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Abstract

:

Modern construction requirements for building structures are currently focused on reducing the time required for construction, dealing with the lack of qualified human resources and ensuring comprehensive construction work quality. The problems mentioned above of today’s construction industry are significantly reduced by modern prefabrication and the efficient use of the most common building materials—steel and concrete. Critical components of such construction systems are their joints. Currently, there are many different types of joints of precast concrete structural elements. Integral parts of these joints are the various anchorages. For connecting load-bearing components, cast-in-place anchor systems are preferred to post-installed ones. The appropriate design of this small but crucial structural component is a complicated engineering issue in some cases. The finite element method (FEM) represents a practical opportunity to design and analyze anchorage systems in detail. A detailed numerical study based on an experimental program was performed to understand cast-in-place anchors’ real behavior and clarify some of the parameters of their design. This paper explains the creation of a numerical model, compares the FEM model with the performed experiments and presents the interesting results of the performed parametric study.
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1. Introduction


Experimental investigation of structures is the most important source of information about their real behavior and reliability. It is mainly the monitoring of structures during their lifetime utilising specialized sensors in bridges [1] and traffic structures [2,3], and experimental testing of selected structural members [4,5] or structural joints and anchors [6,7]. However, it is necessary to supplement monitoring and experimental investigation with other forms of analysis in many cases. These are done due to the necessity to acquire additional knowledge, but often also for capacity, technical or economic reasons.



The experimental investigation of the anchorages and precast concrete structural joints is an essential part of the concrete structures’ development. It primarily includes the full-scale beam-to-column joints tests [8,9], cyclic load tests of the connections [10] or experimental investigation of the precast concrete panel joints [11]. In the case of the anchorages, the load-bearing capacity of cast-in-place and post-installed fastenings are mostly investigated [12,13]. Experiments are usually focused on the determination of the most crucial parameters of the anchorage design, e.g., the size of the anchor, the thickness of the concrete members [14], the position of the anchor in the concrete member [15], the influence of embedment depth [16] or the global loading of the concrete members [17]. It is possible to supplement the test programs via performed numerical analyses [18,19,20,21,22,23] based on the finite element method and obtain specific information that is very difficult to measure or observe during the experiment (e.g., a detailed description of the failure mechanism and crack propagation detection). Moreover, the finite-element method is able to combine with neural network-based models [24,25].



In our research of progressive short-headed anchors in reinforced concrete members, a series of numerical analyses were elaborated to supplement experimental results. Performed simulations can clarify the real behavior of anchorage in more detail. A numerical model was created to simulate the load-displacement behavior of progressive short-headed anchors acting in cooperation with the supplementary reinforcement. This type of anchorage is becoming popular and often used in modern precast building structures due to their compactness and relatively high resistance.



After evaluating the available software options, the model was created in ATENA 3D software, which is narrowly specialized in the modelling of reinforced concrete structures [26]. ATENA (Advanced Tool for Engineering Nonlinear Analysis) is software that offers a variety of material models and purposes. Moreover, it is based on non-linear fracture mechanics principles, making it possible to simulate concrete structures’ real behavior, including concrete cracking, crushing, and reinforcement yielding [27]. The simulations performed by this software suitably complemented the experimental program.




2. Experimental Investigation


2.1. Description of the Problem and Basic Parameters of the Tested Specimens


In cooperation with the structural connection manufacturer, the set of experiments was prepared to examine the anchors exposed to the tensile loading. It was one part of the wider research program focused on the special beam-to-column joint. This joint consisted of the modular vertical support (short corbel) for connecting steel and composite steel-concrete beams to the columns (Figure 1). The embedded part of this unique support allows for creating flat surfaces on the column’s face, and the bolt holder has a relatively high resistance.



Thus, the traditional detail of beam-to-column joints (e.g., hook from reinforcement as shown in Figure 2a) can be substituted by a short steel anchor with supplementary reinforcement (e.g., in the form of stirrups (Figure 2b)). This solution’s main advantage is the unification and the possibility of repeated use of the same detail in the prefabrication process.



Experimental research was focused on the following essential points:




	
the influence of the shape and dimensions of the beams and their reinforcement on the anchorage system resistance,



	
the influence of the supplementary reinforcement on the resistance of the anchorage and its global effect,



	
load transfer from the anchor head to the concrete.








Detailed results of all of the experiments (14 different specimens), including the detailed material and geometric characteristics, are described in [29]. Specimens in the shape of short beams, marked 1B and 3C, were selected as input models for the numerical analysis.



