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Abstract

:

This article focuses on the analysis and numerical modeling of a concrete slab interacting with subsoil. This is a complex task for which a number of factors enter into the calculation, including the scope or dimension of the model, the non-linear solution approach, the choice of input parameters, and so forth. The aim of this article is to present one possible approach, which is based on a non-linear analysis and a three-dimensional computational model. Five slabs were chosen for modeling and analysis. The experiments involved slabs of 2000 × 2000 mm and a thickness of 150 mm, which were tested using specialized equipment. The slabs included a reinforced concrete slab, a standard concrete slab, and three fiber-reinforced concrete slabs. The fiber-reinforced slabs had fiber volume fractions of 0.32%, 0.64%, and 0.96%, which corresponded to fiber dosages of 25, 50, and 75 kg/m3. A reinforced concrete slab was chosen for the calibration model and the initial parametric study. The numerical modeling itself was based on a detailed evaluation of experiments, tests, and recommendations. The finite element method was used to solve the three-dimensional numerical model, where the fracture-plastic material of the model was used for concrete and fiber-reinforced concrete. In this paper, the performed numerical analyses are compared and evaluated, and recommendations are made for solving this problem.
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1. Introduction


Numerical modeling [1,2], together with experiments [3,4,5,6,7], enables a detailed understanding of the real behavior of structures and structural optimization. The search for new and innovative design solutions is then associated with the use of advanced materials [8,9,10,11]. Detailed knowledge of the behavior of structures built with new innovative materials can then lead to sustainable development in construction. The most important materials in construction include concrete and its variants, for example, steel fiber-reinforced concrete.



Innovative materials include fiber-reinforced concrete [12,13,14,15,16,17,18,19], which can contribute to the durability and economy of the design. We can classify this material as quasi-brittle [20,21,22,23]. For proper function and optimized design, however, it is important to optimize the dosage of fibers and the choice of concrete formulation. Advanced design also includes the use of computer simulation and non-linear analysis [24] to take into account the real behavior of the structure.



Dispersed reinforcement eliminates many of the disadvantages of conventional concrete. In addition, the design of a structural element requires greater knowledge of mechanical parameters [25,26,27], which are determined on the basis of specialized laboratory tests [28,29]. In particular, the determination of tensile strength and fracture energy is very difficult. Many researchers have investigated the field of testing and the mechanical properties of concrete [30,31,32,33,34,35,36,37,38,39,40,41] and fiber-reinforced concrete [15]. The influence of the test method, the sample size, and the boundary conditions are described in [19], where the authors deal comprehensively with the material’s mechanical properties.



The structural application of fibers includes industrial floors [42,43], foundation slabs [44,45,46,47,48,49], or reinforced concrete beams and slabs without shear reinforcement. Typically, fibers are used in concrete slabs in interaction with the subsoil [50,51,52,53,54], where the fibers contribute to increased resistance to punching and shear failure.



It is usual for such structural elements (industrial floors, foundation slabs, beams) to have a mechanism for shear failure [55] or punching [5]. A number of research programs have addressed this issue, which has generally led to specialized solutions [56,57,58,59,60,61,62,63]. The problematic parts also include a lack of information with respect to input parameters. Possible solutions include the use of numerical modeling, which can offer a better and more general solution [2]. Issues related to the failure or shear capacity of concrete have been addressed in a number of studies, where the use of fiber-reinforced concrete has been found to contribute to a more significant and effective solution when compared with conventional reinforcement approaches.



The solving of this problem involves a number of variables and it is necessary to consider the appropriate boundary conditions, the mechanical properties, and the scope of the computer model. Possible variants of material models include a disturbed stress field model for concrete [64], an elastic-plastic material model for conventional concrete, a micro-plane model [65], or a fracture-plastic material model [26].



