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Abstract

:

A hybrid concrete wall is made up of a traditional reinforced concrete wall with post-tensioned technology. Recent research has shown that post-tensioned (PT) reinforced concrete shear walls have a wide range of advantages when it comes to resisting lateral forces and lateral moments caused by earthquake loading. To explore the PT reinforced concrete wall behavior subjected to seismic load, the concrete models were augmented with various material models, including the KCC, CDP, and Winfrith models for a PT 2D wall under pushover analysis. To ensure that the overall behavior forecast was qualitatively acceptable, the models’ performance was compared to experimental findings. Then, the post-tensioned modeling approach was implemented with the 3D wall in order to predict structural responses of the PT 3D wall. The well-validated finite element models were ultilized to estimate the effects of the post-tensioned bars on lateral resisting capacities of the precast concrete shear wall.
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1. Introduction


Over the last three decades, post-tensioned (PT) structural systems have been proposed and developed as a replacement for traditional structures. Innovative attempts are made to squeeze the prefabricated structural elements together using unbonded PT tendons in these constructions [1]. The PT tendons remain elastic during seismic loading, and wall damage owing to concrete nonlinearity is limited to the wall’s bottom toes [2,3,4,5,6,7]. Aside from the advantages of avoiding major structural damage, the PT constructions have a desirable self-centering capacity thanks to the linear-elastic behavior of the PT tendons. Concrete shear walls, timber buildings, steel frames, and precast bridge piers have all been given the PT treatment [8,9,10]. The restoring force of PT tendons has previously been described using a bilinear elastic model with a sudden stiffness reduction at the beginning of the gap opening [1].



In earthquake-prone areas, reinforced concrete (RC) structures are commonly used. In such structures, the lateral force resisting mechanism is made up of moment frames, structural walls, or a combination of the two. Modern design rules, such as the current ACI 318 document, incorporate detailed criteria for RC members in seismically active regions to ensure that the structure’s inelastic deformability will provide sufficient performance. A shear wall is a well-known load-bearing structural system. This vertical element has a number of advantages when used as lateral (horizontal) load resistance structures, including cost-effectiveness and high performance in resisting lateral loads such as seismic loads. As a result, shear wall members are widely used to resist lateral loads because of their superior characteristics in resisting horizontal loads. When developing seismic resistance structures, the major design requirements that a designer would like to achieve are ductility, strength, and stiffness. Various forces act on a PT reinforced concrete wall when an earthquake occurs. The PT reinforced concrete wall is subjected to not only a gravity load and a lateral load, but also friction forces and PT forces. Under initial lateral forces, the wall only undergoes elastic deformation, which means the gap at the wall base does not open and there is no relative displacement at the vertical joints. When the lateral load increases, the relative displacement at the vertical joints and the gap at the wall base opening occur at the same time, which is known as the softening state. Then, the sandwich wall is subjected to sliding friction forces provided by the surrounding walls and base, while prestress caused by the elongation of the PT tendons provides a restoring force. The elongation of the PT tendons increases with the increase of lateral drift after softening state, and the PT forces increase continuously, leading to the base moment increasing at the same time [11].



The Finite Element Method (FEM) is a numerical method for solving differential equations and mathematical modelling that is widely utilized in many fields. LS-DYNA is one of the analytical programmes which is applied by FEM [12]. LS-DYNA provides a variety of material models for predicting concrete behaviour, but running entire concrete tests to determine parameters is rather difficult. LS-DYNA provides simple input concrete models for modelling the behaviour of concrete using basic strength test data to alleviate the load concerning conducting this issue [13,14]. Various studies have been reported in the literature on the behaviour of material models to predict the response of concrete buildings under various loading rates [15,16,17,18,19,20,21]. While LS-DYNA has been utilized primarily for blast and impact simulations, it is a versatile finite element analysis program that can be used as a highly effective tool for solving a wide range of structural engineering problems. The software’s capabilities are highly desirable for studying the response of structures under earthquakes due to the large number of independent design parameters that can be considered [22,23,24,25,26,27].



The other analytical technique that could potentially address the associated challenges for nonlinear time history analysis as an earthquake occurs is pushover analysis. In this procedure, lateral loads are gradually raised according to a predetermined pattern, and nonlinear responses and failure modes of the structure are studied at each loading step. In pushover analysis, the lateral load pattern is critical for predicting structure behavior. As a result, a lateral load pattern should be chosen in such a way that the structural responses resemble the nonlinear time history analysis results as closely as possible [28,29,30,31,32,33]. Previous studies have employed two-dimensional FE models to simulate reinforced concrete wall structures exposed to monotonic loading [34,35,36,37].



Various previous studies mainly evaluated the effect of Post-Tensioned (PT) bars for shear walls with simplified sections (e.g., rectangular and barbell types) referred to as 2D wall type in this paper [8,9,10]. However, there were limited studies concerning the effect of PT bars on the lateral resisting capacities for shear walls with flanged and irregular section types referred to as 3D walls in this paper. The main purpose of this research is to quantify the effect of PT bars in shear walls with two different section types (2D and 3D walls) through static pushover analyses. Firstly, the response of PT reinforced concrete walls is to be validated through comparing the results of FE models to experimental results. Next, the various concrete models are to be applied to reinforced concrete walls with different conditions such as mesh size, element type and strain rate to obtain more accurate and cost-effective FE models. Then, the effect of the PT bars on responding of the reinforced concrete walls is to be conducted by investigating various parameters such as PT quantities, diameter of PT and the yield strength of PT for 2D walls. Finally, the PT bars are to be expanded concerning the 3D wall model in order to predict the response of the PT 3D wall.




2. Constitutive Modeling of Concrete


Because of its porous and brittle properties, concrete is the most difficult material to investigate due to its complex behaviour under varied loading circumstances. It is greatly influenced by strain rate, and any material model should take these non-linear characteristics into consideration [38]. LS-DYNA has a number of concrete material models that can be used to evaluate its mechanical behaviour. The KCC model (MAT072R3), the concrete damage plasticity model or CDP model (MAT273), and the Winfrith model (MAT085) are the three concrete constitutive models employed in this research.