A steel anchor with an embedment depth of 140 mm was cast in both specimens. The anchor’s shaft was formed by the reinforcement rebar Ø 25, and the head of the anchor was created by forging at high temperature. The concrete specimens had a square cross-sectional shape (280 × 280 mm) and a length of 1500 mm. The concrete compressive strength was determined by the testing of cube-shaped concrete samples with an edge length of 150 mm (specimen 1B—fc,cube = 40,07 MPa; specimen 3C—fc,cube = 52,50 MPa).



They were reinforced with rebars (B500B), and the reinforcement scheme and geometry of the specimens are presented in Figure 3a. The arrangement of supplementary reinforcement of the headed anchor is shown in Figure 3b. The difference between the specimens was only in the presence of supplementary reinforcement around the anchor (Figure 4a,b). The supplementary reinforcement consisted of a pair of stirrups Ø 10 supplemented by four horizontal rebars Ø 10 (Figure 4b).




2.2. Test Setup and Testing Method


The performance of the experimental investigation and its overall set-up was adapted to the requirements of ETAG 001 [30,31]. The distances of the supports from the tested anchor were determined in such a way that it did not affect the measurement results. The test setup consisted of a steel frame, hydraulic hollow piston with pump, high strength steel pin, threaded rod, pair of the displacement transducers and force sensor. An overall view of the test setup is shown in Figure 5.



The steel frame consisted of a pair of crossbeams and a massive longitudinal steel beam with stiffeners. The hydraulic piston controlled by the electric pump was placed on the longitudinal beam using a distribution plate. A massive steel plate was connected to the anchor via a weld, and this plate was connected to the threaded rod by a pin connection. The threaded rod passed through a hollow hydraulic piston and a force sensor C6A (Hottinger Baldwin Messtechnik) with a maximum capacity of 1000 kN. There was installed a unique ball joint on the top of the force sensor (so eccentricities were removed from the whole system as best as possible), and a nut was fitted at the end of the steel rod. Displacements were recorded using a pair of WA/50 MM-T inductive displacement sensors (Hottinger Baldwin Messtechnik). A detailed description of the tests and test procedures is given in [29].




2.3. Results of Experiments


The experiments’ results showed a significant effect of the supplementary reinforcement on the resistance and load-displacement behavior of the anchorage. The differences in the anchors’ resistance with supplementary reinforcement were more than 1.7-fold compared to unreinforced anchors. The test results of specimens 1B and 3C are shown in Table 1 and in Figure 6.



The reference specimen 3C failed by forming a reduced concrete cone, which was the expected failure mechanism (Figure 7). Specimen 1B failed in a complicated way by a combination of several failure mechanisms. The concrete cone was profiled first, and subsequently, the yield strength of the supplementary reinforcement was reached together with its anchorage failure (Figure 8).





3. Numerical Analysis


3.1. Geometric Characteristics of the Model


A numerical model was created in the software ATENA 3D to simulate short anchors’ real behavior and especially to clarify the load transfer from the anchor head to the surrounding concrete. The model’s geometric and material parameters were taken from the experimentally tested specimens 1B and 3C. The concrete beam (280 × 280—1500 mm), headed anchor, and steel supports were modeled as separate macroelements (Figure 9a).



The head and shaft of the anchor were modelled as macroelements with a hexagonal cross-section. Adequate cross-sectional areas of the shaft and head of the actual anchor were respected. The longitudinal reinforcement of the beam and its shear reinforcement was modelled by 1D elements—truss elements (Figure 9b). The supplementary reinforcement was modelled in the first phases using 3D solid elements, while the shape of its cross-section was idealized as a square. Of course, adequate cross-sectional areas were preserved (Figure 10a). Later, a model with only 1D elements for all reinforcement was created (Figure 10b). After comparing both models, only small differences were found, so a simplified model of supplementary reinforcement was used for the needs of further simulations. The contact between steel plates (supports) and concrete macroelements was simulated as a perfect connection. There were modelled line supports on the steel plates’ top surface (in the middle of the surface) that allowed rotation and restrained the vertical and horizontal displacements.




