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Abstract

:

This article is aimed at the analysis of the behavior of a fiber-reinforced concrete slab in contact with subsoil during dynamic loading in close proximity. The properties of such slabs are important for evaluating their dynamic response, though the properties of the subsoil environment through which the vibrations propagate must also be taken into account. The analysis itself was performed on the basis of the results obtained from experimental measurements during seismic excitation with a calibrated impact. There were three concrete slabs tested, with varying amounts of fiber. The standard Vistec seismic instrumentation was used for measuring the dynamic response. The results of the experiment were processed in both the amplitude and frequency domains, and a graphic comparison in the waveform and frequency fields was made. The results acquired from this experimental research may support a more objective approach during the evaluation of dynamic impacts ranging from anthropogenic impacts to building structures.






Keywords:


dynamic response; seismic load; anthropogenic source; fiber-reinforced concrete slab; physical model












1. Introduction


Anthropogenic vibrations are generated in the surroundings of roads as well as train and tram lines [1,2,3]. These vibrations also occur in the vicinity of construction works [4,5,6,7,8]. From the source of the anthropogenic dynamic load, vibrations are transmitted through the rock mass and the foundation structure of the building to the superstructure. The most endangered by these vibrations are buildings on shallow raft foundations (these are the focus of the experimental study presented in this article) or on strip footings. Structures on deep foundations (piles) or footing foundations are much more resistant to vibrations [9,10]. In terms of load, when the given limit values are exceeded, these vibrations have a negative impact on the construction elements of the building themselves, which can lead to their damage. Vibrations also have negative impacts on inhabitants. Even vibrations that do not reach the limit values in the structures or do not exceed hygienic standards can have a very negative effect on, for example, sensitive devices or technology within the structure. Monitoring and limiting these vibrations can help to achieve the sustainable development of cities and the life within them.



Over the surface, the dynamic response of horizontal structural elements due to these vibrations (values of the oscillations’ velocity amplitude, the oscillations’ acceleration amplitude, and the frequency) can vary considerably [11]. Very often, these values are also considerably higher in different places, as opposed to the place of reference where the measurements are made according to standards.



Concrete slabs, as horizontal structural elements of buildings, are usually either simple (exceptionally) or reinforced. Fiber is one of the possible ways of reinforcing these concrete slabs. Fiber-reinforced concrete is a structural composite building material. It has a basic structure of plain concrete supplemented with fibers, which stiffen the structure of the composite and thus improve some of its properties (e.g., tensile strength and flexural tensile strength). The fibers can be composed of various materials, with various shapes and sizes. The use of fiber-reinforced concrete as an innovative material goes hand in hand with sustainable development in civil engineering [12,13].



The primary motivation for the experimental study presented in this article was an earlier experiment conducted on a reinforced concrete slab [14]. Surroundings were loaded with harmonic oscillations and the results showed a large variation of maximum amplitude values on the surface of a concrete slab. In contrast, in the frequency domain, a significant agreement was found between the dynamic response at the measuring stations and the source of oscillation. This publication presents a similar experiment (physical model) of the dynamic responses of a fiber-reinforced concrete slab with different percentages of fibers in interaction with the subsoil by using calibrated strike instead harmonic dynamic loading. The results of the experimental measurements are presented here in graphical form in both the amplitude and frequency domains.



The experiments and results presented in this article are part of extensive and long-term experimental and numerical research dealing with the interaction of the surface foundation with the subsoil, being conducted at the Faculty of Civil Engineering, VSB–TUO, across several work stations, as part of the research project GA16-08937S-State of stress and strain of fiber-reinforced composites in interaction with the soil environment [15,16,17,18,19,20].