2.1. The KCC Model with Mat-Concrete Damage (MAT072R3)


The MAT072R3 model has the inbuilt ability to generate the required model input parameters in LS-DYNA based on providing the unconfined compressive strength alone that is known as the Karagozian and Case Concrete model (KCC) [39,40,41]. This model has been used in a variety of studies concentrating on quasi-static and impact loads on structures [42,43,44].



The apparent strength of concrete can dramatically rise at very high strain rates. The influence of strain rate on concrete strengths is usually expressed as a dynamic increase factor (DIF) versus strain rate, which is the ratio of dynamic to static strength. To consider the strain rate effect in the KCC model, a dynamic increase factor (DIF) was included, expressed as follows [45].



For compressive:


  D I F =         ε ˙  /   ε ˙   s c     1.026  α s    ,      for   ε s  ≤ 30   s  − 1          γ s     ε ˙  /   ε ˙   s c     1 / 3   ,      for   ε s  > 30   s  − 1         



(1)







For tension:


  D I F =         ε ˙  /   ε ˙   s t    δ  ,      for   ε s  ≤ 1.0   s  − 1         β    ε ˙  /   ε ˙   s t     1 / 3   ,      for   ε s  > 1.0   s  − 1         



(2)




where   ε ˙   = strain rate in   s  − 1    (1/s),     ε ˙   s c   = 30 ×  10  − 6      s  − 1    for a static strain rate in compression,     ε ˙   s t   =  10  − 6      s  − 1    for a static strain rate in tension,   f c   is static compressive strength of concrete in MPa,   log   γ s   = 6.156  α s  − 2 ,  α s  = 1 /  5 + 0.9  f c   , log  ( β )  = 6 δ − 2  , and   δ = 1 /  1 + 0.8  f c    .




2.2. The CDP Model with Mat-CDP Damage (MAT273)


The failure behaviour of concrete under loading was depicted in the concrete damage plasticity model (CDP model) [46,47]. This model is presented for simulating the behaviour of high-strength concrete under static and dynamic loading conditions. As shown in Figure 1a, the post-peak compressive behaviour is characterized exponentially with a softening control parameter that is set to the default value    ε  f c   =  10  − 4    . The strain rate effect is studied based on the STRFLG input parameter. The strain rate effect can be considered as STRFLG = 1 and otherwise not considered (STRFLG = 0). The strain rate effects can be neglected when the hardening parameter HP is set to 0.01.



This model’s post-peak tensile behaviour can be linear, bilinear, or exponential. Because of its appropriate evaluation of experimental data [47], the bilinear damage model shown in Figure 1b was used in this study. In the figure,   G f   is the fracture energy defined by its underlying area of the strain softening curve; and   w f   is the maximum tensile inelastic strain, which can be estimated as    w f  = 4.444  G f  /  f t    [47].




2.3. The Winfrith Model with Mat-Winfrith Damage (Mat085)


Broadhouse and Neilson [48] developed a smeared-crack model, which is the basis of the Winfrith model (“MAT WINFRITH CONCRETE” in LS-DYNA). The Winfrith model needs the user to define the unconfined compression strength (  f c  ) and tensile strength (  f t  ) as critical input parameters. The unconfined tensile strength is given by Equation (3) estimated from uniaxial compressive strength.



One of the most important features of the Winfrith concrete model is the ability to generate a binary output database for crack specifics, such as position and dimension. The crack width (W) can be defined by investigating the area under the uniaxial tensile stress versus crack width curve equal to the fracture energy (  G f  ) using Equations (4) and (5) as shown Figure 2. The RATE Winfrith input parameter controls whether the strain rate effect is studied (RATE = 0) or not (RATE = 1, 2). The difference between RATE = 1 and 2 is that RATE = 2 examines improved crack algorithms.


   f t  = 1.4     f c  10    2 / 3    



(3)






   G f  = 73  f  c   0.18    



(4)






   W =   2  G f    f t    



(5)









3. Analytical Methodology Validation


3.1. Experimental Investigation


Pakiding et al. [49] and Beyer et al. [50] conducted experimental tests on the Post-Tensioned and 3D RC walls, respectively. The main purpose of the experiments was to consider the capability of sustaining large deformations before failure for PT reinforced concrete wall as well as to investigate the bending behaviour in different directions for a 3D wall subjected to a bi-directional loading. The post-tensioned and 3D RC walls are frequently used in high buildings as lateral strength providing members which support load-bearing capability in the structure. These experimental results provide a foundation for future study to examine and forecast the behaviour of walls during earthquakes.



The PT 2D wall is 1830 mm (length) × 6730 mm (height) × 250 mm (thickness). The foundation block for the wall is 7620 mm × 1520 mm × 610 mm. The wall was made up of eight 22-mm diameter longitudinal bars and two 9.5-mm diameter longitudinal bars. The 3D wall is 1600 mm (length) × 3490 mm (height) × 160 mm (thickness). The longitudinal reinforcement was maintained throughout the wall’s height with continuous bars running from the foundation to the collar (no lap splices). The vertical reinforcement had a total area of approximately    A s  = 3281   mm 2   .



The material properties for the concrete with the compressive strength were 43 MPa for the PT wall and 45 MPa for the 3D wall. The steel reinforced with a nominal yield strength of 414 MPa was based on ASTM A615 and ASTM A706 standards for PT walls. Moreover, the 3D wall used reinforcing bars based on the requirements for “Class C” grade steel according to Eurocode 8 with a yield strength of 488 MPa for diameter of 12 mm and 518 MPa for a diameter of 6 mm.




3.2. Constitutive Material Models


The material characteristics of the concrete constitutive model are calibrated consistently. The uniaxial compressive strength,   f c  , is estimated using material testing in conjunction with structural component tests. For all analytical models, the Poisson’s ratio is fixed to 0.2. The material specifications for the concrete models are listed in Table 1.



The steel material in this study can be modelled in LS-DYNA using MAT#03 (*MAT_ PLASTIC_KINEMATIC), which is suitable for both isotropic and kinematic hardening plasticity simulations [51]. In Table 2, the material parameters for reinforcing steel are listed. For all analyses, the Poisson ratio,  ν , is set at 0.3, which is also required in the continuum-based beam elements.



The loading section on top and the wall footing material were considered to be elastic for the purpose of simplicity and to concentrate on the behaviour of the walls *MAT_ELASTIC was used to model the base and top parts in LS-DYNA.