3.2. Material Characteristics of the Model


The concrete material characteristics were considered from the strength tests of the concrete cubes taken during specimen casting. In the numerical simulation, a brittle-plastic constitutive material model was used, which combines models for the description of the behavior of concrete under the tensile and compressive stress (3D non-linear cementitious 2). The plastic model of concrete with its compressive action is based on the Menétrey-Williams definition of the failure area’s shape [32]. This surface’s position is not fixed but may be varied and spread, simulating phase hardening and softening [33,34]. The fracture model is based on the classical formulation of the “smeared” cracks, which uses Rankine’s failure criterion [35] and exponentially reduced stiffness (softening). The material model also considers the wedging of the aggregate in shear (“Concrete Field Theory Aggregate Interlock”). The material model’s formulation is based on the decomposition of the resulting relative deformations into separate individual components of relative deformations—elastic εeij, plastic εpij and fracture εfij [26]. Figure 11 shows a diagram in the form of uniaxial stress and its associated relative deformation, where εt is the relative deformation corresponding to the maximum tensile strength of the concrete, ftef is the ultimate value of concrete tensile strength, εc is the relative deformation corresponding to the concrete’s maximum compressive strength, and fcef is the ultimate compressive strength of concrete.



Principles of fracture mechanics are commonly used to describe the process of cracking in concrete. Its foundations were given by Griffith’s work published in 1921 [36]. An energy criterion has been established according to which a crack can propagate provided that the amount of energy available to create or widen the crack surface exceeds the amount of energy required for this process [37]. In contrast to the linear elastic theory of fracture mechanics, a large fracture process zone is formed in front of the crack, which is not negligible. The material in this zone is exposed to significant softening [38]. The non-linear theory of fracture mechanics was published by Hillerborg in 1976 [39]. The global material model considers the Crack Band Model [40], which assumes that microcracks are concentrated and smeared in a specific width in the area of the fracture process zone [38]. The model indicates the relationship between the relative softening and a certain width, which is considered a material attribute [41].



The detailed material properties of the concrete (tensile strength, elastic modulus, specific fracture energy, crack shear stiffness factor, etc.) were defined on the basis of the real cubic compressive strength according to the formulas published in [26] (default software values).



A bilinear elastic-plastic material model of the steel is commonly used for structural analyses [42,43,44]. This type of material definition was used to create a model of the anchor with a forged head, supplementary reinforcement, longitudinal and shear reinforcement of the beam (Figure 12).



The initial ascending branch represents the material’s elastic action, taking into account the modulus of elasticity of the steel Es. After reaching the yield strength value, the simplified ideal plastic action of the material is considered. This simplification is acceptable in most numerical analyses of reinforced concrete members or structural details [45].




3.3. Discretization and Analysis


Different types of finite elements were used in the creation of the numerical model, depending on their ability to describe the given issue. The 1D finite elements were used to model the longitudinal reinforcement of the beam as well as its shear reinforcement (stirrups). They represent isoparametric elements with one or two integration points for linear or quadratic interpolation for elements with two or three nodes. The geometry of the finite element is shown in Figure 13.



For creating the beam, steel supports and the anchor model, finite spatial elements from the “3D solid” group were used. These are tetrahedral or brick finite elements. The geometry of these finite elements is shown in Figure 14a,b. Their detailed mathematical description can be found in [26].



The mesh was generated by the automatic mesh generator implemented as a part of the software’s pre-processor. The density of the mesh was variable in the model. The fine mesh (approx. 3 mm) were used for the meshing of the headed anchor and surrounding concrete. The mesh with a maximum element size of 25 mm was used on the meshing of other concrete member areas.



Numerical model calibration is generally an important and sensitive part of numerical analysis [47,48]. The calibration of both models (with and without supplementary reinforcement) consisted of the mesh density settings, the contact surfaces definition, as well as the optimal loading steps. The contact between the reinforcement bars and concrete was modelled as a perfect connection. The contact between the anchor and surrounding concrete was modelled by the interface (GAP) material. It allows for the consideration of cohesion and friction on the headed anchor surfaces. The interface material parameters were defined following recommendations published in [49,50].



The anchor was loaded by the displacement increment (0.05 mm) in successive steps. The total number of the required load steps for the model was 90 (model without supplementary reinforcement) or 130 (model with supplementary reinforcement). The standard Newton-Rapson procedure was chosen for the solution process with four different convergence criteria. The iteration limit for one analysis step was 40, and the stiffness was updated after each iteration.





4. Results of Numerical Simulation


4.1. Anchorage without Supplementary Reinforcement


The numerical model described in Section 3 was created for a specimen without supplementary reinforcement. It was possible to analyze the formation of the first cracks, the failure mechanism and then determine the fundamental differences in resistance concerning other input parameters, especially the compressive strength of concrete. The numerical simulation results were compared with the experimentally obtained data from the test of specimen 3C. The relationship between load and displacement was used as the main parameter for comparing both analyses. Based on the graphs in Figure 15, it is possible to state a satisfactory agreement between the experiment and the numerical simulation. The correlation coefficient reaches a value of up to 0.96.