The basic recommendations for modeling [66] and non-linear analysis are also given in the Model Code 2010 [67]. With the development of knowledge regarding subsoil and numerical methods, a research space has emerged where the finite element method is applied, which is also suitable for non-linear analysis. This article aims to follow up on this issue and present one possible approach to the solution. During the analysis, it is important to follow the recommendations for modeling concrete construction, and to ensure the appropriate size of the computational model and the modeled subsoil, as well as the appropriate input parameters, for the calculation. Several material models are relevant in respect to non-linear analysis; material models vary in terms of their cogency, computing demands, the scope of tasks being performed, and, in particular, the input information required. Reliable input data with respect to material properties is the fundamental precondition for further use of these methods [66,67].



An advanced constitutive model of concrete (3D Nonlinear Cementitious 2) is based on fracture mechanics and the theory of plasticity [68]. The material model chosen for this study is based on the smeared crack concept in tension failure. This problem is shown in Figure 1. The localization of the deformation in the crack band is close to a real discrete crack. Refs [69,70,71] describe the basic idea of the crack band approach, which reduces the sensitivities of the numerical model depending on the size of the finite element mesh [68].




2. Parametric Study and Basic Computational Model


2.1. Experiment—Reinforced Concrete Slab


For the introductory parametric study and basic computational model, we used a reinforced concrete slab of 2000 × 2000 mm with a thickness of 150 mm. The specialized test machine shown in Figure 2, that was used for the experiment [72], is located at the Faculty of Civil Engineering, Technical University of Ostrava, Czech Republic. The reinforced concrete slab shown in Figure 3a was loaded under axis-symmetric conditions and was cast from a concrete strength class of C35/45. The reinforcement was a steel mesh of Ø 8/100 mm (see Figure 3b). The subsoil was classified as clay soil. The values of the subsoil deformation modulus Esoil and soil were in the range of 12.5 to 32.5 MPa. In the case of the solved test, the value of the deformation modulus of the subsoil was 22.5 MPa. The testing equipment was designed for loads up to 1000 kN and includes a measuring and control panel for a hydraulic cylinder. A total of 16 linear potentiometric displacement sensors were used in the test. For evaluation, the five sensors indicated by the green line in Figure 3a were used.



For comparison with the numerical model, two loading steps were selected, the size of which can be seen in Figure 4. The 750 kN value was the last load step in the experiment. The resulting deformations (see Figure 4) were evaluated using deformation curves for the cross-section corresponding to the green line in Figure 3a. The reinforced concrete slab after the test is shown in Figure 5a and calculation model with cracks in Figure 5b. In Figure 5a, the green lines indicate the mesh of cracks in the concrete on the underside of the slab.



Advanced processing and evaluation of data from sensors were carried out to evaluate the experiment. Specifically, three-dimensional deformation graphs for the reinforced concrete slab were plotted, which are shown for selected load cases in Figure 6.




2.2. Experiment for Reinforced Concrete Slab—Numerical Modeling


The study was based on a non-linear analysis involving a three-dimensional computational model with a steel loading plate, reinforced concrete slab, and subsoil. The calculations were conducted for a variable subsoil depth from 2 to 6 m and a subsoil deformation modulus from 12.5 to 32.5 MPa. The computational model had a regular mesh of finite elements. The computational model and boundary conditions are shown in Figure 7 and Figure 8.



The details of the finite element mesh are shown in Figure 8a. The area of the subsoil was 6 × 6 m. Concrete parameters were determined with respect to Model Code 2010 and the ATENA (Advanced Tool for Engineering Nonlinear Analysis) user manual [26]. For example, ref [73] also involves parametric studies on the influence of the input parameters of the computational model for this research task. In that analysis, the contact interface was modeled between the concrete slab and the subsoil, and the determination was based on recommendations and previous experience of slab testing. The actual parameters of the interface are variable when the experimental slab tests are performed in situ. In the analysis, the selected parameters (for example, stiffness Knn and Ktt) were also chosen with respect to the numerical stability of the calculation. The interface parameters will significantly influence the calculation for the case of horizontal loading when this is a separate research task, as shown and experimentally solved in [74]. The functionality of the interface itself is illustrated in Figure 8b, in which the lifting of the corners of the slab can be seen. In real conditions, this is atypical because the foundations (floors) are below ground level and the free space would be filled with soil. The parameters of the contact interface are given in Table 1.