3.3. Contact and Boundary Conditions


The reinforcements were embedded in the concrete walls using the *CONSTRAINED_ LARGRANGE_ IN_ SOLID option [52]. This option models perfect bonding conditions between the reinforcements and the surrounding concrete. The Dynamic Implicit analysis approach was employed in this study as reported in [51]. The global response is modelled as a dynamic problem, and the equations of motion in time are integrated using the central difference method. At each stage of the investigation, the equations of motion are solved using the mesh’s changed geometry.





4. Numerical Analysis and Comparison with Experimental Results


4.1. Analysis of PT 2D Wall under Pushover Analysis


4.1.1. Geometric and Finite Element (FE) Model


This section evaluates the validity of several concrete material models. The authors of [53,54,55,56] have proved the reliability of material models in forecasting the response of PT reinforced concrete walls. Experimental data is compared to research findings. Pakiding et al. [49] evaluated PT reinforced concrete wall specimens and completed the analysis. The wall’s configuration details are shown in Figure 3. Two prestressing tendon bundles, each with five strands, were employed to give a prestressing force of 1561 kN with a diameter of 15.2 mm. In the web and boundary portions of the section, the wall contained sixteen #1 bars with a diameter of 22 mm and vertical #3 bars with a diameter of 10 mm, as well as extra horizontal reinforcement #4 with a diameter of 10 mm. Pushover loading was applied to the wall specimen at a height of 3810 mm from the foundation block until damage occurred.



Figure 3b shows the FE models of the PT 2D wall. An eight-node solid element was used to model the concrete wall, top section, and foundation. Figure 3b shows the PT 2D wall reinforcements, which were calculated using a beam element with a cross-section integration (Hughes–Liu beam) [12]. In the face of severe deformations, this formulation method is well known for being efficient, accurate, and effective. Based on the experimental results, the modeling strategy was established to reduce the computational time. The wall model is divided into two regions such as elastic for foundation and the top part as well as inelastic for the RC wall part. This is because the significant damage on the upper part and the foundation was not observed during the test.




4.1.2. Effect Type of Mesh Size Element


The mesh size is proportional to the precision and number of meshes required to mesh the element in Finite Element Analysis. Mesh size has an influence not only on the accuracy of the results, but also on the analytical time of the model. As a result, investigating the influence of mesh size is crucial. The model can calculate faster and offer more accurate results with the correct mesh size.



Figure 4 depicts the findings of a mesh size influence study including three distinct mesh sizes: 12.5 mm, 25 mm, and 50 mm. The force–displacement relationships do not improve considerably as the mesh sizes are 12.5 mm and 25 mm. The concrete wall was divided into two sections meshed with a 25 mm and 50 mm size, and the beams were meshed with a 25 mm size to reduce computing time. As shown in Figure 3b, the foundation and upper part elements had a larger mesh size (e.g., 100 mm) than the primary structural elements (i.e., wall, beam).




4.1.3. Effect Type of Concrete Element


The concrete behaviour was simulated using an eight-node reduced integrated solid element. In LS-DYNA, there are four different sorts of solid elements: The fully integrated S/R solid element for poor aspect ratio with accurate and efficient formulations, respectively   ( ELFORM = − 2  and  − 1 )  , fully integrated S/R solid element (ELFORM = 2), and constant stress solid element (ELFORM = 1) are commonly used solid element types in LS-DYNA.



The investigations for these four element types are compared with the PT 2D wall experimental data in Figure 5. Almost all of the models correctly predicted specimen resistance, according to the comparison. However, as shown in Figure 6, the constant stress solid element (ELFORM = 1) provided the quickest relative calculation time of the four models. It took at least 1.2 times as long to simulate with a fully integrated S/R solid element as it did with a constant stress solid element. In terms of calculation, this element is both precise and efficient. As a result, the constant stress solid element was chosen for this study.




4.1.4. Effect of Strain Rate


Many different parameters influence the model’s response, with the strain rate being one of the most directly influencing factors for concrete behavior. The rate effect is used to describe a material’s reliance on loading or strain rates. In LS-DYNA, a built-in parameter that is based on several concrete models represents the strain rate influence on concrete strength. By activating the strain rate formulation, increased strain rate increases the concrete material’s strength. Using viscoplastic parameters, the rate effect is applied to the plasticity surface, damage surface, and fracture energy. To guarantee that uniaxial tensile and compressive strength values are compatible, the viscoplastic parameters are applied. It is critical to employ a computational model that reliably replicates the transition between diffuse damage, crack initiation, and crack propagation in order to accurately simulate the dynamic and viscoelastic response of concrete structures with the strain rate effect. The model can still bear shear, compressive, and tensile loads after the first crack has occurred. As a result, the concrete behaviour will be more realistically replicated under tensile stress. The DIF ratio is used to explore the strain rate effects of the KCC models, and the CDP models are considered at various rates such as STRFLG = 0, STRFLG = 1. On the other hand, the Winfrith models were focus on various rate effects, such as RATE = 0, RATE = 1, and RATE = 2.



The force–displacement findings of PT 2D walls with strain rate effects are as shown in Figure 7. The strain rate effects have no effect on the force–displacement relationships of the KCC and CDP models, whereas the Winfrith models were affected by strain rate and were best used with RATE = 1. The key parameters of the hysteresis diagrams are as shown in Table 3.




4.1.5. Failure Behaviour


The maximum principal strain fringe, which can be calculated using LS-DYNA, was utilized to investigate the concrete damage mechanism and pattern. The maximum principal strain contours of models can be used to identify the regions of maximum flexural stresses in beams. Because different material models have varied strain ranges, the contour ranges are also provided for each situation. Figure 8 illustrates structural damage reproduced from the finite element model for the PT 2D wall. Based on the color palette in the maximum principal strain fringe to calculate the damage area in the wall, this figure depicts concrete and reinforcement damage. As shown in Figure 8a, the KCC model appears to be unable to detect localized concrete failure or the maximum tensile zone in rebars because the color range seen in this illustration is located in the center of the primary color palette. The CDP model can also see the failure occurring at the wall’s corner and the regions of maximum flexural stresses in beams based on the color palette in the maximum principal strain fringe, as shown in Figure 8b. On the other hand, because the color area for concrete and rebars is identified at the peak of the color palette in the maximum primary strain fringe, the failure site and maximum tensile regions in rebars could be reasonably approximated for the Winfrith model. As seen in Figure 8c, the damage occurs around the base due to the presentation of contours. As a results, the CDP and Winfrith models can reproduce the damage location and pattern as compared to the experimental results observed from Pakiding et al [49].