The deformation of the anchorage area in the specimen without supplementary reinforcement and the propagation of cracks larger than 0.5 mm is shown in Figure 16. The cracks’ positions correspond very well to the theoretical model, which assumes the propagation of cracks and the formation of a concrete cone at an angle of 35° [51].




4.2. Anchorage with Supplementary Reinforcement


Specimen 1B was chosen as the default specimen for numerical model calibration and other simulations of anchorage with supplementary reinforcement. The comparison between the experiment result and the numerical simulation is shown in the graph in Figure 17. The relationship between load and displacement for the experiment and the numerical simulation shows an excellent agreement. The correlation coefficient is 0.98.



The process of deformation of the anchoring zone together with the development of the cracks whose width exceeds 0.5 mm is shown in Figure 18. Based on the distribution and position of the cracks, it can be stated that an essential part of the supplementary reinforcement is not only the stirrups around the anchor but also the other additional longitudinal rebars.





5. Study of the Influence of Fundamental Parameters on the Load-Displacement Behavior of the Anchorage


Based on the initial simulations, a parametric study was created in order to determine the influence of selected input parameters on the final resistance and stiffness of anchorage with and without supplementary reinforcement. A series of numerical simulations were performed to demonstrate the effect of concrete strength on the load-displacement behavior of short-headed anchor without any supplementary reinforcement. The disproportional increase in the resistance and changing of the load-displacement behavior depending on the concrete’s compressive strength is shown in the graph in Figure 19.



Similarly, a series of numerical simulations were performed on an anchor model with supplementary reinforcement. The anchor’s size and position and the specification of additional reinforcement (Ø 10 mm, fy = 500 MPa) remained as constant parameters. The graph in Figure 20 presents the influence of concrete strength on the resistance and stiffness of anchorage with supplementary reinforcement.



The effect of the supplementary reinforcement’s diameter on the anchor system’s resistance and stiffness was another parameter that was investigated. However, the other parameters were retained: the arrangement of the reinforcement, the material characteristics of the reinforcement (fy = 500 MPa) and the concrete (fc,cube = 30 MPa), as well as the overall arrangement of the test setup and the test method. The increase in anchorage resistance on the change of the supplementary reinforcement diameter is shown in the graph in Figure 21.



The results of the numerical analysis are shown in the graphs in Figure 22. They present an increase in the maximum achieved anchorage resistance and the corresponding displacement.



The graph in Figure 23a shows the proportional percentage increase in anchorage resistance concerning the concrete strength class. It also shows the relationship between the increase in concrete strength and the increase in anchorage resistance. The strength of the concrete has a more significant effect on anchoring without supplementary reinforcement than on anchoring with supplementary reinforcement, e.g., a 150% increase in concrete strength will increase the resistance by 52% for anchorage without supplementary reinforcement and only by 38% for anchorage with supplementary reinforcement.



The effect of increasing the diameter and cross-section area of the supplementary reinforcement on the anchorage efficiency is documented in Figure 23b. The use of supplementary reinforcement with a rebar diameter of Ø 6 mm leads to a significant increase in the anchorage resistance by up to 55%. However, further increasing the reinforcement cross-section area is not so excessively significant. For example, increasing the supplementary reinforcement cross-section area by 300% (Ø 6–Ø 12) further increases resistance by only 65%.




6. Discussion and Conclusions


Short head anchors are a modern way to create compact joints in precast reinforced concrete structures. Experimental research and subsequent numerical simulations indicate several interesting facts that can be summarized in the following points:




	
A short-headed anchor’s resistance can be increased by more than 70% by using supplementary reinforcement in the form of stirrups and longitudinal rebars, proving the performed experimental measurement. Supplementary reinforcement can also prevent brittle failure of the anchorage.



	
It is possible to create a numerical model by using suitable specialized software that credibly simulates the action of a tensile-loading anchor with or without supplementary reinforcement.



	
The mechanism of failure, the way of crack propagation, and the predicted value of the anchorage resistance determined by the numerical analysis correspond to the experiments. The correlation coefficient reaches a value of more than 0.95.



	
According to the numerical analysis, the influence of concrete strength on anchorage resistance is non-linear, and it is higher for anchors without supplementary reinforcement.



	
The use of supplementary reinforcement, although small in diameter (Ø 6 mm), can significantly increase the anchorage’s final resistance (+55%). However, further increasing the supplementary reinforcement diameter (area) does not cause such a significant increase in the anchorage resistance.