2.3. Result of Parametric Study


Table 2 shows the deformations for variants of the calculation used in the numerical models, which have different subsoil deformation modulus and different subsoil depths. The results in Table 2 show a greater influence on deformations when varying the subsoil deformation modulus than when varying the subsoil depth. The computed deformations are significantly smaller when the deformation modulus of the subsoil increases. The resulting deformations for a load of 300 kN are in the range of 3.92 to 10.91 mm. For a load of 750 kN, the difference is even more pronounced from 12.32 to 40.02 mm. There is an evident influence of the crack development in the concrete and a reduction in the bending stiffness of the concrete slab. Figure 9 shows the graphical output of crack occurrence and stresses in reinforcement.



The load–displacement diagram can be used for evaluation and comparison. The resulting load–displacement diagrams for the numerical model and experiment are shown in Figure 10. The horizontal axis in Figure 10 shows the displacements in the center of the slab, which were determined based on the approximation of the three-dimensional deformation surface of the slab (see Figure 6). Approximation of the three-dimensional deformation surface was performed on the basis of 16 points (sensors), where the displacements were experimentally measured. The scheme of mounted sensors on the slab is given in [72]. The difference between the influence of the subsoil depth and the subsoil deformation modulus is clearly visible in Figure 10. From the performed parametric study for different sizes of finite elements of the subsoil, it is evident that in the area of the initial (linear) loading steps, the differences in the size of the finite elements are relatively small. After first formatting the cracks in the concrete, the influence of the subsoil and its finite element size increase. The variants for large and larger finite elements are illustrative only and also confirm that the coarser finite element mesh is stiffer. The difference between the deformation results for the basic and small finite element variants is already small. However, when using the small variant, the computational complexity increases to 168%, compared with the basic variant. The basic finite element mesh was used for further calculations.





3. Fiber-Reinforced Concrete Slabs


3.1. Experiments


The experiments included the testing of four concrete slabs of the same size. The nominal dimensions of the slabs were 2000 × 2000 × 150 mm. The load was applied using a steel plate measuring 400 × 400 mm. The slabs had different fiber dosages, where fibers of the same type were used for all slabs: steel 3D fibers (DRAMIX 65/60BG) [75]. The concrete recipe was specified in [76]. The experiments were performed using a specialized test machine (support frame), as shown in Figure 2.



Prior to the experimental load tests, geotechnical tests were performed, which served to obtain the material properties of the homogenized subsoil. The soil was classified as Cl, clay with medium plasticity [76]. The deformation modulus of the subsoil (12.5 MPa) was obtained from the static load test, which was used as an input value for the numerical analyses. The subsoil cohesion value (c = 9.0 kPa) and the angle of internal friction (φ = 19.3°) were determined by a box shear test.



Slab G01 did not contain fibers, that is, it had a fiber dosage of 0 kg/m3. Slab G02 was made of fiber-reinforced concrete with a fiber dosage of 25 kg/m3. Slab G03 had a fiber dosage of 50 kg/m3 and slab G04 had a fiber dosage of 75 kg/m3. The load-bearing capacity of the slabs was assumed to be the load at which deformation increased, and therefore the pressure in the hydraulic cylinder decreased rapidly (see Figure 11).



Slabs G02, G03, and G04 were loaded in loading steps of 75 kN/30 min. Slab G01 was made of standard concrete; therefore, smaller loading steps were chosen during loading, that is, 25 kN/30 min. The size of the loading steps can also be seen in Figure 11.



The peak load at the time of failure of slab G01 was 345 kN (see Figure 12). The load-bearing capacity of slab G02 was 542 kN, slab G03 was 640 kN, and slab G04 was 752 kN. The load–displacement diagrams show the noticeable effects of the fiber dosage on the overall load-bearing capacity of the fiber-reinforced concrete slabs.



The effect of the fibers and comparison of two slabs after reaching their load-bearing capacity is shown in Figure 13: The first was slab G01 (without fibers) and the second was slab G04 (fiber dosage of 75 kg/m3). At first glance, we can see the complete destruction of slab G01 after reaching its load-bearing capacity. In the case of slab G04, the positive effect of the fibers can be observed; the slab remained compact even after reaching the load-bearing capacity, in comparison with slab G01.