4.2. Analysis of 3D Wall under Pushover Analysis


4.2.1. Hysteresis and Backbone Curves


Because their shape provides strength and stiffness in any horizontal direction while also being well adapted to enable elevator shafts or staircases, 3D reinforced concrete walls are often used as lateral strength supplying components in reinforced concrete (RC) buildings. The 3D reinforced concrete wall specimen, also known as the TUA test by Beyer et al. [50], is the next validation analysis. As illustrated in Figure 9a, the wall’s height and thickness were 2650 mm and 150 mm, respectively. This model will be used to describe bidirectional loads in the X and Y directions. The configuration details of the wall are depicted in Figure 9b. In the boundary areas of the wall, there were twenty-two #6 bars with a diameter of 12 mm, and in the web regions of the section, there were twenty-eight #7 bars with a diameter of 6 mm. In addition, ties with a diameter of 6 mm and a spacing of 125 mm were used at the wall boundaries and web portions of the wall, with a diameter of 6 mm and a spacing of 50 mm. The wall specimen was tested using a prescribed monotonic bidirectional displacement history that was applied at 3350 mm and 2950 mm for loading X and Y directions, respectively, until damage occurred. Figure 9c shows the FE model of a wall specimen. The concrete wall, top portion, and base were all modelled using an eight-node solid element. A beam element with a cross-section integration (Hughes-Liu beam) was also used to calculate the RC wall reinforcements.



Under pushover loading, the 3D wall was tested on three concrete models. In Figure 10, Figure 11 and Figure 12, the analytical results of the 3D wall utilizing various concrete models such as KCC, CDP, and Winfrith are compared to the corresponding experimental data. To validate the mesh size effects, the experimental findings were compared to the hysteresis and backbone curves derived from the FEA with three sizes: 12.5 mm, 25 mm, and 50 mm, as shown in Figure 10. The force–displacement relationships do not change significantly since the mesh size for the displacement–force curve in the X direction in three models is 12.5 mm and 25 mm, whereas the mesh size for the Y direction results is 12.5 mm, 25 mm, and 50 mm. The concrete wall was divided into two parts meshed with a 25 mm and 50 mm size, and the beams were meshed with a 25 mm size to reduce computing time. As shown in Figure 9c, the foundation and upper part elements had a larger mesh size (e.g., 100 mm) than the primary structural elements (i.e., wall, beam). As indicated in Figure 11 and Figure 12, the concrete element and strain rate had a profound influence on the displacement–force curve results. In LS-DYNA, there are four sorts of solid elements that are widely used: The solid element types ELFORM = 2, −1, 1 and 2 are often employed. In three models, the concrete element (ELFORM = 1) was a reasonable forecast for the displacement–force curve in both the X and Y directions, as illustrated in Figure 11. The CDP and Winfrith models performed well because they did not account for the strain rate effect in both the X and Y directions, and RATE = 1 was appropriate for the Winfrith model. The KCC model, on the other hand, provided an acceptable forecast for both the X and Y directions, as shown in Figure 12. Table 4 and Table 5 show the findings of the maximum displacement–force hysteresis diagrams.




4.2.2. Failure Behaviour


The maximum principal strain fringe will be used to examine the damage mechanism and pattern of this model. The color palette is to be used in the maximum primary strain fringe to calculate the damage zone in the wall, including the damaged concrete and rebars, similar to the explored standard for 2D wall damage. Figure 13 illustrates structural damage reproduced from the finite element model for the 3D wall. The KCC model can predict maximum tensile regions in beams and recognize localized failure, but it is not totally correct for concrete failure since the color range visible for concrete only extends to the top of the main color palette, as shown in Figure 13a. The CDP and Winfrith models, on the other hand, can reliably detect the location of concrete failure as well as the maximum tensile regions in rebars by detecting the color range for concrete and rebars at the peak of the color palette in the maximum principal strain fringe, as shown in Figure 13b and Figure 13c, respectively.






5. Effect of PT Bars for Reinforced Concrete Walls


The validated FE model was used to perform further parametric study on the structural performance of PT 2D and 3D walls. The investigation focused primarily on the influence of the PT bars part under pushover analysis. The designated parameters considered in this task were (1) the PT quantities, (2) the PT diameters, and (3) the PT yield strength.



5.1. Effect of PT Bars for PT 2D Wall


5.1.1. Effect of PT Quantities


As shown in Figure 14, the PT quantities were explored in four scenarios: Non-PT, one PT, two PT, and three PT. Figure 15 depicts the influence of the PT quantities on the load–displacement curve. In general, raising the PT quantities improved the specimen’s maximum lateral load in all samples. The curve had a trend significantly increasing in the first period of lateral drift (0–1%) and obtaining the maximum lateral force in the period of lateral drift of 3–4%. Because the CDP concrete model was the sensitive model for the stiffness, the entire structural stiffness had a significant change as using non-PT. As a result, the maximum strength was obtained in the first period of lateral drift (0–1%). According to these plots, when the lateral strength was increased from two to three PT, the KCC model improved from 1588.34 kN to 1834.1 kN (15.5%), the CDP model improved from 1616.8 kN to 1809.8 kN (11.9%), and the Winfrith model improved from 1606.8 kN to 1850.7 kN (15.2%). When the lateral strength of the KCC, CDP, and Winfrith models was reduced from two to one PT, the lateral strength was reduced by 5.4%, 9.3%, and 5.7%, respectively, as shown in Figure 16. When the lateral strength of the KCC, CDP, and Winfrith models was reduced from two to no PT, the lateral strength was reduced by 9.7%, 20.3%, and 14.3%, respectively. The lateral strength changed depending on whether the PT quantities were increased or decreased, but it was discovered that using PT quantities from two to three PT resulted in larger force changing than using PT quantities less than two PT. Table 6 shows the detailed parameters.