The investigation of anchorages in reinforced concrete structural elements is relatively demanding due to the large number of input parameters affecting their stiffness and resistance. In further work, it will be necessary to examine other parameters, such as the embedment depth of anchorage, the global stiffness of the concrete members in which the anchorage is installed, the distance of the anchor from the edges, the shape and size of the anchor, or the arrangement of supplementary reinforcement. Based on real experiments, numerical simulations also appear in this case as a suitable solution for the preparation of test programs and their appropriate complementation. The investigation results can also be used for practical optimization and the preliminary design of particular anchorage systems, especially in some particular cases when the standards and recommendations give inaccurate results.



The future aim of the research is to improve the numerical models (e.g., implement the more sophisticated material model of the steel, the more precise definition of boundary conditions) and combine numerical simulations with analyses based on probabilistic methods.
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Figure 1. Progressive corbel with supplementary reinforcement (Peikko Group) [28]. 
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Figure 2. Different types of anchoring the beam reinforcement in the columns: (a) traditional anchorage via hooked rebar; (b) headed anchor (headed bar) with supplementary reinforcement. 
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Figure 3. Reinforcement scheme of experimentally tested specimens: (a) global reinforcement of specimens; (b) detail of supplementary reinforcement. 
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Figure 4. Specimens before casting: (a) specimen without supplementary reinforcement; (b) specimen with supplementary reinforcement. 
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Figure 5. Test setup. 
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Figure 6. Load-displacement curves—specimens 1B and 3C. 
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Figure 7. Modified concrete cone failure—specimen 3C. 
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Figure 8. Combined failure—specimen 1B. 
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Figure 9. Numerical model: (a) macroelements with mesh; (b) longitudinal and shear reinforcement—1D elements. 
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Figure 10. Different ways of modelling supplementary reinforcement: (a) 3D solid elements; (b) 1D elements. 
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Figure 11. Uniaxial stress–strain diagram of concrete in compression and tension. 
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Figure 12. Bilinear stress–strain diagram of the steel. 
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Figure 13. The geometry of the 1D element [26]. 






Figure 13. The geometry of the 1D element [26].



[image: Applsci 11 02343 g013]







[image: Applsci 11 02343 g014 550] 





Figure 14. The geometry of the 3D solid elements [26,46]: (a) tetrahedral elements with 4 to 10 nodes; (b) brick elements with 6 to 15 nodes. 






Figure 14. The geometry of the 3D solid elements [26,46]: (a) tetrahedral elements with 4 to 10 nodes; (b) brick elements with 6 to 15 nodes.



[image: Applsci 11 02343 g014]







[image: Applsci 11 02343 g015 550] 





Figure 15. Comparison of results of the experimental test with numerical simulation—specimen without supplementary reinforcement. 
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Figure 16. Deformation of the anchorage area and the formation of cracks with a width greater than 0.5 mm—anchor without supplementary reinforcement. 
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Figure 17. Comparison of results of the experimental test with numerical simulation—specimen with supplementary reinforcement. 
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Figure 18. Deformation of the anchorage zone and the formation of cracks with a width greater than 0.5 mm—anchor with supplementary reinforcement (the picture does not show the longitudinal and shear reinforcement of the specimen). 






Figure 18. Deformation of the anchorage zone and the formation of cracks with a width greater than 0.5 mm—anchor with supplementary reinforcement (the picture does not show the longitudinal and shear reinforcement of the specimen).



[image: Applsci 11 02343 g018]







[image: Applsci 11 02343 g019 550] 





Figure 19. Influence of concrete compressive strength on the resistance of the anchor without supplementary reinforcement. 
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Figure 20. Influence of concrete compressive strength on the resistance of the anchor with supplementary reinforcement. 
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Figure 21. The effect of the supplementary reinforcement diameter on the resistance of the anchorage system. 
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Figure 22. Comparison of parametric study results: (a) anchorage without supplementary reinforcement—compressive concrete strength effect; (b) anchorage with supplementary reinforcement—compressive concrete strength effect; (c) anchorage with supplementary reinforcement—reinforcement diameter effect. 
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Figure 23. Ultimate load increase: (a) influence of the concrete compressive strength; (b) influence of the supplementary reinforcement. 
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Table 1. Results of experimental measurements—specimens 1B and 3C.
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	Specimen
	Load at 0.9 mm Displacement [kN]
	Load at 1.8 mm Displacement [kN]
	Fmax [kN]
	Displacement at Fmax [mm]





	1B
	180.0
	249.7
	294.9
	5.53



	3C
	121.2
	152.8
	167.7
	2.89
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