2. Materials and Methods


The Gaia 2T or Gaia 3 seismic stations and ViGeo2 sensors (Vistec, Prague, Czech Republic) were utilized for the measurement of the dynamic response of the concrete slab. The Gaia station is an autonomous three-channel seismic station with a dynamic range of 138 dBp-p, synchronized with the help of GPS. It records data on a CompactFlash disk and has the ability to send text messages. It is intended for terrain measurements, that is, for short or long seismic experiments. It allows the direct connection of most active and passive sensors. SeisTools is a program used for setting parameters and checking activities. The station has three analog input channels. The signal from the sensor is fed via the “SENSOR” connector on the input of the differential amplifier, which converts the balanced input signal to unbalanced. The inputs are equipped with two-stage overvoltage protection. The time base is derived from a highly stable, temperature-compensated 20 MHz oscillator with a maximum error of 1 ppm in the temperature range of   − 40   to +85    ∘  C. Each station is further calibrated at temperatures of 5, 25, and 45    ∘  C to achieve typical stability below 0.2 ppm in the range of 0 to 50    ∘  C. The oscillator is tuned every second, depending on the internal temperature. In order to achieve long-term high accuracy, the oscillator is synchronized with the GPS receiver. The GPS receiver is external, connected to the station using the RS 422 serial line. The length of the line between the receiver and the station can be up to 1 km. Communication with the GPS receiver is conducted using the Motorola binary format. The measured data are stored on CompactFlash (CF) disks. Disks with up to 2 GB storage can be used. The data storage is file-oriented, making it possible to work directly with the data after the disks are connected to the computer. There are three storage modes available. In the continuous mode, data are stored in files of a set length (e.g., 1 h), in the running mode, in the third mode, the recording is done in time slots. It is possible to enter up to one hundred recording time intervals. The data are stored in a directory which bears the name of the station and in the subdirectory of the current year. The measured data are also available in real time via a serial line. The station uses its own data format for this data output. The station has a total of three serial lines for communicating with the environment. Two RS 232 serial lines for connecting a computer and setting station parameters, real-time data transfers, firmware upgrades, and the connection of expansion modules; the third is used to connect a GSM modem and one RS 422 serial line for connecting a GPS receiver and, unlike the standard RS 422 serial line, is extended by a PPS signal and GPS power supply. The station’s power supply is adapted to the requirement of using common 12 V batteries and the need to supply the sensor from the station. The Gaia device contains a 2 Ah battery and an external charger. The second power option is to connect an external source. The station automatically switches between the internal and external sources of power supply depending on the voltage.



ViGeo2 is an active, three-component, short-period, speed seismometer for field and station use. The seismometer contains three mechanical oscillating systems (sensors) with a natural frequency of 2 Hz and a frequency range from 2 to 200 Hz.



SWIP (Seismic Waves Interpretation Program) was used to process the seismic data of both amplitude and frequency. It is supplied by Vistec Praha as the standard for all manufactured Gaia apparatuses. In the SWIP program, it is not possible to recalculate the values of the oscillation amplitudes per physical unit of velocity (mm s    − 1   ) in the amplitude domain. Therefore, in the waveform images, the vertical axes are plotted in quantization levels (cnt). For the conversion relationship for the ViGeo2 sensors we use: 1 cnt = 2975 × 10    − 6    mm s    − 1    (more [21]).



A 10 kg drop weight falling from a height of 0.7 m onto a 5 kg circular slab with a contact surface diameter of 0.3 m was used as the source of the calibrated impact. The induced force pulse was 7.1 kN and the duration of the shock was 17 ms.



The presented experiment, conducted on the construction STAND in the premises of the Faculty of Civil Engineering, VSB–TUO (GPS coordinates 49.8454036N, 18.1543550E) focused on the dynamic behavior of three fiber-reinforced concrete slabs in contact with the subsoil. The basic dimensions of the slabs were   2 × 2   m with a thickness of 0.15 m in C25/30 concrete. DRAMIX 3D 65/60 BG fibers (diameter 0.9 mm, length 60 mm and tensile strength 1160 MPa) were added to the concrete in the amount of 25 kg/m   3   (for the slab marked G05), 50 kg/m   3   (for the slab marked G06), and 75 kg/m   3   (for the slab marked G07). See [15] for the specific parameters of the concrete composition and the results of the laboratory tests of concrete samples for individual slabs. The subsoil consisted of a 1.2 m thick homogenized layer of F4 clay without reaching the groundwater level [15]. The subsoil parameters, including the results of the field and laboratory tests, are given in Table 1. A static load plate test in-situ was used for the determination of the modulus, values of cohesion and friction angle were evaluated using a shear box test in the laboratory of soil mechanics (more [15]).