5.1.2. Effect of PT Diameter


The responses of the PT 2D wall behavior were tested using four different PT diameter scenarios: 9.5 mm, 12.7 mm, 15.6 mm, and 17.8 mm. Figure 17 shows the influence of the post-tensioned diameter on the load–displacement curve. In general, changing the PT diameters improved the maximum lateral load of the specimen in this figure. According to these figures, when the diameter was extended from 15.2 mm to 17.8 mm, the lateral strength of the KCC model grew from 1588.3 kN to 1754.8 kN (10.5%), the CDP model increased from 1616.8 kN to 1873.4 kN (15.9%), and the Winfrith model increased from 1606.8 kN to 1732.6 kN (7.8%). The lateral strength of the KCC, CDP, and Winfrith models reduced 4.2%, 3.9%, and 3.5%, respectively, as the diameter was changed from 15.2 mm to 12.7 mm. The lateral strength of the KCC, CDP, and Winfrith models was reduced by 8.1%, 7.5%, and 12.5%, respectively, as the diameter was reduced from 15.2 mm to 9.5 mm. According to the varied changes in lateral strength, the 15.2 mm and 17.8 mm diameters are the best choices for increasing lateral strength carrying capacity for the PT 2D wall, as shown in Figure 18. The details of the parameters are shown in Table 7.




5.1.3. Effect of PT Yield Strength


The pushover curves of specimens with varied   f y   are shown in Figure 19. The various parameter ranges were:    f y  = 1570   MPa,    f y  = 1675   MPa,    f y  = 1860   MPa, and    f y  = 1960   MPa. It can be observed that steel strength had the most noticeable effect on the specimen’s peak load when    f y  = 1675   MPa, although it had a minimal effect in the other cases. As a result, when it was raised, the improvement in peak load was not considerable. The lateral strength of the KCC model increased from 1588.3 kN to 1621.9 kN (2.1%) and 1645.8 MPa (3.6%) when the yield strength was increased from 1675 MPa to 1860 MPa and 1960 MPa, respectively. Similarly, since the yield strength was altered from 1675 MPa to 1860 MPa and 1960 MPa, the peak load of the CDP model raised by 2.2% and 2.9%, respectively. The peak load of the Winfrith model, on the other hand, did not alter significantly because the yield strength was changed similarly to the CDP model with 1.1% (from 1675 MPa to 1860 MPa) and 2.4% (from 1675 MPa to 1960 MPa). In order to conduct additional research, the best steel strength value for the PT 2D wall was determined to be 1675 MPa. Table 8 and Figure 20 show the detailed parameters.





5.2. Effect of PT Bars for PT 3D Wall


5.2.1. Effect of PT Quantities


The PT quantities were investigated for three scenarios such as -X0Y (0X0Y, 1X0Y, 2X0Y, 3X0Y), 0X-Y (0X0Y, 0X2Y, 0X4Y, 0X6Y), and -X-Y (0X0Y, 1X2Y, 2X4Y, 3X6Y) with diameter of 15.2 mm and yield strength of 1675 MPa, as shown Figure 21. The effect of the PT quantities on the load–displacement curve is illustrated in Figure 22, Figure 23 and Figure 24. In accordance with Figure 22, when the number of PT increased from no PT to one, two, or three PT as shown in Figure 21a, the peak load for the X direction was improved 30.2%, 43.2%, 52.5% for the KCC model and 28.2%, 40.1%, 50.5% for the CDP model, as well as 31.9%, 40.2%, 49.7% for the Winfrith model, respectively. While the peak load of lateral strength for the Y direction did not significantly change. On the other hand, when the number of PT changed from no PT to two, four, or six PT, the peak load of lateral strength for the X direction was improved about 42%, 37% and 37% for the KCC, CDP, and Winfrith models, respectively, as shown in Figure 21b, whereas the peak load for the Y direction was significantly improved. When the number of PT increased from no PT to two PT, the peak load was improved 41.8%, 44.9%, 39.8% for the KCC, CDP, and Winfrith models, respectively. However, when the number of PT was raised from no PT to four PT, the peak load was greatly improved of 79.5%, 79.1%, 81.4% for the KCC, CDP, and Winfrith models, respectively. After that, the peak load was slightly improved with 90.9%, 93.6%, 94.4% for the KCC, CDP, and Winfrith models, respectively, increasing when changing from no PT to six PT as compared previously as shown Figure 23. Finally, when the amount of PT increased from no PT to three, six, and nine PT, as shown in Figure 21c, the peak load of lateral strength for both the X and Y directions was significantly improved. It is noted that the peak load of the X and Y directions was greatly increased for three model such as 66.1% (KCC model), 65.1% (CDP model), 61.5% (Winfrith model) for the X direction as well as 78.5% (KCC model), 79.0% (CDP model), 81.1% (Winfrith model) for the Y direction as the number of PT was changed from none to four, as shown Figure 24. Based on the investigation above, it can be noticed that the scenario of 2X4Y was the optimum choice for the effect of PT quantities for the 3D wall, as shown Figure 25. Table 9 and Table 10 show the different maximum lateral force of PT quantities for the X and Y directions, respectively.




5.2.2. Effect of PT Diameter


There are four scenarios of PT diameter studied to response of the 3D wall behaviour—9.5 mm, 12.7 mm, 15.6 mm, and 17.8 mm. The effect of the PT diameter on the load–displacement curve is shown in Figure 26. In general, the maximum lateral load of the specimen in Figure 26 was improved by changing the PT diameters. According to these plots, when the diameter was improved from 15.2 mm to 17.8 mm, the peak load was increased 1.2% (KCC model), 1.7% (CDP model), 6.7% (Winfrith model) for the X direction and 3.0% (KCC model), 7.2% (CDP model), 9.5% (Winfrith model) for the Y direction. In contrast, concerning the change of diameter from 15.2 mm to 12.7 mm, the peak load decreased 7.7%, 3.5%, and 6.3% for the KCC, CDP, and Winfrith models, respectively, for the X direction, as well as 6.7%, 10.8%, and 7.8% for the KCC, CDP, and Winfrith models, respectively, for the Y direction. Similarly, when the diameter decreased from 15.2 mm to 9.5 mm, the peak load decreased 18.3%, 10.5%, 7.7% for the X direction and 10.7%, 19.8% and 16.8% for the Y direction of the KCC, CDP, and Winfrith models, respectively. This indicated that the 15.2 mm is the best option for enhancing bearing capacity of lateral strength for the 3D wall for three models as shown in Figure 27. Table 11 and Table 12 show the details of the parameters.