The data from the sensors can be evaluated using two-dimensional graphs or three-dimensional deformation of slabs using contour lines. A variant of the three-dimensional deformation for a load step of 300 kN was processed and is shown for one-quarter of each slab in Figure 14. The lower left edge of each image indicates the center of the slab. Data from the three-dimensional deformation were then used for the load–displacement diagrams in Figure 15.



During the concreting of the slabs, test samples were also concreted to determine the mechanical properties of the concrete. The mechanical properties of conventional concrete and fiber-reinforced concrete are given in Table 3. A detailed description of these mechanical properties and a description of the individual tests are given in [76]. The scheme of bending tests is shown in Figure 16.




3.2. Numerical Analysis of Fiber-Reinforced Concrete Slabs on Subsoil


The detail of the computingg model and mesh of finite elements are shown in Figure 8a. Figure 17 shows the computer model of subsoil and slab and boundary conditions. The subsoil computer model used an area size of 6 × 6 m and a depth of 2 m. The depth and overall extent of the subsoil used in a numerical model influence the calculation task and have a significant effect on the subsidence and deformation of the foundation slab. Based on the results of our initial study for the reinforced concrete slab and the actual geological profile after the subsoil replacement, a depth of 2 m was chosen. The subsoil deformation modulus used for calculations had values of Esoil = 12.5, 22.5, and 32.5 MPa. The concrete material model also included material properties acquired from laboratory tests. Summary information is given in Table 4, specifically, cylinder compressive strength, tensile strength, and other recommendations for detailed material properties [76]. Other parameters were used according to the relationship recommendations in the manual ATENA [26].



The output of the numerical analysis is shown graphically in Figure 18. The numerical model was evaluated for the subsoil deformation modulus Esoil = 12.5 MPa.



The numerical model reflects the increased load capacity of the slab with increasing fiber dosage. It also reflects smaller deformations for slabs with higher fiber dosage. Figure 19 and Figure 20 show the graphical output of crack occurrence and deformation of slab G01, for loads of 150 kN and 300 kN, respectively. The crack pattern indicates that the total load-bearing capacity of the slab has been reached.



The results of the numerical calculations for all subsoil variants are shown in Figure 21 and Figure 22. Load-displacement diagrams show the upper and lower load ranges for individual slab variants. The positive effect of fibers on the overall slab behavior is clearly visible. Numerical results are also close to the experimental results. The effect of the subsoil deformation modulus on the total deformation can again be seen. For individual load-displacement diagrams, a larger difference between deformations is evident with increasing load.





4. Discussion


Experiments involving load tests of fiber-reinforced concrete slabs on subsoil have shown the positive effect of fibers on the overall behavior and load-bearing capacity of the slabs compared with conventional concrete slabs. Even in the case of the smallest fiber dosage, 25 kg/m3, the effect was significant. Higher fiber dosage also affects the residual stiffness and overall load-bearing capacity of the slabs.



Numerical simulations of the slab using the non-linear analysis approach correlate well with visual observations during load tests. However, the choice of model and input parameters is important for the correct modeling of the task. The influence of the subsoil deformation modulus is greater than the influence of the subsoil depth. Figure 23 shows a comparison of the deformations obtained in the experimental load testing and those calculated in the numerical model. In the case of a higher load step, the differences are more pronounced but they are acceptable with respect to the higher deformation of the load step. The failure mode in the numerical analysis corresponded to the experimental failure mode. For appropriate numerical modeling of fiber-reinforced concrete, it is necessary to choose a suitable material model and corresponding input parameters. An overall comparison of all five experimental slabs and the numerical modeling is shown in Figure 23. Figure 23 also shows the differences between the load–displacement diagrams.