The actual experimental seismic measurement was performed one day before the loading experiment [15]. Nine seismic sensors were set up on the base slab and a dynamic load in the form of a calibrated impact was placed at a distance of one meter from the edge of the slab. Figure 1a is an arrangement diagram of the individual sensors of the slab surface, Figure 1b shows an in-situ experiment, and Figure 1c shows the placement of one of the nine sensors on a fiber-reinforced concrete slab (it is also possible to see the individual fibers of the scattered reinforcement in the concrete). Fifty load shocks were performed for each of the three slabs, that is, the results of the experiment are based on one hundred and fifty recorded seismic events.



An example of a time record of the dynamic response of the G05 slab obtained from the S1 sensor (the first thirty shocks) is shown in Figure 2a, Figure 2b shows one strike in detail. On the vertical axis is the amplitude, and the horizontal axis is time. The record shows the vertical axis (SHZ), the horizontal radial axis (SHN), and the horizontal transverse axis (SHE) from top to bottom. Figure 3 shows an example of a spectrum processed for one particular strike (in this case the twenty-first) from the shown record (see Figure 2).




3. Results


All the data from the three slabs G05, G06, and G07, nine sensors S1–S9, and fifty-five impacts were evaluated in both the amplitude and frequency domains. Wave and frequency fields were generated from the medians of the measured values using the Voxler3 program. The IDW inverse distance method was used to interpolate the intermediate data.



The values in the amplitude domain ranged from 1.4 mm s    − 1    to 4.2 mm s    − 1    for all three slabs for the vertical direction, from 2.1 mm s    − 1    to 3.0 mm s    − 1    for the horizontal radial direction, and from 0.5 mm s    − 1    to 1.2 mm s    − 1    for the horizontal transverse direction. The wave fields in Figure 4 (vertical direction), Figure 5 (horizontal radial direction), and Figure 6 (horizontal transverse direction) show considerable variability in the distribution of vibrations over the slab surface, but it is possible to trace common trends in all slabs for each direction. For the vertical direction, it is the frontal distribution of the maximum amplitudes of the oscillation velocity which significantly attenuate with increasing distance from the source of dynamic load. In the horizontal radial direction, on the other hand, the maxima were recorded at the greatest distance from the source, and only in the middle of the slabs. The results from the horizontal radial direction then show the maxima in both the front and rear of the slabs, with higher maxima being recorded in the right part. In general, the amplitudes of the oscillation velocities increased gradually from slab G05 to slab G07, that is, the dynamic response increased with a higher percentage of fiber in the concrete and thus a higher stiffness of the slab.



In the frequency domain, frequencies from 40 to 56 Hz were captured on the vertical axis for all three slabs, from 30 to 50 Hz in the horizontal radial axis, and from 38 to 62 Hz in the horizontal transverse frequency axis. The frequency fields in Figure 7 (vertical direction), Figure 8 (horizontal radial direction), and Figure 9 (horizontal transverse direction) again show considerable variability in the distribution of vibrations over the slab surface, especially in both horizontal directions, but common trends can once again be identified for all slabs for the individual directions. In the vertical direction, it is again a partial frontal distribution from higher frequencies to lower frequencies with increasing distance from the dynamic load. In the horizontal radial direction for the G05 slab, the highest frequencies can be traced in the lower-left corner, and this trend is also partially evident for slabs G06 and G07. The highest variability was found in the horizontal transverse direction, with the highest recorded frequencies in the lower-left and upper-right corners of the G05 slab, but this trend was no longer there for slabs G06 and G07, and the highest frequencies were only recorded in the upper-right corner. Generally, higher frequencies were recorded in the slab G07 than in slabs G05 and G06.




4. Discussion


The mutual interaction of a concrete slab with the subsoil and the propagation of vibrations through the subsoil environment into such a slab is a very complex problem, which depends on a large number of factors, including the properties and composition of the subsoil environment as well as the properties of the building structure itself. The presented experiment can be considered to be a simplified physical model, where the foundation structure is simulated by a subtler slab with a small square floor plan. Likewise, the dynamic load in the form of a calibrated impact represents a significant simplification compared to a real seismic load, such as passing traffic or shallow blasting work. Finally, the subsoil environment, which has a marked effect on the propagation of vibrations, can be considered almost ideal in our physical model, as it was homogenized and without groundwater. With such a simplified physical model, it would also be possible to expect ideal results of the vibration distribution over the surface of the concrete slab (Figure 10).