5.2.3. Effect of the PT Yield Strength


The effect of the PT yield strength on the load–displacement curve is illustrated in Figure 28 for the given examples with the various PT yield strengths (  f y   = 1570 MPa,   f y   = 1675 MPa,   f y   = 1860 MPa and   f y   = 1960 MPa), PT quantities of 1X2Y type, and PT diameter of 15.2 mm. When the yield strength was increased 11% (from 1675 MPa to 1860 MPa), the peak load went up 6.3%, 8.8%, 4.5% for the X direction and 7.7%, 5.7%, 6.6% for the Y direction, which were the highest increases of the KCC, CDP and Winfrith models, respectively. This indicated that the most obvious influence of the yield strength of rebars on the peak load of the specimen was the case when   f y   = 1860 MPa, whereas it had a minor affect in the others as shown Figure 29. Table 13 and Table 14 show the main values of the peak load for the X and Y directions.






6. Conclusions


Models providing for lateral force versus displacement curve represented the behaviour of the RC walls under pushover analysis. The effect of PT bars and behaviour of RC walls were investigated for PT 2D and 3D walls. After that, the effect of PT bars was applied to a 3D wall to predict the response of PT 3D wall behaviour. To analyze the behaviour of several concrete constitutive models, a variety of pushover tests were chosen. Three LS-DYNA concrete models, KCC (MAT072), CDPM (MAT273), and Winfrith (MAT084), were chosen as representations of these constitutive models to evaluate their ability to forecast the seismic response of RC structures. The following list summarizes a number of key conclusions:




	1.

	
All three material models investigated in this study could predict an acceptable peak strength for both PT 2D and 3D walls. The Winfrith model was the best prediction in three models based on the outstanding capability to generate the details of a crack’s location as well as its dimensions. Additionally, not only could it accurately predict the failure position of concrete as compared to the experimental, but the Winfrith model could also identify the regions of maximum flexural stresses in rebars.




	2.

	
The strain rate did not significantly influence the force–displacement relationships for KCC and CDP models but the Winfrith model was converse and the RATE = 1 was appropriate for this model for 2D walls. All three models have a profound effect with the strain rate and the RATE = 1 provided reasonable prediction for the Winfrith model for 3D walls. Because the mesh size of 25 mm and type of element of ELFORM = 1 were suitable for predicting the peak load and minimizing computational time, they were chosen for the numerical simulation.




	3.

	
The number of PT had the greatest influence on lateral strength bearing capacity; yield strength had a negligible effect for PT 2D walls. Based on the numerical simulations, the PT quantity (2X4Y), the PT diameter (15.2 mm) and the yield strength (  f y   = 1860 MPa) were selected to efficiently enhance the bearing capacity of lateral strength for PT 3D walls.
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Figure 1. Strain softening behavior for CDP model. 






Figure 1. Strain softening behavior for CDP model.



[image: Sustainability 14 06141 g001]







[image: Sustainability 14 06141 g002 550] 





Figure 2. Crack strain softening response. 
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Figure 3. Reinforced detials, geometric and FE model for PT 2D walls. 
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Figure 4. Predicted load–displacement curve with various mesh sizes for PT 2D wall. 
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Figure 5. Predicted load–displacement curve with different element types for PT 2D walls. 
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Figure 6. Relative time of calculation versus element type. 
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Figure 7. Predicted load–displacement curve with strain rate for PT 2D wall. 
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Figure 8. The structural damage reproduced from the finite element model for the PT 2D wall. (a) KCC model. (b) CDP model. (c) Winfrith model. 
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Figure 9. Reinforced details, geometric and FE model for 3D walls. 
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Figure 10. Predicted load–displacement curve with various mesh sizes for 3D wall. 
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Figure 11. Predicted load–displacement curve with different element types for 3D walls. 
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Figure 12. Predicted load–displacement curve with strain rate for 3D walls. 
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Figure 13. The structural damage reproduced from the finite element model for the 3D wall. (a) KCC model. (b) CDP model. (c) Winfrith model. 
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Figure 14. Predicted load–displacement curve with PT quantities for 2D wall. 
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Figure 15. Predicted load–displacement curve with PT quantities for PT 2D wall. 
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Figure 16. The maximum lateral force of PT quantities of PT 2D wall. 
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Figure 17. Predicted load–displacement curve with various diameters for PT 2D wall. 
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Figure 18. The maximum lateral force of PT diameters of PT 2D wall. 
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Figure 19. Predicted load–displacement curve with the PT yield strength. 
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Figure 20. The maximum lateral force of the PT yield strength for PT 2D wall. 
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Figure 21. The FE model of the PT quantites for PT 3D wall. 
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Figure 22. Predicted load–displacement curve with PT quantities of -X0Y for PT 3D wall. 
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Figure 23. Predicted load–displacement curve with PT quantities of 0X-Y for PT 3D wall. 
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Figure 24. Predicted load–displacement curve with PT quantities of -X-Y for PT 3D wall. 
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Figure 25. The maximum lateral force of PT quantities for PT 3D wall. 
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Figure 26. Predicted load–displacement curve with various PT diameters for PT 3D wall. 
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Figure 27. The peak load of PT diameters for PT 3D wall. 
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Figure 28. Predicted load–displacement curve with the various PT yield strengths for PT 3D wall. 
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Figure 29. The peak load of the PT yield strength for the PT 3D wall. 
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Table 1. Concrete material model parameters.
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Specimen

	
    E s    

	
    f c    

	
   ρ   

	
   ν   




	
(MPa)

	
(MPa)

	
    g /  mm 3     

	






	
Pakiding et al. [49]

	
200,000

	
43.4

	
0.0023

	
0.2




	
PT 2D wall

	

	

	

	




	
Beyer et al. [50]

	
200,000

	
45.0

	
0.0023

	
0.2




	
3D wall
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Table 2. Steel material parameters.
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Specimen

	
Bar

	
    E s    

	
   ρ   

	
   ν   

	
    f y    

	
    f u    




	
Type

	
(MPa)

	
    g /  mm 3     

	

	
(MPa)

	
(MPa)






	
Pakiding et al. [49]

	
#1

	
200,000

	
0.00783

	
0.3

	
519

	
744




	
PT 2D wall

	
#2

	
200,000

	
0.00783

	
0.3

	
473

	
742




	

	
#3

	
200,000

	
0.00783

	
0.3

	
473

	
742




	

	
#4

	
200,000

	
0.00783

	
0.3

	
441

	
683




	

	
#5

	
200,000

	
0.00783

	
0.3

	
1675

	
2038




	
Beyer et al. [50]

	
#6

	
200,000

	
0.00783

	
0.3

	
519

	
744




	
3D wall

	
#7

	
200,000

	
0.00783

	
0.3

	
518

	
681








The following should be noted: fc is the concrete compressive strength,  ρ  is the mass density,  ν  is Poisson’s ratio, Es is Young’s modulus, fy and fu are the rebar yield stress and ultimate strength, respectively.
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Table 3. The maximum lateral force of the hysteresis diagram of PT 2D walls (kN).