For non-linear calculations, repeated solutions using the Newton–Raphson method or the arc-length method were used. The main criterion was a displacement error, which was set to 0.01. In addition, auxiliary criteria were a residual error given by the value 0.01, an absolute residual error of 0.01 given by the value or energy error of 0.0001. The main convergence criterion was decisive for possible premature termination of the calculation. The number of iterations was set to a limit of 30. Choosing a smaller number of iterations was not appropriate and may have skewed the results and information value of the results. Tangent Predictor was used for calculated stiffness. The PARDISO solver was also used, which enables parallel processing of the task. The parallel solver worked well. An incremental solution with a step size of 10 kN was used for the resulting load-displacement diagrams. This computational procedure and the parameters of the non-linear analysis were chosen with regard to the convergence, speed of the computation, and information value of the results.




5. Recommendations for Numerical Modeling of Slabs in Interaction with Subsoil


Based on our numerical calculations, we draw partial conclusions and make the following recommendations for solving the problem:




	(1)

	
Current computer technology and numerical methods make it possible to solve the problem using three-dimensional computational models with linear and non-linear solutions.




	(2)

	
The chosen finite element method is suitable, and a linear isoparametric eight-node finite element with eight integration points is recommended. The use of tetrahedral finite elements in a non-linear solution can reduce the quality of the solution with respect to the principle of implementation of physical non-linearity. The use of more advanced isoparametric elements also leads to a significant increase in computational complexity.




	(3)

	
The size of the finite elements must be chosen appropriately with regard to the dimensions of the structure. Setting the mesh along the thickness of the slab with at least eight finite elements is important for the accuracy of the calculation.




	(4)

	
In the case of a linear calculation, the results of deformations are more significantly affected by the subsoil deformation modulus than the stiffness of conventional concrete and the size of finite elements.




	(5)

	
The boundary conditions of the computational model must account for the actual geological profile. With greater depth of the model, there are also greater deformations. However, the computational model should not be deeper than the active depth (space) of the subsoil.




	(6)

	
Suitable boundary conditions for the subsoil model are for the bottom surface, vertical support uz = 0, and the walls ux = 0 or uy = 0.




	(7)

	
For modeling, it is appropriate to use the interface in the fixed contact or interface contact. Such use removes the need for there to be a common finite element mesh. The use of the contact interface significantly increases the requirements for computational complexity and knowledge of input parameters. Contact interface parameters have mixed properties. Some have a physical nature and some are more influenced by the specific geometry of the model. The parameter selection is an iterative process; the model must respect the actual behavior of the structure.




	(8)

	
In the case of failure of conventional or fiber-reinforced concrete, it is necessary to use a non-linear solution, where the failure of the cross-section of the slab significantly affects the total deformation.




	(9)

	
For the accuracy of the non-linear calculation, the choice of input parameters for conventional or fiber-reinforced concrete is important. The tensile strength of concrete determines the initial formation and development of cracks. During further loading, knowledge of tensile softening or fracture energy is required.




	(10)

	
For concrete of ordinary strength classes and composition, it is advantageous to follow the recommendations in Model Codes 1990 or 2020. For fracture energy, it is appropriate to use VOS 1983 from the ATENA theoretical manual [26].




	(11)

	
It is more difficult to determine the parameters for fiber-reinforced concrete. There are several approaches to modeling fiber-reinforced concrete and determining constitutive relationships. The basic methods include modeling of concrete and fiber separately [77], the approach presented in this study of using effective values of tensile strength and fracture energy, the definition of tensile softening [2,27], and the approximation of the tensile softening function [1]. When determining the parameters, it is appropriate to proceed from a detailed laboratory program. The basic parameters can be determined similarly to conventional concrete. Specialized tests are then the bending test and the tensile test. It is also appropriate to take into account the stochastic nature [27,78] of the parameters in the resulting parameters.




	(12)

	
In the case of a known overall load-bearing capacity of a structure, it is possible to use the Newton–Raphson method. If it is necessary to determine the total load capacity, the descending branch of the calculation must use the arc-length method or the Newton–Rapson method with deformation load. It is also possible to combine methods but as a consequence, the calculation becomes complicated. The proven number of iterations was 30. The loading step should ideally be 1/20 or 1/50 of the total load capacity.




	(13)

	
For a non-linear calculation, it is important to check that the experimental failure mechanism is the same.




	(14)

	
A balanced compromise should be found between the requirements of the experimental program, laboratory tests, and computational complexity in order to obtain the appropriate value of the knowledge.










