculations and the results of DIC analyses.






Table 5. Comparison of the strain results obtained for the analyzed concrete annealing cases with numerical calculations and the results of DIC analyses.





	
Compression Test






	
Material

	
C1

	
C2

	
C3

	
C4




	
Effective strain—FEM

	
23.56

	
57.51

	
52.12

	
49.89




	
Effective strain—DIC

	
22.83

	
59.64

	
50.04

	
47.84




	
Differences [%]

	
3.10

	
3.70

	
3.99

	
4.11




	
Bending Test




	
Material

	
B1

	
B2

	
B3

	
B4




	
Effective strain—FEM

	
12.72

	
23.65

	
42.00

	
23.89




	
Effective strain—DIC

	
12.52

	
23.07

	
43.24

	
24.70




	
Differences [%]

	
1.57

	
2.45

	
2.95

	
3.39

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
®Class1
B Class2
#Class 3
BWClass 4
Aclsss
X Class 6

XrPE+VO
xXrPEH+VO

598741417152

220264657948

810308392758

208095798704

109663315843

Energy [eu]

403.426793493

148413159103

6
=40
=
g
-1
Q
=
=2

545981500331

Time [s]





media/file4.png





media/file30.png





media/file18.png
®
>
+
O

O+ Ve

@ Class 1
P> Class 2
= Class 3
@ Class 4

59,874.1417152

22,026.4657948

8103.08392758

2980.95798704

Energy [eu]

403.428793493

148.413159103

|

1096.63315843 —

— 5000

— 4000

— 3000

— 2000

— 1000

54.5981500331

Load [N]





media/file34.jpg
)

d

((

()






media/file21.jpg
oo
> >
+ o+
°o0

®Class 1
> Class2
#Class3
©Class 4

598741417152

220264657948 —|

810308392758 —

298095798704

1096.63315843 —

Energy [eu]

403428793493

148413159103 —|

545981500331

-
1

200 400 0 800 1000

Load [N]





media/file31.png
a

¢!

R U

B O

45.00

37.50

30.00

22.50

15.00

[0"]
50.04

45.00

37.50

30.00

22.50

=115.00

6.00






media/file26.png
=, Mises
[Ave 75%)
47 28

S, Mises
(Avg: 75%)

=, Mises
[Awvg: 75%)
6.16
570
523
4.76
4,30
3.83
3.36
2,90
2.43
1.96
1.49
1.03
0.56

ODB: &A.odb \ Abaqus/Standard 3DEXPERIENCE R2017x  Sun Feb 18 21

=, Mlises
[Avg: 75%)
5.65
522
478
4 35
3.92
3,48

RO Hs S0 00 RO s S AD

=)
iﬁu-\q»emouhmum

RECC OO~ NN






media/file39.png





media/file27.jpg
12,52

10,50

9.00

750

6.00

450

3.00

150

004





media/file22.png
Energy [eu]

O+ Ve
O+ Ve

@ Class 1
P> Class 2
# Class 3
@ Class 4

59,874.1417152 —
22,026.4657948 —
8103.08392758 —
2980.95798704 —
1096.63315843 —
403.428793493 —

148.413159103 "

54.5981500331

q

— 100

— 80

— 60

— 40

— 20

Load [N]





media/file35.png
. - - “ a.. - y ¥
'L vew - 2
&S “:b - -
L s @
5 N/ N
. L "' - ; ) —/ .
- \o ~ , f" o g

-






media/file19.jpg
598741417152

220264657948

810308392758

298095798704

109663315843

Energy [eu]

403.426793493

148413159103

545981500331

®Class1
> Class2

+Class3
©Class 4






media/file7.jpg





media/file10.png
® O @OClass1
> P P Class2
+ + <Class3
B B BClass4
A A ACClass5
X X XClass6

[N] peo1

o o (]
3 S & o
| _ | _ |
s + +
b4 “« @ + + e
ol OF+ + 0
” ] +h. LY A
X ll._....._.* 1,1. AV, —
1\ = SFe¥ Al
L #8 m_* o T
3 .l....w-.....ﬂ. W
+ ..ﬂ.. b B
o ¥ ,
0,
]
]
) L
I T _ I I

59,874.1417152

22,026.4657948
8103.08392758
980.95798704 —
096.63315843 —
403.428793493 — 5
148.413159103
54.5981500331

T;mm_ \mwumﬂm

120

80

40

Time [s]





media/file33.jpg





media/file32.png
[70]
47.84

40.00

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.07






media/file28.jpg
59.64

5250
45.00
3750
3000
2250
15.00

7.50

20,00
'
15.00,
1250
10000

7.50

50,04

45.00

324
|
36,00/

3200
25,00
2400/
20,00,

16,00

el
41200

| 6.00]





media/file14.png
X>E+VVO
X>HEH+VO

@ Class 1
P> Class 2
= Class 3
B Class 4
A Class 5
X Class 6

59,874.1417152

22,026.4657948

8103.08392758

2980.95798704

1096.63315843

Energy [eu]

403.428793493

148.413159103

54.5981500331

— 60

— 40

— 20

Load [N]





media/file11.jpg
® ocus!
> B Class2
+ #Class3
B EChass4
4 achss
X XClass6
162754791419 — 20
598741417152
20
22,026.4657948 —| “
B
= 810308392758 - o —
L i L Z
Bosossroems— £ W o
o ] s K4
2 3
£ 100
5 1096.63315843 —|
403426793495 |
148413159103 — *

545981500331






media/file6.png
500,000

400,000
' 300,000
™

200,000

100,000

”lraw

[mm]

F [N] axis for B, B

(b)

I
o
o

Ll

|
o)
O

|
S
o

|
)
S

g 05 |1 1.5 2 285 3 3D

utraw [mm]

|
[
(]
o
B

F [N] axis for B,





media/file36.png





media/file15.jpg
®Clss1
P Class2
+Class 3
BWclass4
ACusss
X Class 6

xrEH+VEO
XxXrE+VO

598741417152 —

220264657948 —| a &

810308392758 —|

298095798704 —

109663315