Table 3. The maximum lateral force of the hysteresis diagram of PT 2D walls (kN).





	
Model

	
Mesh Size

	
ELFORM

	
Strain Rate




	
12.5 mm

	
25 mm

	
50 mm

	
   − 2   

	
   − 1   

	
1

	
2

	
a

	
b

	
c






	
KCC

	
1558 (0.2%)

	
1588 (1.7%)

	
1711 (9.6%)

	
1612 (3.3%)

	
1600 (2.5%)

	
1588 (1.7%)

	
1578 (1.1%)

	
1650 (5.7%)

	
1590 (1.9%)

	
-




	
CDP

	
1586 (1.6%)

	
1617 (3.6%)

	
1698 (8.8%)

	
1602 (2.6%)

	
1624 (4.1%)

	
1617 (3.6%)

	
1632 (4.5%)

	
1640 (5.1%)

	
1620 (3.8%)

	
-




	
Winfrith

	
1589 (1.8%)

	
1607 (2.9%)

	
1714 (9.8%)

	
1617 (3.5%)

	
1617 (3.5%)

	
1608 (3.0%)

	
1595 (2.2%)

	
1720 (10.2%)

	
1610 (3.1%)

	
1790 (14.7%)




	
Test

	
1561 (kN)

	
1561 (kN)

	
1561 (kN)








The following should be noted: a is strain rate effect, b is not strain rate effect, c is not strain rate effect but includes improved crack algorithm (for Winfrith model).
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Table 4. The maximum lateral force of the hysteresis diagram of 3D walls for the X Direction (Unit: kN).






Table 4. The maximum lateral force of the hysteresis diagram of 3D walls for the X Direction (Unit: kN).





	
Model

	
Mesh Size

	
ELFORM

	
Strain Rate




	
12.5 mm

	
25 mm

	
50 mm

	
   − 2   

	
   − 1   

	
1

	
2

	
a

	
b

	
c






	
KCC

	
459.9 (0.2%)

	
450.9 (1.8%)

	
482.6 (5.1%)

	
495.7 (8.0%)

	
500.9 (9.1%)

	
450.9 (1.8%)

	
508.0 (10.7%)

	
450.9 (1.8%)

	
468.6 (2.1%)

	
-




	
CDP

	
464.7 (1.2%)

	
472.0 (2.8%)

	
487.9 (6.3%)

	
527.3 (14.8%)

	
526.9 (14.8%)

	
472.0 (2.8%)

	
511.2 (11.4%)

	
512.1 (11.6%)

	
464.7 (1.3%)

	
-




	
Winfrith

	
484.1 (5.5%)

	
474.6 (3.4%)

	
512.6 (11.7%)

	
539.9 (17.6%)

	
542.1 (18.1%)

	
474.6 (3.4%)

	
569.4 (24.1%)

	
420.0 (8.5%)

	
474.6 (3.4%)

	
512.1 (11.6%)




	
Test

	
459.0 kN

	
459.0 kN

	
459.0 kN








The following should be noted: a is strain rate effect, b is not strain rate effect (RATE = 1), c is not strain rate effect (RATE = 2) but includes improved crack algorithm.
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Table 5. The maximum lateral force of the hysteresis diagram of 3D walls for Y Direction (Unit: kN).






Table 5. The maximum lateral force of the hysteresis diagram of 3D walls for Y Direction (Unit: kN).





	
Model

	
Mesh Size

	
ELFORM

	
Strain Rate




	
12.5 mm

	
25 mm

	
50 mm

	
   − 2   

	
   − 1   

	
1

	
2

	
a

	
b

	
c






	
KCC

	
401.4 (2.0%)

	
412.7 (4.9%)

	
404.3 (2.7%)

	
452.2 (14.9%)

	
456.7 (16.1%)

	
412.7 (4.9%)

	
450.2 (14.4%)

	
412.7 (4.9%)

	
404.3 (2.7%)

	
-




	
CDP

	
375.5 (4.6%)

	
386.8 (1.7%)

	
378.9 (3.7%)

	
363.6 (7.6%)

	
364.2 (7.4%)

	
386.8 (1.7%)

	
393.2 (0.1%)

	
376.6 (4.3%)

	
386.8 (1.7%)

	
-




	
Winfrith

	
429.5 (9.1%)

	
418.8 (6.4%)

	
454.3 (15.5%)

	
452.3 (14.9%)

	
454.6 (15.5%)

	
418.8 (6.4%)

	
439.4 (11.7%)

	
362.6 (7.9%)

	
418.8 (6.4%)

	
450.9 (14.6%)




	
Test

	
393.5 kN

	
393.5 kN

	
393.5 kN








The following should be noted: a is strain rate effect, b is not strain rate effect (RATE = 1), c is not strain rate effect (RATE = 2) but includes improved crack algorithm.
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Table 6. The different maximum lateral force of PT quantities of PT 2D walls.






Table 6. The different maximum lateral force of PT quantities of PT 2D walls.





	
PT Quantities

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
Three PT

	
1834.1

	
15.5

	
1809.8

	
11.9

	
1850.7

	
15.2




	
Two PT

	
1588.3

	
-

	
1616.8

	
-

	
1606.8

	
-




	
One PT

	
1502.1

	
−5.4

	
1466.5

	
−9.3

	
1514.8

	
−5.7




	
Non-PT

	
1433.9

	
−9.7

	
1288.8

	
−20.3

	
1376.8

	
−14.3
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Table 7. The different maximum lateral force of PT diameters of PT 2D walls.