6. Conclusions


In this article, we have presented one possible approach to the numerical modeling of a slab in interaction with subsoil. Soil–structure interaction solves a complex problem. In specific cases where it is necessary to take into account the real behavior of the structure and the subsoil, the solution leads to a non-linear analysis. In this case, the presented solutions include the use of the finite element method and three-dimensional computational models. Sensitive input parameters include the mechanical parameters of the subsoil and the choice of model geometry. However, under real foundation conditions, the soil–structure interaction task is not geometrically limited. For the correct selection of the subsoil model is necessary for geological monitoring or exploration. Differences in the resulting deformations of the slabs in individual variants of the calculations can be significant. Numerical calculations also show that with the development of cracks in concrete, decreasing the slab stiffness and increasing the load, the influence of the mechanical parameters of the subsoil increases.



One of the results of the problem addressed in this study is that even after a significant failure of the concrete and plasticization of the reinforcement, the reinforced concrete slab remained whole. The conventional concrete slab was crushed into smaller parts during testing. The damage to the fiber-reinforced concrete slabs depended on the dosage of the fibers. The advantages of using non-linear analysis include the fact that, together with crack modeling, it is also possible to capture the mechanism of structural failure, which cannot be captured when using models according to design codes.



The following partial conclusions can be drawn:




	
The analysis of a slab in interaction with subsoil is a complex task, where conventional concrete, reinforced concrete, and fiber-reinforced concrete slabs behave differently.



	
Damage and deformations to fiber-reinforced concrete slabs depend on the dosage of the fibers.



	
The influence of the parameters of the subsoil (subsoil deformation modulus and depth of subsoil) increases with a higher load and damage to the slabs.



	
In this study, the subsoil deformation modulus had a more significant effect on deformations than the depth of the subsoil.



	
Accuracy of the input parameters for the material model is important for analysis and calculations. Individual variants can differ significantly, especially for fiber-reinforced concrete. It is necessary to appropriately identify the tensile strength and fracture energy, which are different from the values for conventional concrete.



	
For the solved type of soil–structure interaction task detailed in this study, it is appropriate to use a three-dimensional computational model and non-linear analysis.
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Figure 1. Concept of material model for concrete according to [68]. 
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Figure 2. Specialized testing equipment: (a) cross section; (b) view. 
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Figure 3. Reinforced concrete slab: (a) view; (b) reinforcements—steel mesh. 
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Figure 4. Deformation of reinforced concrete slab. 
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Figure 5. Reinforced concrete slab—underside: (a) after loading test; (b) calculation model with cracks (min. width for plotting cracks—0.2 mm). 
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Figure 6. Three-dimensional deformation surface of half of a reinforced concrete slab after relaxation: (a) 5th loading step—load of 250 kN; (b) 10th loading step—load of 500 kN. 
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Figure 7. Computer model and boundary conditions—reinforced concrete slab. 
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Figure 8. Computer model—definition of systems and contact interfaces between them: (a) details of the finite element mesh; (b) contact interface between slab and subsoil. 
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Figure 9. Three-dimensional numerical model of reinforced concrete slab—crack occurrence and stress (Esoil = 22.5 MPa). 
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Figure 10. Load–displacement diagrams for the numerical model and experiment. 
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Figure 11. Time course of load in experimental testing [76]. 
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Figure 12. Load test for slab G01, without fibers—after test. 
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Figure 13. Slabs after load testing: (a) slab G01, without fibers; (b) slab G04, fiber dosage of 75 kg/m3. 
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Figure 14. Three-dimensional deformation of slabs G01, G02, G03, and G04 using contour lines for one-quarter of each slab—load step of 300 kN for peak of load. 
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Figure 15. Load–displacement diagrams for slabs (fiber-reinforced concrete slab, conventional concrete slab—Esoil = 12.5 MPa, reinforced concrete slab—Esoil = 22.5 MPa). 
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Figure 16. Bending tests: (a) 3B600; (b) 3B500; (c) 4B600; (d) 4B500 according to [76]. 
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Figure 17. Computer model and boundary conditions—fiber-reinforced concrete slab. 
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Figure 18. Three-dimensional numerical model—deformation of slab on subsoil: G01, load of 300 kN (half model). 
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Figure 19. Three-dimensional numerical analysis output: crack and displacement, slab G01, load of 150 kN (min. width for plotting cracks—0.35 mm). 
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Figure 20. Three-dimensional numerical analysis output: crack and displacement, slab G01, load of 300 kN (min. width for plotting cracks—0.35 mm). 
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Figure 21. Load–displacement diagrams: (a) G02; (b) G03; (c) G04. 
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Figure 22. Load–displacement diagram—G01. 
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Figure 23. Load–displacement diagrams for slabs: experimental and numerical modeling—comparison. 
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Table 1. Parameters of contact interface.
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	C (MPa)
	fcoef
	ften (MPa)
	Knn (MN/m3)
	Ktt (MN/m3)
	Knn,min (MN/m3)
	Ktt,min (MN/m3)