However, as demonstrated in Figure 4, Figure 5 and Figure 6 showing the distribution of the amplitudes of the oscillation velocity in the area, with Figure 7, Figure 8 and Figure 9 showing the frequency field, even in such a simplified experiment, the results varied significantly.



In the experiment presented here, the vibrations were measured at points with nine seismometers. The quality and significance of the obtained wave and frequency fields could be improved by using a larger number of sensors or, for example, a large number of glued strain gauges or the use of distributed fiber optic technology, which would make it possible to obtain a real image of the distribution of vibrations over the entire area.



Even though the seismic sensors installed on the monitored slab were not propped up on supports (i.e., their entire lower surface was in contact with the slab), the sensor itself could have resonated during the measurement, which may have slightly affected the results.



As mentioned above, the entire experiment was simplified by the absence of groundwater. However, since the experiments were performed on three slabs over a period of several months (June, September, and October), there was a different humidity of the whole quasi-homogenized subsoil system and this different humidity could also have slightly affected the measurement results.



The very interesting results that were obtained in this experiment motivated further research. Extensive seismic measurements are currently underway on a large brownfield building in close proximity to a tram junction in the city of Ostrava (Czech Republic) for a detailed analysis of unwanted vibrations in the area of this building [22]. In addition to standard seismic instrumentation, a monitoring method using fiber optic technologies is being used to monitor the dynamic load of this large building and is being developed at the workstations of the author’s team [23,24,25]. The results of this research will, among other things, help with the revitalization of the dilapidated brownfields, which will support the development and sustainability of a typically post-industrial city such as Ostrava.




5. Conclusions


This article presents an experimental study of the distribution of vibrations over the surface of a concrete slab reinforced with steel fibers. Three slabs were used for the experiment, and they were primarily used for the load test within the long-term research carried out at the author’s workplace [15].



From the experimental measurements, an extensive set of seismic data was statistically processed in both the amplitude and frequency domains, where a calibrated stroke was used as the dynamic load. The obtained results are presented in the article in graphical form in the form of wave and frequency fields in three mutually perpendicular directions.



The results of the presented experiment generally show that even with a very simplified physical model, considerable variability in the distribution of vibrations in the surface could be seen on a concrete slab of small dimensions, both in the amplitude and frequency domains. In the same way, significant variation could be observed when comparing the three slabs, which had reinforcement in the form of steel fibers in the range from 25 kg/m   3   to 75 kg/m   3  . Even with regard to the amount of reinforcement, a certain trend can be read from the results, with higher values of oscillation speed being registered with an increasing percentage of steel fibers.
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Figure 1. A measurement situation: (a) diagram; (b) overall situation in situ; (c) seismometer ViGeo2. 
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Figure 2. The waveform image from the calibrated strike-sensor S1, slab G05: (a) the first thirty strikes; (b) one strike. 
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Figure 3. The frequency spectra from the calibrated strike-sensor S1, slab G05, strike no. 21. 
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Figure 4. Wave fields—vertical direction: (a) slab G05; (b) slab G06; (c) slab G07. 
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Figure 5. Wave fields—horizontal radial direction: (a) slab G05; (b) slab G06; (c) slab G07. 
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Figure 6. Wave fields—horizontal transversal direction: (a) slab G05; (b) slab G06; (c) slab G07. 
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Figure 7. Frequency fields—vertical direction: (a) slab G05; (b) slab G06; (c) slab G07. 
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Figure 8. Frequency fields—horizontal radial direction: (a) slab G05; (b) slab G06; (c) slab G07. 
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Figure 9. Frequency fields—horizontal transversal direction: (a) slab G05; (b) slab G06; (c) slab G07. 
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Figure 10. Ideal distribution of vibrations over the concrete slab surface. 
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Table 1. Parameters of quasi-homogenized subsoil during experimental measurements under tested slabs G05, G06, and G07.
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Unit Weight

	
Elastic Modulus

	
Poisson’s Ratio

	
Cohesion

	
Friction Angle




	

	
kN/m    3   

	
MPa

	

	
kPa

	
Degree






	
Homogenized subsoil

	
19

	
12.9

	
0.35

	
9.3

	
19.3
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