Table 7. The different maximum lateral force of PT diameters of PT 2D walls.





	
PT Diameters

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
17.8 mm

	
1754.8

	
10.5

	
1873.4

	
15.9

	
1732.6

	
7.8




	
15.2 mm

	
1588.3

	
-

	
1616.8

	
-

	
1606.8

	
-




	
12.7 mm

	
1520.9

	
−4.2

	
1553.3

	
−3.9

	
1551.2

	
−3.5




	
9.5 mm

	
1460.5

	
−8.1

	
1496.2

	
−7.5

	
1406.3

	
−12.5











[image: Table] 





Table 8. The different maximum lateral force of the PT yield strength of 2D walls.






Table 8. The different maximum lateral force of the PT yield strength of 2D walls.





	
Yield Strength

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
   f y  = 1570   MPa

	
1520.3

	
−4.3

	
1546.8

	
−4.3

	
1551.8

	
−3.4




	
   f y  = 1675   MPa

	
1588.34

	
-

	
1616.8

	
-

	
1606.8

	
-




	
   f y  = 1860   MPa

	
1621.9

	
2.1

	
1652.3

	
2.2

	
1625.2

	
1.1




	
   f y  = 1960   MPa

	
1645.8

	
3.6

	
1665.3

	
2.9

	
1646.1

	
2.4
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Table 9. The different maximum lateral force of PT quantities for the X direction.






Table 9. The different maximum lateral force of PT quantities for the X direction.





	
PT Quantities

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
0X0Y

	
450.9

	
-

	
472

	
-

	
474.6

	
-




	
1X0Y

	
587.1

	
30.2

	
605.1

	
28.2

	
626

	
31.9




	
2X0Y

	
645.5

	
43.2

	
665

	
40.1

	
674.9

	
42.2




	
3X0Y

	
687.9

	
52.5

	
710.2

	
50.5

	
710.5

	
49.7




	
0X2Y

	
625.9

	
38.8

	
652.3

	
38.2

	
659.5

	
38.9




	
0X4Y

	
640.8

	
42.1

	
650.4

	
37.8

	
652.9

	
37.6




	
0X6Y

	
641.9

	
42.4

	
648.6

	
37.4

	
649

	
36.7




	
1X2Y

	
637.9

	
41.5

	
634.3

	
34.4

	
649.3

	
36.8




	
2X4Y

	
748.8

	
66.1

	
779.5

	
65.1

	
766.5

	
61.5




	
3X6Y

	
775.1

	
71.9

	
805.4

	
70.6

	
792.2

	
66.9
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Table 10. The different maximum lateral force of PT quantities for the Y direction.






Table 10. The different maximum lateral force of PT quantities for the Y direction.





	
PT Quantities

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
3X0Y

	
420.2

	
1.8

	
385.9

	
−0.2

	
425.3

	
1.6




	
0X2Y

	
585.1

	
41.8

	
560.4

	
44.9

	
585.3

	
39.8




	
0X0Y

	
412.7

	
-

	
386.8

	
-

	
418.8

	
-




	
1X0Y

	
415.3

	
0.7

	
384.4

	
−0.6

	
420.6

	
0.4




	
2X0Y

	
414.2

	
0.4

	
386.1

	
−0.6

	
423.2

	
1.1




	
0X4Y

	
740.8

	
79.5

	
692.8

	
79.1

	
759.9

	
81.4




	
0X6Y

	
787.8

	
90.9

	
748.8

	
93.6

	
814

	
94.4




	
1X2Y

	
585.5

	
41.9

	
548.2

	
41.7

	
584.4

	
39.5




	
2X4Y

	
736.5

	
78.5

	
692.4

	
79

	
758.3

	
81.1




	
3X6Y

	
795.6

	
92.8

	
750.3

	
93.4

	
826.5

	
97.3
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Table 11. The different maximum lateral force of PT diameters for X direction.






Table 11. The different maximum lateral force of PT diameters for X direction.





	
PT Diameters

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
9.5 mm

	
541.4

	
−18.3

	
567.4

	
−10.5

	
574.6

	
−7.7




	
12.7 mm

	
611.3

	
−7.7

	
612.4

	
−3.5

	
583.1

	
−6.3




	
15.2 mm

	
662.4

	
-

	
634.3

	
-

	
622.2

	
-




	
17.8 mm

	
670.3

	
1.2

	
645.4

	
1.7

	
663.9

	
6.7
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Table 12. The different maximum lateral force of PT diameters for Y direction.






Table 12. The different maximum lateral force of PT diameters for Y direction.





	
PT Diameters

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
9.5 mm

	
562.9

	
−10.7

	
449.9

	
−19.8

	
486.4

	
−16.8




	
12.7 mm

	
588.5

	
−6.7

	
500.6

	
−10.8

	
538.6

	
−7.8




	
15.2 mm

	
630.5

	
-

	
561.1

	
-

	
584.4

	
-




	
17.8 mm

	
649.5

	
3.0

	
601.4

	
7.2

	
640

	
9.5
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Table 13. The different maximum lateral force of the PT yield strength for the X direction.






Table 13. The different maximum lateral force of the PT yield strength for the X direction.





	
Yield Strength

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
1570 MPa

	
615.1

	
−3.6

	
619.4

	
−2.3

	
632.8

	
−2.5




	
1675 MPa

	
637.9

	
-

	
634.3

	
-

	
649.3

	
-




	
1860 MPa

	
678.1

	
6.3

	
690.3

	
8.8

	
678.8

	
4.5




	
1960 MPa

	
694.5

	
8.9

	
701.6

	
10.6

	
702.6

	
8.2
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Table 14. The different maximum lateral force of the PT yield strength for the Y direction.






Table 14. The different maximum lateral force of the PT yield strength for the Y direction.





	
Yield Strength

	
KCC Model

	
CDP Model

	
Winfrith Model




	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)

	
Values (kN)

	
Errors (%)






	
1570 MPa

	
565.3

	
−3.5

	
528.9

	
−3.5

	
558.7

	
−4.4




	
1675 MPa

	
585.5

	
-

	
548.2

	
-

	
584.4

	
-




	
1860 MPa

	
630.5

	
7.7

	
579.4

	
5.7

	
622.8

	
6.6




	
1960 MPa

	
645.3

	
10.2

	
593.9

	
8.3

	
640

	
9.5
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