	1.0
	0.1
	0.3
	2.0 × 108
	2.0 × 108
	2.0 × 105
	2.0 × 105
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Table 2. Deformation in the center of a reinforced concrete slab—parametric study.
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Deformation Modulus of the Subsoil (MPa)

	
Load (kN)

	
Subsoil of Depth (m)




	
2

	
4

	
6






	
12.5

	
150

	
2.92

	
3.57

	
4.08




	
300

	
8.60

	
9.90

	
10.91




	
450

	
14.25

	
16.19

	
17.73




	
600

	
22.40

	
25.30

	
26.25




	
750

	
35.91

	
38.33

	
40.02




	
22.5

	
150

	
1.80

	
2.15

	
2.43




	
300

	
5.28

	
6.00

	
6.57




	
450

	
9.00

	
10.10

	
10.96




	
600

	
12.62

	
14.10

	
15.23




	
750

	
17.07

	
18.92

	
20.48




	
32.5

	
150

	
1.37

	
1.61

	
1.81




	
300

	
3.92

	
4.44

	
4.82




	
450

	
6.71

	
7.50

	
8.08




	
600

	
9.47

	
10.52

	
11.29




	
750

	
12.32

	
13.62

	
14.60
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Table 3. Mechanical properties of conventional concrete and fiber-reinforced concrete.
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Fibers (kg/m3)|(%)

	
Average Compressive Strength Cylinder|Cube

(MPa)

	
Average Split Tensile Strength (MPa)

	
Bending Tensile Strength (MPa)




	
Type of Test




	
3B500

	
3B600

	
4B600

	
4B500






	
0|0

	
20.03|25.11

	
2.10

	
3.02

	
2.89

	
2.55

	
2.85




	
25|0.32

	
29.28|34.96

	
2.96

	
4.04

	
3.81

	
3.10

	
3.76




	
50|0.64

	
25.27|31.65

	
3.12

	
4.41

	
4.24

	
3.56

	
4.06




	
75|0.96

	
24.90|27.87

	
3.17

	
4.72

	
5.16

	
4.35

	
4.95
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Table 4. Mechanical properties for material model Cementitious 2.
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Input Parameter

	
Unit

	
Marker of Slab|Fibers (%)




	
G01|0

	
G02|0.32

	
G03|0.64

	
G01|0.96






	
Modulus of elasticity

	
GPa

	
19.51

	
19.51

	
19.51

	
19.51




	
Compression strength

	
MPa

	
21.34

	
29.71

	
26.90

	
23.69




	
Poisson’s ratio

	
-

	
0.2

	
0.2

	
0.2

	
0.2




	
Tension strength

	
MPa

	
1.89

	
2.66

	
2.81

	
2.85




	
Fracture energy

	
N/m

	
47

	
225

	
1100

	
2500




	
Fixed crack

	
-

	
1

	
1

	
1

	
1




	
Maximum aggregate size

	
mm

	
16

	
16

	
16

	
16




	
Reduction coefficient Fc, red

	
-

	
0.8

	
1

	
1

	
1




	
Shear factor

	
-

	
20

	
20

	
20

	
20




	
Fracture energy

	
N/m

	
47

	
225

	
1100

	
2500
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